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Abstract

Cumulus-free in vitro maturation (IVM) provides a powerful tool to manipulate immature
oocytes, but IVM oocytes lead to poor development after fertilization. Supplementation of
the culture medium with tauroursodeoxycholic acid (TUDCA), a bile acid, has been reported
to improve the development of embryos derived from in vivo fertilized (IVF) embryos after in
vitro culture (IVC) by attenuating endoplasmic reticulum stress. However, it remains unclear
if TUDCA can improve development of IVM-IVF embryos. Here, we examined whether
TUDCA treatment could improve embryonic development during or after IVM. Immature GV
oocytes collected from ovaries of ICR female mice that were free from cumulus cells were
subjected to IVM in aMEM containing 5% FBS for 16 h. TUDCA was added to the media at
varying concentrations (0—1000 pM) during IVM and IVC. TUDCA treatment during IVM
reduced both MIl and pronuclear (PN) rates but did not affect blastocyst rates of fertilized
embryos. In contrast, TUDCA treatment during IVC significantly increased blastocyst forma-
tion rates in a concentration dependent manner. Finally, embryo transfer after TUDCA treat-
ment revealed a significant improvement in the rates of offspring production (15% with

1000 uM TUDCA vs. 6.0% control). These results show that treatment with 1000 uM of
TUDCA significantly can improve poor embryonic development of cumulus-free IVM-IVF
embryos.

Introduction

In vitro maturation (IVM) of mammalian oocytes provides a powerful tool for reproductive
biology and assisted reproductive technologies [1]. However, the developmental potential of
mature oocytes after IVM of germinal vesicle stage (GV) oocytes has been limited when com-
pared to in vivo matured oocytes [2,3]. Further, although it is necessary to micromanipulate
GV oocytes by removing the surrounding cumulus cells, this results in severe impairment of
subsequent embryo development. Serum-containing media for IVM improves the quality of
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matured oocytes [4], and has been used widely [5]. Moreover, instead of serum usage, a combi-
nation of media, «MEM, and TYH can improve the quality of cumulus-free IVM oocytes in
mice, which enables production of offspring from spermatocytes [6]. Alternatively, the meta-
phase IT (MII) karyoplasts of matured oocytes must be transferred into enucleated in vivo
matured oocytes to replace the cytoplasm [7].

Historically, bear bile was used to treat multiple diseases, including jaundice [8]. Taurour-
sodeoxycholic acid (TUDCA), an endogenous bile acid, relieves endoplasmic reticulum (ER)
stress by acting as a chemical chaperone. TUDCA has been demonstrated to inhibit apoptosis
by modulating mitochondrial membrane perturbation and/or attenuating ER stress [9,10].
Recently, it has been reported that ER stress was induced during IVM in pig, which was
reduced by adding melatonin and TUDCA to improve oocyte quality and maturation rates
[11]. ER stress also is induced even after in vivo fertilized (IVF). Treatment of embryos with
TUDCA during preimplantation improves subsequent development in mice and pig by atten-
uating apoptosis, presumably by relieving ER stress [12-14]. Therefore, in this study, we seek
to improve the efficiency of IVM-IVF technology by optimizing the timing and concentration
of TUDCA to alter the rate of offspring production in IVM-IVF cumulus-free oocytes.

Materials and methods
Animals

Oocytes were collected from female ICR mice at 8-10 weeks of age. To generate surrogate
pseudopregnant embryo transfer recipients, we mated ICR mice with vasectomized males of
the same strain. ICR female mice were purchased from Japan SLC (Hamamatsu, Japan). The
animals were housed under a controlled lighting condition (daily light 07:00-21:00 h) and
were maintained under specific-pathogen-free conditions. On the day of the experiments or
after finishing all experiments, mice were euthanized by CO, inhalation or cervical dislocation
and used for experiments. All animal experiments were approved by the Animal Experimenta-
tion Committee at the University of Yamanashi and were performed in accordance with the
committee’s guiding principles.

Tauroursodeoxycholic acid

Tauroursodeoxycholic acid sodium salt (TUDCA; Nacalai Tesque) was dissolved in sterile, dis-
tilled water to make a 100 mM stock solution (stored at 4°C). This stock solution was diluted
into IVM and CZB culture media to make 10, 100, and 1000 pM solutions of TUDCA.

Collection and in vitro maturation of immature oocytes

Methods for collection of GV stage oocytes and maturation were described previously [15].
Briefly, GV stage oocytes were collected from the ovaries of ICR female mice at 46 to 48 h after
a 7.5 IU intraperitoneal injection of pregnant mare serum gonadotropin (PMSG; Teikokuzoki,
Tokyo, Japan). Blood and fat on the removed ovaries were removed. The ovary was dissected
using a 26-guage needle (Terumo Co., Tokyo, Japan), and the GV oocytes with cumulus cells
were collected in 200 pl HEPES-CZB. The cumulus cells were denuded by pipetting. Small,
dark, and distorted immature oocytes were removed. Denuded GV oocytes were cultured for
16 h in 50 pl of in vitro maturation (IVM) medium, a«MEM (12571-630; Gibco), containing
5% FBS (SH30910.03; HyClone). Only oocytes that developed into MII oocytes were collected
and subjected to in vitro fertilization (IVF). In vivo matured MII oocytes were collected from
oviducts of ICR female mice that were superovulated due to an intraperitoneal injection of 7.5
IU PMSG followed by 7.5 IU human chorionic gonadotrophin (hCG; Teikokuzoki) 48 h later.
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Cumulus-oocyte complexes were placed in 200 pl of HTF medium covered with paraffin oil
(Sigma-Aldrich).

In vitro fertilization and subsequent embryo development

To assess the developmental potential of oocytes reaching the MII stage via IVM, the oocytes
were subjected to IVF experiments. Sperm collected from the caudal epididymides of mature
ICR males over 10 weeks were allowed to disperse in HTF medium and were preincubated for
1 h at 37°C under 5% CO,. The final sperm concentration for insemination was 1x10° sperm/
ml in HTF. Oocytes were fertilized in vitro for 6 h and were cultured in CZB for 96 h to exam-
ine their subsequent development. For IVF using in vivo matured oocytes, the same procedure
was carried out, except that the sperm concentration was 1.0 x 10> sperm/ml. Some of the
IVM-IVF embryos that reached the 2-cell stage at 24 h of culture were transferred into the ovi-
ducts of day one pseudopregnant ICR recipient females that had been mated with vasecto-
mized males.

Statistical analysis

Development rates were compared using Z-tests, and differences between groups were consid-
ered significant when P < 0.05.

Results
Effect of TUDCA treatment during IVM on subsequent development

More than 60 cumulus-free GV oocytes were matured under 0, 10, 100 and 1000 uM TUDCA
in each experimental group. Although normal MII oocytes and fertilized embryos were
obtained (Fig 1), the rates of maturation and pronuclear formation (PN) decreased in the pres-
ence of 1000 uM TUDCA (Fig 1). Regardless, fertilized embryos derived from these TUDCA-
treated MII oocytes developed to the blastocyst stage. Thus, these results indicate that there is
no beneficial effect of TUDCA treatment on IVM-IVF of cumulus-free GV oocytes.

TUDCA treatment increases blastocyst rates of IVM-IVF embryos

We next examined whether supplemented TUDCA shortly after IVF, which was kept up to the
blastocyst stage, improved subsequent development. Treatment with 1000 uM TUDCA signifi-
cantly increased blastocyst formation rate (Table 1). Interestingly, the concentrations of
TUDCA required for improvement were stage-specific. The development from PN to the
2-cell stage required at least 100 uM TUDCA, but the development from the 2-cell to 4/8-cell
stage required 1000 uM TUDCA, even though lower concentrations of TUDCA led to better
development than control (Table 1).

TUDCA improves the rate of two-cell embryo development to blastocysts by attenuating
ER stress.'” Therefore, we analyzed the time required for TUDCA to improve embryonic
development using 1000 pM TUDCA. Fertilized embryos were cultured without TUDCA 24 h
after IVF and those embryos at the 2-cell stage were treated with TUDCA for the next 72 h,
which we designated as “24-96 h” in Fig 2. Although treatment for 24-96 h led improvements
relative to controls, treatment for 0-96h maximized blastocyst formation rate. These results
suggest that first 24 h following IVF is also critical for TUDCA treatment as well as the follow-
ing 24-96 h.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202962 August 27, 2018 3/9


https://doi.org/10.1371/journal.pone.0202962

o @
@ : PLOS | ONE Optimizing treatment of TUDCA to improve embryonic development after IVM in mice

OoopM  ©@10uM  E100uM  E1000 pM

X

100 -

80

60 -

50

(%)

30

10 r

Ml PN Blastocyst

Fig 1. Effect of TUDCA treatment during IVM on oocyte maturation, pronuclear formation, and in vitro development. After IVM of GV oocytes
treated with varying concentrations of TUDCA (0, 10, 100, 1000 uM), matured MII oocytes were subjected to IVF and in vitro culture for 96 h (N>60,
respectively). Although maturation and fertilization rates decreased in a TUDCA-concentration-dependent manner, there was no difference in
blastocyst formation rates or obvious abnormalities. Scale bar = 50 um. *P < 0.05.

https://doi.org/10.1371/journal.pone.0202962.9001

TUDCA treatment increases offspring rates of IVM-IVF embryos

To elucidate whether TUDCA treatment 24 h after IVF supported full-time development,
2-cell stage embryos treated with TUDCA were transferred into oviducts of pseudopregnant

Table 1. Optimizing TUDCA concentration based on in vitro development.

TUDCA (u M) MII PN (%) 2 cell (%)* 4/8 cell (%)* morula (%)* blastocyst (%)**
0 165 124 (75) 114 (92) ° 76 (67) * 56 (74) 42 (34)°
10 99 72 (73) 64 (89) 49 (76) *° 41 (84) 28 (39) *°
100 103 72 (70) 71(99)® 50 (70) *° 41 (82) 28 (39) *°
1000 102 77 (75) 76 (99) ® 61 (80)® 50 (82) 38 (49)®

* Percentages relative to the number of embryos at the former developmental stage.
** Percentages relative to the number of PN embryos
*PValues differ significantly (P<0.05)

https://doi.org/10.1371/journal.pone.0202962.t001
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Fig 2. Requirements of TUDCA throughout in vitro culture. (A) After IVM and IVF, fertilized oocytes were subjected to in
vitro culture for up to 96 h. During embryo culture, 1000 uM TUDCA was added at specific time periods: 0-24 h, 24-96 h,
0-96 h (N>70, respectively). Even the first treatment of TUDCA 24 h after IVF improved subsequent development. The
developmental rates of each experimental group were quantified (B). Scale bar = 50 um.

https://doi.org/10.1371/journal.pone.0202962.9002
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Table 2. Full-term development of IVM embryos
TUDCA (uM) MII
0 220
10 218
100 45
1000 91

* Percentages relative to the number of PN oocytes

after TUDCA treatment.
PN (%) 2 cell (%)* No. of ET No. of offspring (%)**
142 (65) 126 (89) 117 7 (6.0)*
134 (61) 127 (95) 119 9(7.6)*"
37 (82) 37 (100) 32 3(9.4)*°
45 (49) 43 (96) 34 5(14.7)°

** Percentages relative to the number of ET embryos

*bValues differ significantly (P<0.1)

https://doi.org/10.1371/journal.pone.0202962.t1002

females. Consistently, offspring rates increased in a dose-dependent manner (Table 2). After
birth, there were no obvious abnormalities in mice derived from TUDCA-treated embryos

(Fig 3).

Discussion

Here we examined whether TUDCA treatment could improve development of cumulus-free
IVM-IVF embryos. As is true for any chemical treatment of embryos, the timing and concen-
tration of the chemical applied is important and should be optimized to maximize results [16].
Our results show that treatment of embryos with 1000 uM TUDCA significantly increased
both blastocyst formation and offspring production rates when it was applied during preim-
plantation development following IVF, but not during IVM. In particular, the first 24 h after
IVF was the critical period for TUDCA treatment of IVM embryos as well as the other period
of preimplantation. To our knowledge, this is the first report to optimize the concentration
and timing of TUDCA through cumulus-free IVM-IVF procedures to full-term development.

TUDCA relieves ER stress by acting as a chemical chaperone [17]. The ER is plays a major
role in the processing and transport of proteins and lipids, as well as in calcium homeostasis.
ER stress can be induced by the accumulation of misfolded proteins, which disrupts ER func-
tion and leads to ER stress-induced apoptosis. Recently, it has been reported that ER stress is
induced during IVM in pigs [11]. Interestingly, ER stress occurs in cumulus-oocyte complexes
and cumulus cells during IVM, but not in denuded oocytes. This is consistent with our results
showing that TUDCA treatment in IVM is not effective to improve cumulus-free oocyte
quality.

Treatment of embryos with TUDCA improves development of preimplantation of in vivo
fertilized embryos in mice and pigs by attenuating apoptosis, presumably reducing ER
stress.>'* ER stress affects pig embryo cleavage kinetics, and the ability of embryos to develop
to the blastocyst stage [14]. Although increased ER stress and genome damage are present in
some cleaving embryos, relief of ER stress by TUDCA decreased genome damage to rescue the
developmental competence of poorly developing embryos [11]. Our results clearly show that
TUDCA treatment improves preimplantation development of embryos produced by IVM-
IVE.

Through this study, we also found that a higher concentration of TUDCA (1000 uM) was
more effective at supporting full-term development without overt abnormalities. Most reports
tested lower concentrations, such as 50 pM, and 200 uM TUDCA [13,14], which may be due
to the toxicity of TUDCA at 300 uM and above for cultured cells [18]. Our data also revealed
that the toxicity of TUDCA at 1000 uM was observed during IVM but not after IVF. Therefore,
TUDCA at a higher concentration could be toxic or not depending on cell types and timing.
Currently, it is not clear why such a higher concentration of TUDCA is required to observe an
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0 uM 1000 pM

1000 pM

Fig 3. Full-term development of embryos treated with TUDCA. After IVM and IVF, fertilized embryos were
subjected to in vitro culture with 0, 10, 100, and 1000 uM TUDCA. At the 2-cell stage, they were transferred into the
oviduct of a pseudopregnant female. The offspring rates increased in a dose-dependent manner (Table 2). The pups
appeared and grew normally.

https://doi.org/10.1371/journal.pone.0202962.9003

effect in embryos. One possibility is that IVM oocytes may cause more ER stress or additional
impairment to the mitochondria after IVF, as TUDCA treatment also protects against mito-
chondrial dysfunction [19]. Thus, the concentration of TUDCA used for treatment of IVM
oocytes should be optimized differently from in vivo matured oocytes.

In this study, our primary objective was to optimize the concentration and timing of
TUDCA treatment to improve embryo development from cumulus-free oocytes rather than to
examine the mechanism underlying the improvement by TUDCA. Our results provide
insights into future practical uses of TUDCA for assisted reproductive treatments. Future
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studies should focus on the mechanisms underlying the observed improvement when using
high concentrations of TUDCA.

Acknowledgments

We gratefully acknowledge discussions and technical support with Drs. T. Wakayama and M.
Ooga. The authors would like to thank Enago (www.enago.jp) for the English language review.

Author Contributions

Investigation: Masato Mochizuki, Kodai Miyagi, Satoshi Kishigami.

Writing - original draft: Satoshi Kishigami.

References

1.

10.

11.

12.

13.

14.

Gilchrist RB, Thompson JG. Oocyte maturation: emerging concepts and technologies to improve devel-
opmental potential in vitro. Theriogenology. 2007; 67(1):6—15. https://doi.org/10.1016/j.theriogenology.
2006.09.027 PMID: 17092551.

Child TJ, Phillips SJ, Abdul-Jalil AK, Gulekli B, Tan SL. A comparison of in vitro maturation and in vitro
fertilization for women with polycystic ovaries. Obstet Gynecol. 2002; 100(4):665-70. https://doi.org/
10.1016/S0029-7844(02)02193-2 PMID: 12383531.

Eppig JJ, O’Brien MJ, Wigglesworth K, Nicholson A, Zhang W, King BA. Effect of in vitro maturation of
mouse oocytes on the health and lifespan of adult offspring. Hum Reprod. 2009; 24(4):922-8. https://
doi.org/10.1093/humrep/den466 PMID: 19151027.

Yamazaki Y, Wakayama T, Yanagimachi R. Contribution of cumulus cells and serum to the maturation
of oocyte cytoplasm as revealed by intracytoplasmic sperm injection (ICSI). Zygote. 2001; 9(4):277—
82. https://doi.org/10.1017/S0967199401001307 PMID: 11771892.

Inoue A, Ogushi S, Saitou M, Suzuki MG, Aoki F. Involvement of mouse nucleoplasmin 2 in the decon-
densation of sperm chromatin after fertilization. Biol Reprod. 2011; 85(1):70-7. https://doi.org/10.1095/
biolreprod.110.089342 PMID: 21415138.

Miki H, Ogonuki N, Inoue K, Baba T, Ogura A. Improvement of cumulus-free oocyte maturation in
vitro and its application to microinsemination with primary spermatocytes in mice. J Reprod Dev. 2006;
52(2):239-48. https://doi.org/10.1262/jrd.17078 PMID: 16415523.

Ogura A, Suzuki O, Tanemura K, Mochida K, Kobayashi Y, Matsuda J. Development of normal mice
from metaphase | oocytes fertilized with primary spermatocytes. Proc Natl Acad Sci U S A. 1998;
95(10):5611-5. https://doi.org/10.1073/pnas.95.10.5611 PMID: 9576931.

Wang DQ, Carey MC. Therapeutic uses of animal biles in traditional Chinese medicine: an ethnophar-
macological, biophysical chemical and medicinal review. World J Gastroenterol. 2014; 20(29):9952—
75. https://doi.org/10.3748/wjg.v20.i29.9952 PMID: 25110425.

Amaral JD, Viana RJ, Ramalho RM, Steer CJ, Rodrigues CM. Bile acids: regulation of apoptosis by
ursodeoxycholic acid. J Lipid Res. 2009; 50(9):1721-34. https://doi.org/10.1194/jlr.R900011-JLR200
PMID: 19417220.

Ramalho RM, Ribeiro PS, Sola S, Castro RE, Steer CJ, and Rodrigues CM. Inhibition of the E2F-1/p53/
Bax pathway by tauroursodeoxycholic acid in amyloid beta-peptide-induced apoptosis of PC12 cells. J
Neurochem. 2004; 90(3):567-75. https://doi.org/10.1111/j.1471-4159.2004.02517.x PMID: 15255934.

Park HJ, Park JY, Kim JW, Yang SG, Jung JM, Kim MJ, et al. Melatonin improves the meiotic matura-
tion of porcine oocytes by reducing endoplasmic reticulum stress during in vitro maturation. J Pineal
Res. 2018; 64(2):567-75. https://doi.org/10.1111/jpi.12458 PMID: 29149522.

Zhang JY, Diao YF, Kim HR, Jin DI. Inhibition of endoplasmic reticulum stress improves mouse embryo
development. PLoS ONE. 2012; 7(7):e40433. https://doi.org/10.1371/journal.pone.0040433 PMID:
22808162.

Lin T, Diao YF, Kang JW, Lee JE, Kim DK, Jin DI. Tauroursodeoxycholic acid improves the implantation
and live-birth rates of mouse embryos. Reprod Biol. 2015; 15(2):101-5. https://doi.org/10.1016/j.
repbio.2015.01.004 PMID: 26051458.

Dicks N, Bohrer RC, Gutierrez K, Michalak M, Agellon LB, Bordignon V. Relief of endoplasmic reticulum
stress enhances DNA damage repair and improves development of pre-implantation embryos. PLoS
ONE 2017; 12(11):e0187717. https://doi.org/10.1371/journal.pone.0187717 PMID: 29099865.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202962 August 27, 2018 8/9


http://www.enago.jp
https://doi.org/10.1016/j.theriogenology.2006.09.027
https://doi.org/10.1016/j.theriogenology.2006.09.027
http://www.ncbi.nlm.nih.gov/pubmed/17092551
https://doi.org/10.1016/S0029-7844(02)02193-2
https://doi.org/10.1016/S0029-7844(02)02193-2
http://www.ncbi.nlm.nih.gov/pubmed/12383531
https://doi.org/10.1093/humrep/den466
https://doi.org/10.1093/humrep/den466
http://www.ncbi.nlm.nih.gov/pubmed/19151027
https://doi.org/10.1017/S0967199401001307
http://www.ncbi.nlm.nih.gov/pubmed/11771892
https://doi.org/10.1095/biolreprod.110.089342
https://doi.org/10.1095/biolreprod.110.089342
http://www.ncbi.nlm.nih.gov/pubmed/21415138
https://doi.org/10.1262/jrd.17078
http://www.ncbi.nlm.nih.gov/pubmed/16415523
https://doi.org/10.1073/pnas.95.10.5611
http://www.ncbi.nlm.nih.gov/pubmed/9576931
https://doi.org/10.3748/wjg.v20.i29.9952
http://www.ncbi.nlm.nih.gov/pubmed/25110425
https://doi.org/10.1194/jlr.R900011-JLR200
http://www.ncbi.nlm.nih.gov/pubmed/19417220
https://doi.org/10.1111/j.1471-4159.2004.02517.x
http://www.ncbi.nlm.nih.gov/pubmed/15255934
https://doi.org/10.1111/jpi.12458
http://www.ncbi.nlm.nih.gov/pubmed/29149522
https://doi.org/10.1371/journal.pone.0040433
http://www.ncbi.nlm.nih.gov/pubmed/22808162
https://doi.org/10.1016/j.repbio.2015.01.004
https://doi.org/10.1016/j.repbio.2015.01.004
http://www.ncbi.nlm.nih.gov/pubmed/26051458
https://doi.org/10.1371/journal.pone.0187717
http://www.ncbi.nlm.nih.gov/pubmed/29099865
https://doi.org/10.1371/journal.pone.0202962

@° PLOS | ONE

Optimizing treatment of TUDCA to improve embryonic development after IVM in mice

15.

16.

17.

18.

19.

Ooga M, Suzuki MG, Aoki F. Involvement of DOT1L in the remodeling of heterochromatin configuration
during early preimplantation development in mice. Biol Reprod. 2013; 89(6):Atrticle 145. https://doi.org/
10.1095/biolreprod.113.113258 PMID: 24132959.

Kishigami S, Mizutani E, Ohta H, Hikichi T, Thuan NV, Wakayama S, et al. Significant improvement of
mouse cloning technique by treatment with trichostatin A after somatic nuclear transfer. Biochem Bio-
phys Res Commun. 2006; 340(1):183-9. https://doi.org/10.1016/j.bbrc.2005.11.164 PMID: 16356478.

Hetz C, Chevet E, Harding HP. Targeting the unfolded protein response in disease. Nat Rev Drug Dis-
cov. 2013; 12(9):703-19. https://doi.org/10.1038/nrd3976 PMID: 23989796.

Jia Z, He Q, Shan C, Li F. Tauroursodeoxycholic acid attenuates gentamicin-induced cochlear hair cell
death in vitro. Toxicol Lett. 2018; 294:20-6. https://doi.org/10.1016/j.toxlet.2018.05.007 PMID:
29751043.

Fonseca |, Gordino G, Moreira S, Nunes MJ, Azevedo C, Gama MJ, et al. Tauroursodeoxycholic acid
protects against mitochondrial dysfunction and cell death via mitophagy in human neuroblastoma cells.
Mol Neurobiol. 2017; 54(8):6107-19. https://doi.org/10.1007/s12035-016-0145-3 PMID: 27699602.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202962 August 27, 2018 9/9


https://doi.org/10.1095/biolreprod.113.113258
https://doi.org/10.1095/biolreprod.113.113258
http://www.ncbi.nlm.nih.gov/pubmed/24132959
https://doi.org/10.1016/j.bbrc.2005.11.164
http://www.ncbi.nlm.nih.gov/pubmed/16356478
https://doi.org/10.1038/nrd3976
http://www.ncbi.nlm.nih.gov/pubmed/23989796
https://doi.org/10.1016/j.toxlet.2018.05.007
http://www.ncbi.nlm.nih.gov/pubmed/29751043
https://doi.org/10.1007/s12035-016-0145-3
http://www.ncbi.nlm.nih.gov/pubmed/27699602
https://doi.org/10.1371/journal.pone.0202962

