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Abstract
Objective: The aim of the present study was to examine whether lysophosphatidic acid (LPA) could decrease cell death and
improve in vitro culture (IVC) conditions in cultured vitrified mouse ovarian tissue.

Materials and Methods: In this experimental study, we collected and randomly divided 7-day-old mouse ovarian
tissues into vitrified and non-vitrified groups. The ovaries were cultured in the presence and absence of LPA for one
week. Morphology and follicular development were evaluated by hematoxylin and eosin (H&E) and Masson'’s trichrome
(MTC) staining. The incidence of cell death was assessed by flow cytometry using annexin V/propidium iodide (PI) and
a caspase-3/7 assay in all studied groups.

Results: The vitrified groups had a significantly decreased follicle developmental rate compared to the non-vitrified
groups (P<0.05). Overall, qualitative and quantitative results showed prominent follicular degeneration in the vitrified
groups compared with the respective non-vitrified groups. Both LPA treated groups had a significantly higher proportion
of preantral follicles compared to the non-LPA treated groups (P<0.05). Flow cytometry analysis results showed
significantly greater early and late apoptotic cells in all groups (17.83 + 8.80%) compared to necrotic cells (7.97 +
0.92%, P<0.05). The percentage of these cells significantly increased in the vitrified groups compared with non-vitrified
groups. LPA treated groups had a lower percentage of these cells compared to non-LPA treated groups (P<0.05). The
lower enzyme activity was observed in non-vitrified (especially in the LPA+ groups) cultured ovaries compared to the
vitrified group (P<0.05).

Conclusion: Both vitrification and IVC adversely affected cell survival and caused cell death. We postulated that LPA
supplementation of culture medium could improve the developmental rate of follicles and act as an anti-cell death factor

in non-vitrified and vitrified ovarian tissues. It could be used for in vitro maturation of ovarian tissue.
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Introduction

Cryopreservation of ovarian tissue is the most
commonly used technique ongoing improvement to
preserve fertility potential in pre-pubertal girls and
young women under anticancer treatments (1-8).

In vitro culture (IVC) of recovered ovaries
following cryopreservation is a proposed approach
to support follicular development in the mammalian
ovary (8-11).

Despite some improvement in the in vitro mouse
ovarian tissue culture (6, 12, 13), several studies have
demonstrated that both cryopreservation and ovarian
tissue culture affected the survival and developmental
rates of follicles; however, these techniques caused an
increase in the incidence of cell death in follicular and
theca cells (8, 14-18).

Cell death induced by physical and chemical
conditions (19) during cryopreservation and/or IVC
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impacts the quality, growth, survival, and development
of ovarian follicles (20, 21). The pattern of this cell
death is not properly identified and may be attributed
to apoptosis or necrosis. The knowledge about necrosis
and apoptosis incidence in vitrified-cultured ovaries
could direct us to improve culture conditions and
cryopreservation techniques.

Common inducers of apoptosis and necrosis include
oxidative stress, protease activation, and hypoxia
(22-24).

Numerous attempts have been made to improve
IVC conditions by the addition of growth factors,
antioxidants, and anti-apoptotic factors (9, 24-26).

Lysophosphatidic acid (LPA) is a natural, ubiquitous
lysophospholipid (molecular weight: 430-480 Da)
normally found in various tissues such as the testes,
ovaries, and follicular fluid (27). LPA participates in
cell survival, migration, proliferation, differentiation,



and cell-to-cell interactions (28, 29). It contributes
to follicular activation and oocyte growth in vivo
(24-26, 30). In bovines, LPA has been demonstrated
to stimulate the expression ratio of oocyte quality
marker genes. In addition, supplementation of
oocyte maturation medium with 105 M LPA
promoted an anti-apoptotic balance that resulted in
a significantly higher BCL2/BAX ratio (25). Jo et
al. (24) demonstrated that supplementation of oocyte
in vitro maturation medium with 30 uM of LPA had
a positive effect on the developmental competence
of mouse oocytes without a detrimental effect on
spindle normalcy or mitochondrial integrity, and did
not affect the apoptosis rate.

According to the best of our knowledge, there is
scant information regarding the effects of LPA on
in vitro follicular development and incidence of cell
death. Thus this study has been designed to evaluate
follicular development followed by the incidence of
cell death (necrosis and apoptosis) during 7 days of
IVC of mouse ovaries in the presence and absence of
LPA by flow cytometry using annexin V/propidium
iodide (PI) and a caspase-3/7 assay.

Materials and Methods
Animals and ovarian tissue

In this experimental study, we collected ovarian
tissue from 7-day-old National Medical Research
Institute (NMRI) mice. The mice were housed under
a 12 hour light/dark cycle and controlled temperature
(22 £ 2°C) in the animal house of the Tarbiat Modares
University. Animals were handled according to the
Ethical Guidelines for the Care and Use of Laboratory
Animals and protocols set by Tarbiat Modares
University (ref. no: 52/8188). The mice (n=78) were
sacrificed by cervical dislocation. Their ovaries were
isolated and dissected mechanically, and placed in
alpha-minimum essential medium (a-MEM, Gibco,
UK) supplemented with 5% fetal bovine serum (FBS,
Gibco, UK), penicillin (Gibco, UK), streptomycin
(Gibco, UK), sodium pyruvate (Sigma, USA), and
sodium bicarbonate (Sigma, USA) until use.

Experimental design

We randomly divided the ovaries into two groups,
non-vitrified (n=78) and vitrified (n=78). The non-
vitrified and vitrified groups were further subdivided.
The subgroups consisted of whole ovaries not cultured
(n=26 per subgroup) and those cultured for one week
in o-MEM medium in the presence and absence of
LPA (n=52 per subgroup). Hence, the study design
consisted of 6 groups: non-vitrified, vitrified, non-
vitrified LPA", non-vitrified LPA", vitrified LPA-, and
vitrified LPA". All groups underwent the following
assessments: morphological study with hematoxylin
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and eosin (H&E) and Masson’s trichrome (MTC)
staining, and flow cytometry analysis with annexin V/
PI and a caspase-3/7 assay.

Vitrification and warming procedures

Whole ovaries were vitrified according to a previously
published protocol (31) with slight modifications.
Briefly, the ovaries (n=78) were transferred into
vitrification medium (EFS40) that contained 40%
ethylene glycol (v/v), 30% Ficoll 70 (w/v), and 1 mol
sucrose for 5 minutes at room temperature. Then, the
ovaries were individually loaded onto a Cryolock®
(Biotech, USA), immersed in liquid nitrogen, and
stored for one week. For warming, we placed each of
the Cryolocks in 1000 ul of descending concentrations
of sucrose (1, 0.5, 0.25 M) for 5 minutes at room
temperature. Warmed ovaries were incubated for 30
minutes in a-MEM media supplemented with 5% FBS
prior to evaluation.

In vitro culture of ovarian tissues

Non-vitrified and vitrified ovaries in the presence
and absence of 20 uM LPA (n=26 per subgroup)
(24) were cultured individually on culture inserts
(Millicell® CM, 0.4 pum pore size, Millipore Corp.,
Billerica, MA, USA) in 24-well plates that contained
400 pl of a-MEM medium supplemented with 1%
insulin, transferrin, and selenium (ITS, Gibco, UK),
10% FBS, and 100 mIU/ml recombinant FSH (rFSH
or Gonal-F, Serono, Switzerland) in a humidified
incubator with 5% CO, at 37°C for 7 days. Half of
the culture media (0.2 ml) was refreshed every other
day and the rest was collected and stored for hormonal
analysis. During the culture period the morphology of
ovaries was observed and evaluated under an inverted
microscope.

Histological evaluation

Morphological and histological examinations of all
studied groups (n=5 in each subgroup) were assessed by
H&E staining before and after IVC. The ovaries (n=30
in total) were fixed in Bouin’s fixative for 6-8 hours
and dehydrated through an ethanol series (70-100%),
immersed in xylol, and subsequently embedded in
paraffin. The paraffin embedded tissues were serially
sectioned into 5 pm thicknesses and mounted on
slides with 5 interval, and stained with H&E. Finally,
we performed field by field assessments of tissue
morphology and the numbers of ovarian follicles under
a light microscope. The normal ovarian follicles were
determined and classified as follows: i. Primordial
follicles that contained immature oocyte with a single
layer of flattened granulosa cells, ii. Primary follicles
that had a single layer of cuboidal granulosa cells, and
iii. Preantral follicles that were surrounded by two or
more layers of cuboidal granulosa cells (32). To avoid
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duplicate counting of the follicles, we only counted the
follicles that contained a visible nucleus in the oocyte.

Masson’s trichrome staining

Another set of serial sections with 5 pm thickness
and 5 intervals was stained with MTC and evaluated
for stromal tissue morphology under a light microscope
(n=3 per subgroup).

Ovarian area

We assessed ovarian morphology under an inverted
microscope every 48 hours during the culture period
on days 3, 5, and 7 in all of the studied groups (n=5
per subgroup). Photos of each ovary at the same
magnification were captured and analyzed by Digimizer
software (MedCalc Software bvba). The area of each
ovary was measured in units of pixels and converted
to millimeters. Next, we calculated the surface area of
each ovary (um?) by using this software.

Flow cytometry

Flow cytometry analysis was done in all study
groups to detect intact, apoptotic, and necrotic cells.
The ovaries (n=9 per subgroup in three repeats) were
dissociated mechanically by pipetting, then put in
collagenase I solution (800 IU/ ml) and incubated for
15 minutes. The cell suspension was filtered through
a 100 um nylon mesh cell strainer and incubated
for 15 minutes. Then, the suspension was washed
twice with warm PBS. The cell suspensions (10°
cells/ml) were incubated for 15 minutes in annexin
V-fluorescein isothiocyanate (FITC) and PI staining
solution according to the kit’s instructions (Annexin
V-FITC Apoptosis Detection Kit, Biotool, UK).
Finally, we added the binding buffer. Early apoptotic
cells had a green fluorescence, whereas late apoptotic
cells showed orange fluorescence, necrotic cells had
red fluorescence, and intact cells did not show any
fluorescence. All fluorescence activated cell sorting
(FACS) data were analyzed with FlowJo software
(Life Sciences, Ashland, OR, USA).

Caspase-3/7 activity assay

We assessed the concentration of caspase-3/7
activity in ovarian tissues (n=9 per subgroup in three
repeats) according to the Caspase-Glo® 3/7 Assay Kit
(Promega, Madison, WI, USA). The ovaries were
homogenized (n=9 per subgroup in 3 repeats) in 200
pl hypotonic extraction buffer with 25 mM HEPES
(pH=7.5), 5 mM MgCl,, and 1 mM EDTA. Then, the
products were sedimented by centrifugation at 5000xg
for 15 minutes at 4°C, and the supernatants were used
for the assay. The total protein level of each sample
was detected by the Bradford method (Bio-Rad).

Diluted (10 pg/ml) extract was mixed with Caspase-
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Glo® reagent and incubated at 37°C for 60 minutes
for detection of caspase-3/7 activity. The extract was
subsequently placed in a Sirius Single Tube Luminometer
(Berthold Detection Systems GmbH, Germany)
and measured in terms of relative light units (RLU,
Berthold LB9501 luminometer). Finally, we determined
caspase-3/7 activity per 1 mg/ml of protein.

Statistical analysis

Statistical analysis was performed with SPSS
program version 21 (SPSS Inc., USA) software. Values
are given as mean = SD. The data of follicular count,
ovarian area, flow cytometry, and caspase-3/7 activity
were compared with the one-way ANOVA and post hoc
Turkey’s tests. A P<0.05 was considered statistically
significant at the 95% confidence level.

Results
Phase contrast morphology of cultured ovaries

The morphological changes of the ovarian tissues
according to phase contrast microscopy in all of the
studied groups were shown in Figure 1. Our results
demonstrated that at the end of culture period the
follicles exhibited outgrowth in the margin of the
ovaries. This finding was more visible in the non-
vitrified LPA* growth. The central parts of all cultured
ovaries were dark; these dense areas were more
prominent in the vitrified LPA™ group (Fig.1).

Light microscopy observation

The histological morphology of the ovaries in
studied groups that were stained with haematoxylin and
eosin are presented in Figure 2. The cortical parts of the
cultured ovaries demonstrated the normal appearance of
follicles that contained an oocyte with germinal vesicle
and granulosa cells. Close adhesion was seen between
the oocyte and granulosa cells in follicles at different
developmental stages. The central parts of the cultured
ovaries had damaged follicles with pyknotic nuclei of the
oocytes and irregularly shaped granulosa cells.

Percent of normal follicles in the studied groups

The overall quantitative results of the numbers of
normal follicles at different developmental stages in
all study groups of study were summarized in Table 1.

Before the IVC, the proportion of primordial
follicles was more than the other stages of follicular
development. During the culture period, primordial
and primary follicles grew to preantral follicles in
all groups so the percentage of preantral follicles
significantly increased after one week culture within
each group (P<0.05). However, there was a significant
decrease in the percent of preantral follicles observed
in both vitrified groups in comparison with their
respective (LPA- or LPA") non-vitrified samples



(P<0.05). In both LPA treated groups, the proportion
of preantral follicles was significantly higher than
non-LPA treated groups (P<0.05).

Masson’s trichrome staining

The morphology of the ovarian tissues according to
MTC staining in all groups of study is shown in Figure
3. Before the IVC, the green-stained collagen fibers
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were located in the peripheral area of the ovarian
tissue as tunica albuginea. After in vitro culturing, the
central area of the cultured ovaries had more fibrosis
according to the increased green color. Follicular
degeneration (fragmented nuclei) as a result of cell
death was seen in both culture groups. However, these
areas were prominent in vitrified groups compared to
their respective non-vitrified groups (Fig.3).

Fig.1: Photomicrographs of mouse ovaries viewed under an inverted microscope. A-C. Non-vitrified in the absence of lysophosphatidic acid (LPA), D-F.
Non-vitrified in the presence of LPA, G-I. Vitrified in the absence of LPA, and J-L. Vitrified in the presence of LPA (scale bar: 100 um).
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Fig.2: Photomicrographs of mouse ovarian tissues viewed under the light microscope using haematoxylin and eosin staining. A. Non-vitrified whole
ovaries using low magnification, B. High magnification of several primordial follicles from the non-vitrified ovaries, C. Vitrified whole ovaries using low
magnification, D. High magnification of the vitrified whole ovaries group, E, F. Non-vitrified ovary in the absence of LPA, G, H. Non-vitrified ovary in the
presence of LPA, I, J. Vitrified ovary in the absence of LPA, K and L. Vitrified ovary in the presence of LPA. The follicles that were at different stages of
development with normal and atretic morphology were seen on 7" day of culture in non-vitrified and vitrified ovaries, damaged follicles with pyknotic
nuclei of oocytes and irregular shape of granulosa cells were prominent in the central parts of cultured ovaries (arrow heads) (scale bar: 200 um).

Table 1: Percent of follicles at different developmental stages from all studied groups

Group

Normal
follicles (n)

Degenerated follicles

n (% + SD)

Primordial follicles
n (% +=SD)

Primary follicles
n (% =SD)

Non-vitrified

Vitrified

Non-vitrified LPA-

Non-vitrified LPA*

Vitrified LPA-

Vitrified LPA*

1020

1005

1465

1317

1263

1335

135 (11.84 + 0.41)

206 (17.29 + 1.2)

301 (17.04 £ 0.63)

255 (16.22 + 2.59)

521 (41.25 £2.98)"

365 (27.34 £2.20)%5¢

920 (90.20 + 1.5)

902 (89.75 £ 1.72)

990 (67.57 = 1.20)

674 (51.17 £ 2.10)

917 (72.60 = 1.10)

793 (59.41 £ 1.45)

39 (3.82+ 1.3)

35(3.48 £0.23)

131 (9 + 1.51)

152 (11.55 + 1.90)

149 (11.80 + 1.84)

147 (1.01 + 1.31)

LPA; Lysophosphatidic acid, ?; Significant differences with non-vitrified ovaries before culture (P<0.05), ®; Significant differences with non-vitrified LPA"
ovaries (P<0.05), and; Significant differences with vitrified LPA- ovaries (P<0.05). The percentage was calculated based on the normal follicles.
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Fig.3: Photomicrographs of vitrified and non-vitrified whole mouse ovary sections using Masson’s trichrome (MTC) staining before and after 7 days
of culture. A. Non-vitrified ovary, B. Non-vitrified ovary in the absence of lysophosphatidic acid (LPA), C. Non-vitrified ovary in the presence of LPA, D.
Vitrified ovary, E. Vitrified ovary in the absence of LPA, F. Vitrified ovary in the presence of LPA. The central area of the cultured ovaries were seen as
a green color all study groups that included degenerated follicles with irregularly shaped nuclei. Changes to this central area were markedly high in
the vitrified LPA™ group and the smallest in the non-vitrified LPA* group. The mean area of mouse cultured vitrified and non-vitrified ovaries on days 0
(beginning), 5, and 7 of the culture period, and G. The analysis of surface area of the ovarian tissues derived from vitrified and non-vitrified groups during
culture period. *; Significant differences with other groups after culture (P<0.05) (scale bar: 200 um). The yellow arrow head in different parts of figures

showed the fibrotic and degenerated area in the center of ovarian tissue.

Surface area of the ovaries

Our results demonstrated (Fig.3) a significant increase
in the surface area in all studied groups during the culture
period compared to the first day of culture (P<0.05). This
parameter was significantly lower in the vitrified groups
compared to their respective non-vitrified groups on days
5 and 7 of culture (P<0.05). In the two LPA supplemented
groups, the mean surface area of the ovaries significantly
increased in comparison with their control (P<0.05).

Flow cytometry

Flow cytometry analysis showed that the percentage
of intact cells was 90.14 + 0.03% (non-vitrified), 76.52 +
1.4% (vitrified), 71.1 + 1.86% (non-vitrified LPA"), 83.75
+ 0.47% (non-vitrified LPAY), 56.82 + 0.03% (vitrified
LPA), and 66.78 £ 2.68% (vitrified LPA"). There were

significant differences between non-vitrified and vitrified
groups in all areas of the study (Fig.4). The percentage of
early apoptotic cells significantly decreased in the non-
vitrified LPA* (9.78 + 0.85%) and vitrified LPA* (4.46
+ 0.28%) compared to the non-vitrified LPA" (14.46 +
0.28%) and vitrified LPA" (11.05 + 2.71) groups.

The highest percentages of late apoptotic (15.75 +
0.84%) and necrotic (12.74 £ 3.74%) cells were in the
vitrified LPA- group compared to 11.74 + 1.65% apoptotic
cells and 7.37 &+ 0.01% necrotic cells in the non-vitrified
LPA- group (P<0.05). However, in the two LPA treated
groups, these percentages were significantly less than the
non-LPA treated groups (P<0.05).

Totally, the proportion of apoptotic cells (17.83 +
8.80%) in all study groups were significantly higher than
necrotic cells (7.97 = 0.92%, P<0.05).
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Fig.4: Flow cytometry analysis of ovarian tissues derived from vitrified and
non-vitrified groups before and after 7 days of culture according to annexin
V and propidium iodide (PI1) staining. A. The percent of intact cells, B. The
percent of early apoptotic cells, C. The percent of late apoptotic cells, and
D. The percent of necrotic cells.

a; Significant differences with vitrified ovaries (P<0.05) and b; Significant
differences with lysophosphatidic acid (LPA) ovaries (P<0.05).

Caspase-3/7 activity

Caspase-3/7 activities per milligram of protein were
1142.53 + 86.76 RLU (non-vitrified), 1539.38 + 94.43
RLU (vitrified), 3048.24 + 132.99 RLU (non-vitrified
LPA"),2105.32+0.76 RLU (non-vitrified LPA"), 4030.71
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+40.92 RLU (vitrified LPA"), and 3062.95 + 67.16 RLU
(vitrified LPA™) as seen in Table 2. Significant differences
were found between the caspase-3/7 activities in both
cultured vitrified and non-vitrified groups (P<0.05). The
two groups supplemented with LPA had significantly

lower enzyme activity than their respective control groups
(P<0.05).

Table 2: Caspase-3/7 activity in all studied groups

Group Caspase-3/7 activity

(RLU/mg protein)

Non-vitrified 1142.53 + 86.76

Vitrified 1539.38 £94.43
Non-vitrified LPA- 3048.24 £ 132.99
Non-vitrified LPA* 2105.32 £0.76*
Vitrified LPA- 4030.71 = 40.92¢

Vitrified LPA* 3062.95 £ 67.16%

LPA; Lysophosphatidic acid. The concentration of caspase-3/7 in vitrified
and non-vitrified ovaries before and after culture in the presence and
absence of LPA, ?; Significant differences with non-vitrified LPA- (P<0.05),
b; Significant differences with vitrified LPA" (P<0.05), and ¢; Significant
differences with non-vitrified LPA* (P<0.05).

Discussion

This study was the first to evaluate the effects of LPA
supplementation of ovarian tissue culture media on
follicular development and incidence of cell death. We
assessed these effects in both vitrified and non-vitrified
samples.

Our morphological observations with H&E and MTC
staining indicated enhanced follicular development from
the primordial follicle to the preantral stage in parallel
with an increase in mean surface area of ovarian tissue in
all LPA treated groups. These results demonstrated that
LPA proliferated the follicular cells, not only in the non-
vitrified but also in vitrified groups. The similar biological
effects of LPA on cell proliferation have been previously
shown in ovarian cells (33) by binding to its receptors and
its involvement in the mitogen-activated protein kinase
(MAPK)/p38 and phosphoinositol 3 kinase (PI3K)/Akt
pathways (34).

Related reports postulated that LPA was involved in
cell survival, cell activation of the entire primordial
follicle pool, and promotion of nuclear and cytoplasmic
maturation of mouse oocytes via its receptor (24-26, 35).

A number of studies reported cryopreservation by
using vitrification methods and ovarian tissue culture
significantly increased the incidence of follicular cell
death (17, 36).

Abdi et al. (37) stated that vitrified neonate ovarian
tissues showed lower developmental competency of



follicles than non-vitrified ovaries. However, other reports
revealed that the development of culture preantral follicles
derived from vitrified ovarian tissue did not significantly
differ from fresh samples (38, 39). The reason for this
discrepancy could be related to the different tissue culture
systems.

Another objective of this study was to analyze the
beneficial effects of LPA on the improvement of ovarian
culture by reducing the incidence of cell death. For this
purpose, we employed several complementary techniques
in addition to morphological staining.

Morphological observation (H&E and MTC) showed
signs of follicular degeneration and cell fragmentation
in the central part of the cultured tissue. These changes
were prominent in the vitrified group, particularly in the
absence of LPA. Flow cytometry data also confirmed
this observation and demonstrated the higher percent of
late apoptotic and necrotic cells in the non-LPA treated
group. Hence, LPA might improve the IVC condition by
decreasing cell death via the MAPK/p38, PI3K/Akt, and
NF-kappa B signaling pathways. Several studies reported
that LPA could be a survival and anti-apoptotic factor
(34). It has been suggested that in the vitrified group, due
to alterations in the LPA receptor, this effect of LPA might
not have been properly shown. Additional studies should
prove this suggestion.

The percentage of late apoptotic and necrotic cells
significantly increased in all study groups after 7 days of
in vitro culturing.

This conclusion agreed with Keros et al. (40). These
researchers postulated that the freezing and thawing
process influenced cells and led to necrosis in stromal
cells. Totally the proportions of apoptotic (early and late)
cells in all study groups were significantly higher than
necrotic cells. It seemed that both factors (vitrification
and culture conditions) adversely affected cell survival
and caused both types of cell death.

We also assessed caspase-3/7 activity. Our results
confirmed that the ovarian tissue culture enhanced
caspase-3/7 activity. In addition this activity was
significantly higher in the vitrified group. This conclusion
agreed with the findings reported by Abdi et al. (37), which
indicated that the IVC of ovarian tissue and vitrification/
warming procedure enhanced the activity of caspase-3/7,
which had negative effects on follicular survival and
development. However, the level of caspase-3/7 activity
decreased in the presence of LPA.

Conclusion

Both vitrification and the IVC appeared to adversely
affect cell survival and resulted in cell death. We have
postulated that LPA supplementation of culture medium
could improve the developmental rate of follicles
and act as an anti-cell death factor in non-vitrified and
vitrified ovarian tissues. It could be applicable for in vitro
maturation of ovarian tissue.

Abedpour et al.

Acknowledgments

This work was financially supported by Tarbiat
Modares University of Medical Sciences. We express our
appreciation to Dr. Mahboobeh Amoushahi and Mr. Pour
Beyranvand for technical assistance. There is no conflict
of interest in this study.

Author’s Contributions

N.A.; Has done the experiments, analyzed the data
and contributed to writing the manuscript. M.S.; Has
supervised the study and contributed to writing the
manuscript. N.G.; Has involved to molecular analysis. All
authors read and approved the final manuscript.

References

1. Peek R, Westphal JR, Van Dongen Angelique JCM, Loonen JJ,
Braat Didi DM, Beerendonk Catharina CM. Fertility preservation by
ovarian tissue cryopreservation after limited gonadotoxic chemo-
therapy in a 10-year-old Ewing sarcoma patient. J Adolesc Young
Adult Oncol. 2014; 3(2): 92-95.

2. Chuai Y, Xu X, Wang A. Preservation of fertility in females treated
for cancer. Int J Biol Sci. 2012; 8(7): 1005-1012

3. Donnez J, Squifflet J, Jadoul P, Lousse JC, Dolmans MM, Don-
nez O. Fertility preservation in women with ovarian endometriosis.
Front Biosci (Elite Ed). 2012; 4: 1654-1662.

4. Donnez J, Dolmans MM. Preservation of fertility in females with
haematological malignancy. Br J Haematol. 2011; 154(2): 175-184.

5. De Vos M, Smitz J, Woodruff TK. Fertility preservation in women
with cancer. Lancet. 2014; 384(9950): 1302-1310.

6. Higuchi CM, Maeda Y, Horiuchi T, Yamazaki Y. A simplified method
for three-dimensional (3-D) ovarian tissue culture yielding oocytes
competent to produce full-term offspring in mice. PLoS One. 2015;
10(11): e0143114.

7. Yin H, Jiang H, Kristensen SG, Andersen CY. Vitrification of in vitro
matured oocytes collected from surplus ovarian medulla tissue re-
sulting from fertility preservation of ovarian cortex tissue. J Assist
Reprod Genet. 2016; 33(6): 741-746.

8. Filatov MA, Khramova YV, Kiseleva MV, Malinova IV, Komarova
EV, Semenova ML. Female fertility preservation strategies: cryo-
preservation and ovarian tissue in vitro culture, current state of the
art and future perspectives. Zygote. 2016; 24(5): 635-653.

9. Telfer EE, McLaughlin M, Ding C, Thong KJ. A two-step serum-
free culture system supports development of human oocytes from
primordial follicles in the presence of activin. Hum Reprod. 2008;
23(5): 1151-1158.

10. Jin S, Leil, Shea LD, Zelinski MB, Stouffer RL, Woodruff TK. Mark-
ers of growth and development in primate primordial follicles are
preserved after slow cryopreservation. Fertil Steril. 2010; 93(8):
2627-2632.

11. Hirao Y. Isolation of ovarian components essential for growth and
development of mammalian oocytes in vitro. J Reprod Dev. 2012;
58(2): 167-174.

12. Wang X, Catt S, Pangestu M, Temple-Smith P. Successful in vitro
culture of pre-antral follicles derived from vitrified murine ovarian
tissue: oocyte maturation, fertilization, and live births. Reproduc-
tion. 2011; 141(2): 183-191.

13. Mochida N, Akatani-Hasegawa A, Saka K, Ogino M, Hosoda Y,
Wada R, et al. Live births from isolated primary/early secondary
follicles following a multistep culture without organ culture in mice.
Reproduction. 2013; 146(1): 37-47.

14. Amorim CA, David A, Dolmans MM, Camboni A, Donnez J, Van
Langendonckt A. Impact of freezing and thawing of human ovar-
ian tissue on follicular growth after long-term xenotransplantation.
J Assist Reprod Genet. 2011; 28(12): 1157-1165.

15. Milenkovic M, Diaz-Garcia C, Wallin A, Brannstrom M. Viability and
function of the cryopreserved whole rat ovary: comparison between
slow-freezing and vitrification. Fertil Steril. 2012; 97(5): 1176-1182.

16. Youm HW, Lee JR, Lee J, Jee BC, Suh CS, Kim SH. Optimal vitrifi-
cation protocol for mouse ovarian tissue cryopreservation: effect of
cryoprotective agents and in vitro culture on vitrified-warmed ovar-
ian tissue survival. Hum Reprod. 2014; 29(4): 720-730.

17. Abdi S, Salehnia M, Hosseinkhani S. Evaluation of apoptosis in

Cell J, Vol 20, No 3, Oct-Dec (Autumn) 2018 410


https://www.ncbi.nlm.nih.gov/pubmed/22904668
https://www.ncbi.nlm.nih.gov/pubmed/22904668
https://www.ncbi.nlm.nih.gov/pubmed/22201982
https://www.ncbi.nlm.nih.gov/pubmed/21564077
https://www.ncbi.nlm.nih.gov/pubmed/21564077
https://www.ncbi.nlm.nih.gov/pubmed/25283571
https://www.ncbi.nlm.nih.gov/pubmed/25283571
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3241841/
https://www.ncbi.nlm.nih.gov/pubmed/22341373
https://www.ncbi.nlm.nih.gov/pubmed/22341373
https://www.ncbi.nlm.nih.gov/pubmed/22341373
https://www.ncbi.nlm.nih.gov/pubmed/24365801
https://www.ncbi.nlm.nih.gov/pubmed/24365801
https://www.ncbi.nlm.nih.gov/pubmed/24365801
https://www.ncbi.nlm.nih.gov/pubmed/24365801
https://www.ncbi.nlm.nih.gov/pubmed/24216075

LPA and Cell Death in Cultured Ovaries

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Cell J, Vol 20, No 3, Oct-Dec (Autumn) 2018

long-term culture of vitrified mouse whole ovaries. Res Vet Sci.
2014; 96(1): 1-4.

Lee J, Kong HS, Kim EJ, Youm HW, Lee JR, Suh CS, et al. Ovar-
ian injury during cryopreservation and transplantation in mice: a
comparative study between cryoinjury and ischemic injury. Hum
Reprod. 2016; 31(8): 1827-1837.

Kung G, Konstantinidis K, Kitsis RN. Programmed necrosis, not
apoptosis, in the heart. Circ Res. 2011; 108(8): 1017-1036.
Markstrom E, Svensson E, Shao R, Svanberg B, Billig H. Survival
factors regulating ovarian apoptosis dependence on follicle differ-
entiation. Reproduction. 2002; 123(1): 23-30.

Clarke PGH, Clarke S. Nineteenth century research on cell death.
Exp Oncol. 2012; 34(3): 139-145.

Fortune JE, Yang MY, Muruvi W. In vitro and in vivo regulation of
follicular formation and activation in cattle. Reprod Fertil Dev. 2011;
23(1): 15-22.

Li J, Kawamura K, Cheng Y, Liu S, Klein C, Liu S, et al. Activation of
dormant ovarian follicles to generate mature eggs. Proc Natl Acad
Sci USA. 2010; 107(22): 10280-10284.

Jo JW, Jee BC, Suh CS, Kim SH. Addition of lysophosphatidic acid
to mouse oocyte maturation media can enhance fertilization and
developmental competence. Hum Reprod. 2014; 29(2): 234-241.
Boruszewska D, Torres AC, Kowalczyk-Zieba I, Diniz P, Batista M,
Lopes-da-Costa L, et al. The effect of lysophosphatidic acid dur-
ing in vitro maturation of bovine oocytes: embryonic development
and mRNA abundances of genes involved in apoptosis and oocyte
competence. Mediators Inflamm. 2014; 2014: 670670.
Boruszewska D, Sinderewicz E, Kowalczyk-Zieba |, Grycmacher
K, Woclawek-Potocka I. The effect of lysophosphatidic acid during
in vitro maturation of bovine cumulus—oocyte complexes: cumulus
expansion, glucose metabolism and expression of genes involved
in the ovulatory cascade, oocyte and blastocyst competence. Re-
prod Biol Endocrinol. 2015; 13: 44.

Tokumura A, Miyake M, Nishioka Y, Yamano S, Aono T, Fukuzawa
K. Production of lysophosphatidic acids by lysophospholipase D in
human follicular fluids of in vitro fertilization patients. Biol Reprod.
1999; 61(1): 195-199.

Ishii I, Fukushima N, Ye X, Chun J. Lysophospholipid receptors:
signaling and biology. Annu Rev Biochem. 2004; 73: 321-354.
Sheng X, Yung YC, Chen A, Chun J. Lysophosphatidic acid signal-
ling in development. Development. 2015; 142(8): 1390-1395.

411

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Woctawek-Potocka |, Rawinska P, Kowalczyk-Zieba |, Borusze-
wska D, Sinderewicz E, Wasniewski T, et al. Lysophosphatidic acid
(LPA) signaling in human and ruminant reproductive tract. Media-
tors Inflamm. 2014; 2014: 649702.

Salehnia M, Abbasian Moghadam E, Rezazadeh Velojerdi M. Ul-
trastructure of follicles after vitrification of mouse ovarian tissue.
Fertil Steril. 2002; 78(3): 644-645.

Lee J, Lee JR, Youm HW, Suh CS, Kim SH. Effect of preoperative
simvastatin treatment on transplantation of cryopreserved-warmed
mouse ovarian tissue quality. Theriogenology. 2015; 83(2): 285-
293.

Goldsmith ZG, Ha JH, Jayaraman M, Dhanasekaran DN. lyso-
phosphatidic acid stimulates the proliferation of ovarian cancer
cells via the gep proto-oncogene Ga(12). Genes Cancer. 2011;
2(5): 563-575.

Makker A, Goel MM, Mahdi AA. PI3BK/PTEN/Akt and TSC/mTOR
signaling pathways, ovarian dysfunction, and infertility: an update.
J Mol Endocrinol. 2014; 53(3): R103- R118.

Boruszewska D, Kowalczyk-Zieba |, Sinderewicz E, Grycmacher K,
Staszkiewicz J, Woclawek-Potocka . The effect of lysophosphatid-
ic acid together with interferon tau on the global transcriptomic pro-
file in bovine endometrial cells. Theriogenology. 2017; 92: 111-120.
Youm HW, Lee JR, Lee J, Jee BC, Suh CS, Kim SH. Optimal vitrifi-
cation protocol for mouse ovarian tissue cryopreservation: effect of
cryoprotective agents and in vitro culture on vitrified-warmed ovar-
ian tissue survival. Hum Reprod. 2014; 29(4): 720-730.

Abdi S, Salehnia M, Hosseinkhani S. Kit ligand decreases the in-
cidence of apoptosis in cultured vitrified whole mouse ovaries. Re-
prod Biomed Online. 2015; 30(5): 493-503.

Haidari K, Salehnia M, Rezazaheh Valoujerdi M. The effect of leu-
kemia inhibitory factor and co-culture on the in vitro maturation and
ultrastructure of vitrified and nonvitrified isolated mouse preantral
follicles. Fertil Steril. 2008; 90(6): 2389-2397.

Mazoochi T, Salehnia M, Pourbeiranvand S, Forouzandeh M, Mow-
la SJ, Hajizadeh E. Analysis of apoptosis and expression of genes
related to apoptosis in cultures of follicles derived from vitrified and
non-vitrified ovaries. Mol Hum Reprod. 2009; 15(3): 155-164.
Keros V, Xella S, Hultenby K, Pettersson K, Sheikhi M, Volpe A, et
al. Vitrification versus controlled-rate freezing in cryopreservation
of human ovarian tissue. Hum Reprod. 2009; 24(7): 1670-1683.



https://www.ncbi.nlm.nih.gov/pubmed/24216075
https://www.ncbi.nlm.nih.gov/pubmed/27312534
https://www.ncbi.nlm.nih.gov/pubmed/27312534
https://www.ncbi.nlm.nih.gov/pubmed/27312534
https://www.ncbi.nlm.nih.gov/pubmed/11869183
https://www.ncbi.nlm.nih.gov/pubmed/11869183
https://www.ncbi.nlm.nih.gov/pubmed/11869183
https://www.ncbi.nlm.nih.gov/pubmed/21366976
https://www.ncbi.nlm.nih.gov/pubmed/21366976
https://www.ncbi.nlm.nih.gov/pubmed/20479243
https://www.ncbi.nlm.nih.gov/pubmed/20479243
https://www.ncbi.nlm.nih.gov/pubmed/15189145
https://www.ncbi.nlm.nih.gov/pubmed/15189145
https://www.ncbi.nlm.nih.gov/pubmed/25852197
https://www.ncbi.nlm.nih.gov/pubmed/25852197
https://www.ncbi.nlm.nih.gov/pubmed/12215351
https://www.ncbi.nlm.nih.gov/pubmed/12215351
https://www.ncbi.nlm.nih.gov/pubmed/21901169
https://www.ncbi.nlm.nih.gov/pubmed/21901169
https://www.ncbi.nlm.nih.gov/pubmed/21901169
https://www.ncbi.nlm.nih.gov/pubmed/25312969
https://www.ncbi.nlm.nih.gov/pubmed/25312969
https://www.ncbi.nlm.nih.gov/pubmed/24365801
https://www.ncbi.nlm.nih.gov/pubmed/24365801
https://www.ncbi.nlm.nih.gov/pubmed/24365801
https://www.ncbi.nlm.nih.gov/pubmed/24365801
https://www.ncbi.nlm.nih.gov/pubmed/25779020
https://www.ncbi.nlm.nih.gov/pubmed/25779020
https://www.ncbi.nlm.nih.gov/pubmed/19155222
https://www.ncbi.nlm.nih.gov/pubmed/19155222
https://www.ncbi.nlm.nih.gov/pubmed/19155222
https://www.ncbi.nlm.nih.gov/pubmed/19359339
https://www.ncbi.nlm.nih.gov/pubmed/19359339

	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_ENREF_44
	_ENREF_45
	_ENREF_46
	_ENREF_47
	_ENREF_48
	_ENREF_49
	_ENREF_50
	_ENREF_51
	_ENREF_52
	_ENREF_53
	_ENREF_54
	_ENREF_55
	_ENREF_56
	_ENREF_57
	_ENREF_58
	_ENREF_59
	_ENREF_60
	_ENREF_61
	_ENREF_62
	_ENREF_63
	_ENREF_64
	_ENREF_65
	OLE_LINK1
	OLE_LINK87
	OLE_LINK86
	_GoBack
	OLE_LINK98
	OLE_LINK30
	OLE_LINK29
	OLE_LINK90
	OLE_LINK89
	OLE_LINK42
	OLE_LINK73
	OLE_LINK76
	OLE_LINK201
	OLE_LINK62
	OLE_LINK61
	OLE_LINK143
	OLE_LINK70
	OLE_LINK69
	OLE_LINK112
	OLE_LINK111
	OLE_LINK6
	OLE_LINK5
	OLE_LINK110
	OLE_LINK109
	OLE_LINK74
	OLE_LINK75
	OLE_LINK12
	OLE_LINK11
	OLE_LINK104
	OLE_LINK103
	OLE_LINK8
	OLE_LINK7
	OLE_LINK16
	OLE_LINK15
	OLE_LINK88
	OLE_LINK22
	OLE_LINK21
	OLE_LINK106
	OLE_LINK105
	OLE_LINK48
	OLE_LINK47
	OLE_LINK121
	OLE_LINK124
	OLE_LINK108
	OLE_LINK107
	OLE_LINK4
	OLE_LINK3
	OLE_LINK20
	OLE_LINK19
	OLE_LINK132
	OLE_LINK131
	OLE_LINK134
	OLE_LINK133
	OLE_LINK136
	OLE_LINK135
	OLE_LINK39
	OLE_LINK26
	OLE_LINK25
	OLE_LINK23
	OLE_LINK24
	OLE_LINK114
	OLE_LINK113
	OLE_LINK72
	OLE_LINK71
	OLE_LINK66
	OLE_LINK65
	OLE_LINK116
	OLE_LINK115
	OLE_LINK28
	OLE_LINK27
	OLE_LINK2
	OLE_LINK1
	OLE_LINK34
	OLE_LINK33
	OLE_LINK130
	OLE_LINK129
	OLE_LINK56
	OLE_LINK55
	OLE_LINK58
	OLE_LINK57
	OLE_LINK60
	OLE_LINK59
	OLE_LINK126
	OLE_LINK125
	OLE_LINK67
	OLE_LINK68
	OLE_LINK81
	OLE_LINK78
	OLE_LINK77
	_ENREF_14
	_ENREF_24
	_ENREF_27
	_ENREF_28
	_GoBack
	_ENREF_8
	_ENREF_1
	_ENREF_2
	_ENREF_14
	_ENREF_17
	_ENREF_25
	_ENREF_27
	_ENREF_37
	_ENREF_38
	OLE_LINK1
	OLE_LINK3
	OLE_LINK4
	OLE_LINK66
	OLE_LINK74
	OLE_LINK39
	OLE_LINK36
	OLE_LINK30
	OLE_LINK7
	OLE_LINK8
	OLE_LINK11
	OLE_LINK12
	OLE_LINK13
	OLE_LINK50
	OLE_LINK51
	OLE_LINK56
	OLE_LINK57
	OLE_LINK52
	OLE_LINK53
	OLE_LINK9
	OLE_LINK10
	OLE_LINK5
	OLE_LINK6
	OLE_LINK40
	OLE_LINK41
	OLE_LINK42
	OLE_LINK43
	OLE_LINK44
	OLE_LINK45
	OLE_LINK96
	OLE_LINK97
	OLE_LINK67
	OLE_LINK80
	OLE_LINK81
	OLE_LINK16
	OLE_LINK17
	OLE_LINK2
	OLE_LINK55
	OLE_LINK49
	OLE_LINK54
	_ENREF_10
	_ENREF_13
	_ENREF_14
	_ENREF_21
	_ENREF_24
	_ENREF_26
	_ENREF_27
	_ENREF_28
	_ENREF_29
	_ENREF_30
	_ENREF_31
	_ENREF_32
	_ENREF_34
	_ENREF_35
	_ENREF_38
	_ENREF_39
	_ENREF_40
	_ENREF_41
	_ENREF_42
	_ENREF_43
	_GoBack
	_GoBack
	_GoBack
	OLE_LINK98
	OLE_LINK99
	OLE_LINK102
	OLE_LINK48
	OLE_LINK153
	OLE_LINK156
	OLE_LINK131
	OLE_LINK132
	OLE_LINK209
	OLE_LINK100
	OLE_LINK101
	OLE_LINK103
	OLE_LINK104
	OLE_LINK105
	OLE_LINK106
	OLE_LINK107
	OLE_LINK108
	OLE_LINK207
	OLE_LINK208
	OLE_LINK111
	OLE_LINK122
	OLE_LINK123
	OLE_LINK3
	OLE_LINK4
	OLE_LINK210
	OLE_LINK211
	OLE_LINK115
	OLE_LINK116
	OLE_LINK212
	OLE_LINK213
	OLE_LINK14
	OLE_LINK15
	OLE_LINK16
	OLE_LINK17
	OLE_LINK214
	OLE_LINK215
	OLE_LINK12
	OLE_LINK13
	OLE_LINK128
	OLE_LINK10
	OLE_LINK11
	OLE_LINK28
	OLE_LINK29
	OLE_LINK26
	OLE_LINK27
	OLE_LINK22
	OLE_LINK23
	OLE_LINK18
	OLE_LINK19
	OLE_LINK20
	OLE_LINK21
	OLE_LINK24
	OLE_LINK25
	OLE_LINK30
	OLE_LINK220
	OLE_LINK221
	OLE_LINK216
	OLE_LINK217
	OLE_LINK35
	OLE_LINK36
	OLE_LINK59
	OLE_LINK60
	OLE_LINK52
	OLE_LINK53
	OLE_LINK54
	OLE_LINK55
	OLE_LINK56
	OLE_LINK57
	OLE_LINK58
	OLE_LINK63
	OLE_LINK64
	OLE_LINK61
	OLE_LINK62
	OLE_LINK65
	OLE_LINK66
	OLE_LINK73
	OLE_LINK74
	OLE_LINK77
	OLE_LINK78
	OLE_LINK218
	OLE_LINK219
	OLE_LINK1
	OLE_LINK2
	OLE_LINK7
	OLE_LINK8
	OLE_LINK9
	OLE_LINK31
	OLE_LINK32
	OLE_LINK33
	OLE_LINK34
	OLE_LINK37
	OLE_LINK38
	OLE_LINK41
	OLE_LINK46
	OLE_LINK47
	OLE_LINK112
	OLE_LINK113
	OLE_LINK114
	OLE_LINK117
	OLE_LINK120
	OLE_LINK121
	OLE_LINK124
	OLE_LINK125
	OLE_LINK126
	OLE_LINK127
	OLE_LINK129
	OLE_LINK130
	OLE_LINK181
	OLE_LINK182
	OLE_LINK179
	OLE_LINK180
	OLE_LINK133
	OLE_LINK134
	OLE_LINK177
	OLE_LINK178
	OLE_LINK175
	OLE_LINK176
	OLE_LINK185
	OLE_LINK186
	OLE_LINK187
	OLE_LINK188
	OLE_LINK189
	OLE_LINK190
	OLE_LINK49
	OLE_LINK96
	OLE_LINK140
	OLE_LINK138
	OLE_LINK139
	OLE_LINK97
	OLE_LINK135
	OLE_LINK136
	OLE_LINK137
	OLE_LINK141
	OLE_LINK142
	OLE_LINK151
	OLE_LINK152
	OLE_LINK154
	OLE_LINK155
	OLE_LINK161
	OLE_LINK157
	OLE_LINK158
	OLE_LINK159
	OLE_LINK160
	OLE_LINK201
	OLE_LINK202
	OLE_LINK166
	OLE_LINK167
	OLE_LINK162
	OLE_LINK163
	OLE_LINK170
	OLE_LINK171
	OLE_LINK203
	OLE_LINK204
	OLE_LINK205
	OLE_LINK206
	OLE_LINK168
	OLE_LINK169
	OLE_LINK174
	OLE_LINK183
	OLE_LINK194
	OLE_LINK195
	OLE_LINK184
	OLE_LINK191
	OLE_LINK196
	OLE_LINK197
	OLE_LINK199
	OLE_LINK200
	OLE_LINK234
	OLE_LINK235
	OLE_LINK236
	_ENREF_2
	_ENREF_4
	_ENREF_8
	_ENREF_9
	_ENREF_11
	_ENREF_12
	_ENREF_14
	_ENREF_17
	_ENREF_18
	_ENREF_20
	_ENREF_21
	_ENREF_23
	_ENREF_24
	_ENREF_25
	_ENREF_26
	_ENREF_28
	_ENREF_29

