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Impact statement

Ovarian aging is becoming a more impor-
tant issue in terms of fertility preservation
and infertility treatment. Serum anti-
Mullerian hormone (AMH) level and antral
follicle count (AFC) are being practically
used as markers of ovarian aging as well as
ovarian reserve in human. However, these
factors have some drawbacks in assessing
ovarian aging and reserve. Therefore, the
identification of ovarian expressions of
BMP15, GDF9, and C-KIT according to
female could be applied as a potent pre-
dictor of ovarian aging. This work provides
new information on the development of
diagnosis and treatment strategy of age-
related fertility decline and premature
ovarian insufficiency.

Abstract

This study investigated ovarian expressions of bone morphogenetic protein 15 (BMP15),
growth differentiation factor 9 (GDF9), and C-KIT according to age in female mice to deter-
mine whether these factors can be served as new potential biomarkers of ovarian aging.
Ovaries were collected from mice aged 10, 20, 30, and 40 weeks, and ovarian expressions
of BMP15, GDF9, and C-KIT were examined by real-time PCR, Western blot, and immu-
nohistochemistry. Follicle counts were measured on histological hematoxylin and eosin
staining. In the second experiment to evaluate ovarian function, after superovulation with
PMSG and hCG, the numbers of zygotes retrieved and embryo development rate were
examined. Ovarian expressions of BMP15, GDF9, and C-KIT decreased with age. Follicle
counts, numbers of retrieved zygotes, and embryo development rate were also significantly
reduced in old mice over 30 weeks compared with young mice. These results indicate that
these factors could be served as new potential biomarkers of ovarian aging.
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Introduction

Ovarian aging gradually decreases both oocyte quantity
and quality of the oocytes, and it is a fastidious cause in
infertility treatment.’ In recent years, the number of women
who are delaying childbearing or marriage is constantly
increasing, and solving ovarian aging is an important
issue in fertility preservation and infertility treatment.
Serum anti-Mullerian hormone (AMH) levels and antral
follicle count (AFC) and are being practically used as
markers of ovarian aging as well as ovarian reserve in
human.>* AMH is commonly used to assess the extent of
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ovarian follicle depletion, to diagnose premature ovarian
insufficiency, and to predict age at menopause.””
However, serum AMH level has some drawbacks in
assessing ovarian aging and reserve. First, because AMH
is produced by preantral and antral follicles, it does not
reflect the true ovarian reserve, which is determined by
the quantity of primordial follicle.® A recent study suggests
that serum AMH cannot be guaranteed as s biomarker of
ovarian reserve.” Second, although healthy and young
women with poor ovarian response has a low serum
AMH level, when embryo quality was not bad and
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embryo transfer proceeded, a relatively good pregnancy
outcome could be obtained.>'® This means that serum
AMH level cannot reliably reflect oocyte quality in young
healthy women. Third, age of peak AMH very varies
widely among studies."’ Therefore, threshold values of
serum AMH need to be standardized to evaluate ovarian
reserve by focusing on the number of resting primordial
follicle and female age.

Various growth factors, cytokines, gonadal hormones
(FSH, LH, and GnRH) highly coordinate normal ovarian
function, and follicular development in an autocrine, para-
crine, and/or endocrine manner.'*'® The C-KIT/kit ligand
(KITL) via stimulation of the C-KIT receptor plays an essen-
tial role in ovarian folliculogenesis and oogenesis in mam-
mals.'* The theca cell-derived C-KIT plays several roles in
the establishment of primordial germ cells, the activation of
primordial follicle, and oocyte growth and survival.'>'®
The expression of KITL has been shown to be influenced
by intra-ovarian growth differentiation factor 9 (GDF9)."”
GDF9 is one of representative transforming growth factor-f§
(TGE-B) superfamily members with bone morphogenetic
protein 15 (BMP15)."®" They are produced in oocytes,
cumulus cells, and granulosa cells.’*?® In addition,
mRNA expressions of Gdf9 and Bmp15 have been reported
to be positively correlated with age of women, which crit-
ically influence ovarian reserve and aging.” A genome-
wide study showed that gene mutations of Bmpl5 and
Gdf9 are involved in human premature ovarian failure
(POF).** These results strongly indicate that BMP15,
GDF9, and C-KIT may play a potential role in the processes
of ovarian aging. Therefore, this study examined ovarian
expressions of BMP15, GDF9, and C-KIT according to age in
female mice to determine whether these factors could be
new potential biomarkers of ovarian aging.

Materials and methods

Animals and experiments

C57BL/6 inbred female and male mice were purchased
from the Koatech Inc. (Gyunggi-do, Korea) and maintained
in plastic cages under controlled conditions of temperature
(22+1°C) and a 12-h light/12-h dark cycle with a access to
food and tap water ad libitum throughout the study. All
mice were treated under the guidance for the Care and Use
of Laboratory Animals of the National Institutes of Health.
The written consent for all animal experiment was
approved from the Institutional Review Board and
Animal Care and Use Committee of Pusan National
University Hospital.

Ovarian tissue collection

Both intact ovaries were collected from female mice aged
from 10, 20, 30, and 40 weeks. The one ovary was immedi-
ately fixed in paraformaldehyde for further histological and
immunohistochemical (IHC) analyses, and the other ovary
was stored at -80°C until used for real-time PCR, and
Western blotting.

RNA isolation and quantitative PCR

Total RNA was extracted with Trizol reagent (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instruction. Complementary DNA was synthesized from
1pg of total RNA using AMV Reverse Transcriptase
(Promega, Madison, WI, USA) and a random hexamer
(Takara Bio, Inc., Otsu, Japan) at 42°C for 1h followed by
inactivation of the enzyme at 95°C for 5min.

Template complementary DNA was subjected to PCR
amplification using gene-specific primers. The primers
used were as follows: 5-TTGCTCCTCGTCTCTATACC-3'
(sense) and 5-CTAGATGGCATGGTTGG-3' (antisense)
for BMP15; 5-AGTGTGTTGACCATTGAAC C-3' (sense)
and 5-GCACCTCGTAGCTA TCATGTC-3 (antisense) for
GDF9; 5-GCCTAG TCATTGTTGCA-3' (sense) and 5'-
CCCA AGTTTGTCTATGATGG-3' (antisense) for C-KIT;
and 5-ACCACAGTCATGC ATCAC-3' (sense) and 5'-
TCCACCACCCTGTTGCTGTA-3' (antisense) for glyceral-
dehyde  3-phosphate dehydrogenase (GAPDH).
Quantitative PCR (qPCR) was carried out using Light
Cycle 480 SYBR Green I Master (Roche Diagnostics,
Mannheim, Germany). The reaction conditions consisted
of denaturation at 95°C for 10 min, followed by 40 cycles
of 95°C for 10s, 56°C for 55, and 72°C for 20s. All experi-
ments were performed in duplicate on each sample, each
being repeated at least three times. The relative expression
levels of mRNA in each sample were calculated using the
ddCt method. The level of each mRNA sample was nor-
malized to the expression levels of the housekeeping gene
GAPDH. Fold change differences were represented relative
to 10 weeks and each experimental group.

Western blot analysis

Proteins from each sample were extracted by mechanical
homogenization of ovaries in the presence of NP-40 lysis
(50 mM Tris-HCI (pH 7.5), 150 mM NaCl, 1% Nonidet P-40,
and 1 mM ethylenediamine-tetraacetic acid) buffer supple-
mented with phosphatase inhibitors. Equal amounts of
protein were separated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to a polyvinylidenedifluoride (PVDF) mem-
brane (Millipore, Bedford, MA, USA). The membranes
were incubated in tris-buffered saline (TBS) containing
1% Tween 20 (TBS-T) supplemented with skim milk to
block non-specific antibody binding. Each membrane was
incubated with specific primary anti-mouse BMP15, GDF9,
C-KIT antibody (Santa Cruz Biotechnology, Santa Cruz,
USA). Actin antibody (Sigma, St Louis, MO, USA) was
used as an internal control. After washing four times with
TBS-T, the blotted membranes were incubated with horse-
radish peroxidase-conjugated goat antibody (Santa Cruz
Biotechnology) for 30min at room temperature. After
washing three times with TBS-T, protein bands were visu-
alized using an enhanced chemiluminescence detection
system using the manufacture’s recommended procedure
(Amersham Pharmacia Biotech, Piscataway, NJ, USA).
Protein bands were quantified and normalized relative to
Actin using Image] software (NIH, version 1.35d).



RNA extraction and RNA sequencing

Total RNA each sample was isolated from ovaries of 6- and
48-week-old mice and were isolated using an RNAprep
pure plant total RNA extraction kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocols. For
each library preparation, mRNA was used to synthesize
cDNA libraries using the TruSeq RNA Sample
Preparation Kit v2 (Illumina, San Diego, USA) following
the manufacturer’s protocols. Subsequently, these cDNA
libraries were quantified using the qPCR Quantification
Protocol Guide and qualified using an Agilent
Technologies 2100 Bioanalyzer. To measure expression
levels, RNA-Seq reads were mapped to the C57BL/6
mouse genome using TopHat. The expression level of
each gene was calculated in in FPKM (Fragments
PerKilobase of exon per Million fragments mapped) using
Cufflinks. These FPKM values were added 1 and trans-
formed by logarithm 2. All statistical analyses were per-
formed using functions implemented in the statistical
software packages R 3.1.2. The normalization of RNA-seq
data were subjected to most widely adopted method.
Differentially expressed genes were performed using the
following filter criteria: |fold change (FC) |>2 and inde-
pendent T-test raw p-value < 0.05. The FC is the ratio of the
group mean values. Transcripts with at least a 1.7-FC were
selected. All adjusted p-values were calculated using a
Student’s t-test, and adjusted for multiple testing using
Benjamini-Hochberg Procedures.

Immunohistochemistry

Immunohistochemistry (IHC) was in accordance with the
ImmPRESS™ HRP REAGENT KIT (Peroxidase) (Vector
Laboratories, Burlingame, CA, USA). After deparaffiniza-
tion and rehydration steps have been completed, antigen
retrieval was carried out by microwave treatment in 0.01 M
sodium citrate buffer (pH 6.0) at 95°C for 15 min. The speci-
mens were washed three times with PBS, and endogenous
peroxidase activity was denatured with 3% hydrogen per-
oxide in methanol for 10 min. The sections were incubated
with antiserum at a dilution of 1:200 in BMP15 (ORB247897,
Biorbyt, Cambridge, UK), 1: 100 in GDF9 (AF739, R&D
Systems, MN, USA), and 1:100 in C-KIT (ORB10286,
Biorbyt) for overnight. The sections were then washed
and incubated for 15min with the biotinylated secondary
antibodies. Immunoreactive signals were detected using
streptavidin-HRP and diaminobenzidine (DAB MapKit,
Ventana). After preparation, positive expression was
shown by brown DAB precipitate, and sections were
observed with a Nikon ECLIPSE E800 photomicroscope
(Nikon, Tokyo, Japan). Images were acquired using a
Leica DM2500 system (Leica Microsystems, Germany).
For quantification of IHC staining, mean immunoreactivity
intensity for surviving follicle in an ovarian section was
measured using Image] software (Image]) and Image]
plug in IHC profiler. Images were changed to 8-bit gray-
scale type and inverted under “Edit” menu of Image]
to lead to result of color deconvolution. After invert,
the DAB-stained areas are bright and unstained areas
are dark. The mean intensity was measured using
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“Measure” function under the “Analyze” menu of
Image]. Positive cases were evaluated in at least 10 fields
of each group.

Histological analysis of ovaries sections with
hematoxylin and eosin

Ovaries were fixed in 4% paraformaldehyde at 4°C over-
night. Sections (5 um) of paraffin-embedded ovarian tissues
were deparaffinized, rehydrated in graded alcohol, and
stained with hematoxylin and eosin (H&E) using standard
protocols. After mounting, H&E-stained sections were ana-
lyzed histologically under a digitlight microscope. Follicle
counts of differential classifications were counted using a
modified Pedersen’s classification system.” The follicle
stages were classified as morphologically normal follicles
which were quantified according to these criteria. They
were then classified into primordial, primary, secondary,
antral follicles, graffian follicles or atresia follicles. Briefly,
follicles were classified as primordial follicle, which contain
an oocyte surrounded by a complete layer of flattened gran-
ulosa cells; as primary follicles which contain an oocyte
surrounded by one layer of cuboidal granulosa cells; as
secondary follicles which contain an oocyte surrounded
by at least two layers of cuboidal granulosa cells; antral
follicles if an antrum cavity was visualized between follic-
ular cells; and graffian follicles if a follicle with complete
antrum around oocyte. To avoid double counting of fol-
licles, at least 10 sections were counted only when the
nucleolus was identified. Follicular atresia is the break-
down of the ovarian follicles, which consist of the presence
of apoptotic bodies in the granulosa cell layer, disorganized
granulosa cells, a degenerating oocyte, or fragmentation of
the oocyte nucleus.

Superovulation and culture of zygotes to the
blastocyst stage

For superovulation, female mice aged 10, 20, 30, and
40weeks were intraperitoneally injected with 0.1ml of
5IU of pregnant mare’s serum gonadotropin (PMSG,
Sigma-Aldrich), followed by injection of 5 IU of human cho-
rionic gonadotropin (hCG, Sigma) approximately 48 h later.
And then, the mice were immediately paired with an indi-
vidual male. After 24 hours on the following morning,
cumulus-enclosed one-cell embryos (zygotes) were collect-
ed from the oviductal ampulae of the mice confirmed vag-
inal plug, which were considered to be fertilized. The
cumulus cells were denuded with 0.1% hyaluronidase
(Sigma) in Dulbecco’s phosphate buffer saline (dPBS;
Gibco BRL, Grand Island, USA). Zygotes were pooled
and only healthy zygotes were cultured in 20 uL. drops of
P1 medium (Irvine Inc., Santana, USA) with 10% Serum
Substitute Supplement (SSS, Irvine Inc.) for the first two
days and then blastocyst medium (Irvine Inc.) with 10%
SSS for the next two days under paraffin-oil at 37°C in a
5% CO, incubator, and the media were changed daily.
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Statistical analysis

All data were presented as a mean =+ standard deviations
(SDs), and statistical analysis was performed using an SPSS
program (version 12.0). Statistical analysis for comparison
of gene expression of BMP15, GDF9, and C-KIT was per-
formed by Student’s t-test. The number of zygotes retrieved
and blastocyst formation rate were analyzed by one-way
analysis of variance with post hoc multiple comparisons by
Bonferroni-Dunn analysis. A p value of <0.05 was consid-
ered statistically significant.

Results

The expressions of Bmpl5, Gdf9, and C-KIT mRNA were
examined in the ovaries of each age by qRT-PCR.
Expressions of these three factors were decreased in old
mice aged 40weeks compared with young mice aged
10 weeks with a significance (p <0.05). Especially, GDF9
and C-KIT expressions were decreased in an age-
dependent manner. However, unexpectedly, BMP15
expression peaked in 20-week-old mice and began to
decrease thereafter (Figure 1).

Immunohistochemistry was carried out to evaluate the
localized BMP15, GDF9, and C-KIT expression in the ovary.
The expressions of BMP15 (Figure 2(a) to (d)) and C-KIT
(Figure 2(i) to (1)) were localized in oocytes, granulosa cells,
and stromal cells surrounding follicles of all follicles includ-
ing primary, secondary, antral, and graffian follicles, while
GDEF9 (Figure 2(e) to (h)) was expressed only in the oocytes
of antral and graffian follicles, but not in the stromal cells.
The expressions of BMP15 and C-KIT were decreased in
aged mice of 40 weeks (Figure 2(d) and (1), respectively) com-
pared with young mice aged 10 weeks (Figure 2(a) and (i),
respectively). C-KIT immunostaining was weak or absent in
the stromal cells in aged mice of 40 weeks (Figure 2(1)). The
expression of GDF9 showed a tendency to decrease more
clearly in an age-dependent manner. The quantitative
result of this immunohistochemistry is consistent with the
observation qRT-PCR (Figure 2(m)).
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Western blot was performed to confirm the quantitative
protein expression of these factors in the ovary according to
the age. Similar to mRNA expression and immunohistolog-
ical results, protein expressions of BMP15, GDF9, and
C-KIT by Western blot were also significantly decreased
in old mice aged 40weeks compared with young mice
aged 10 weeks (Figure 3).

To determine whether the expression of these genes also
differs with age in the transcriptome analysis, RNA-Seq
was performed on ovaries of 6-week and 48-week-old
mice. A total of 24,532 genes were screened, including 202
differentially expressed genes (DEGs) between 6-week
and 48-week-old mice with |fold change|>2 and t-test
p-value < 0.05. In RNA sequencing analysis, three genes
(BMP15, GDF9, and C-KIT) were selected from the DEGs
between 6-week and 48-week-old mice groups to verify the
qPCR data. As shown in Figure 4(a), the ovaries of 48-week-
old mice significantly down-regulated the mRNA abun-
dance BMP15 (p-value =0.0081), GDF9
(p-value=0.0091), and C-KIT (p-value=0.0017). The
results of the qPCR were similar to those of the RNA-seq
data analysis (Figure 4(b)).

Numbers of primordial, primary, secondary, antral, graf-
fian, and atretic follicles per ovary of mice aged 10 weeks to
40 weeks were examined by H&E staining (Figure 5(a) to
(d)). The number of primordial follicles decreased in an
age-dependent manner with significance (p <0.05), and
the number of primary to graffian follicles was also signif-
icantly lower in older mice (>30weeks old) than younger
mice (<10 weeks old) (p < 0.05). Atretic follicles had no age-
related differences (Figure 5(e)). Severe degeneration and
necrosis of granulosa cells were observed in older mice
aged >30weeks (Figure 5(c) and (d), black arrowhead)
compared with young mice (Figure 5(a), open arrowhead).

In order to confirm whether mice used in this study fully
reflects characteristics of aging-related natural ovarian
aging, numbers of ovulated oocytes and embryo develop-
ment rate were examined. The number of ovulated oocytes
was measured by the number of zygotes retrieved collected

m10wks 020wks @30 wks 040 wks

c-Kit

Figure 1. Relative mRNA expressions of Bmp15, Gdf9, and C-KIT in the ovaries of mice aged from 10 to 40 weeks. Levels of the mRNAs of Bmp15, Gdf9, and C-KIT
were normalized to the amount of GAPDH per sample. Data are presented as mean + standard deviation.*p < 0.05 (vs. 10 weeks old).

GAPDH: glyceraldehyde 3-phosphate dehydrogenase.
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Figure 2. Immunohistochemistry of BMP15, GDF9, and C-KIT in the mouse ovaries according to age. (a, e, i) 10 weeks, (b, f, j) 20 weeks, (c, g, k) 30 weeks, and (d, h, I)
40 weeks of mice. Immunostainings with anti-BMP15 (a-d) and cv-Kit (i-l) antibodies were usually localized in oocyte and cumulus cells, whereas immunostaining with
anti-GDF antibody (e—h) was detected just in the oocytes (brown). (m) Quantitative results of immunohistochemistry analysis. Five ovaries were used per age group and
a total of 10 follicles per ovary were counted for analysis. The images are representative at a final magnification of x100. Scale bar indicates 50 um. Black arrowhead,
white arrowhead, black arrow, and red arrow indicate oocytes of primary, secondary, antral, and graffian follicles, respectively. *p < 0.05 (vs. 10 weeks old). (A color

version of this figure is available in the online journal.)

after mating with male mice, and the embryo development
rate was observed up to blastocyst. The mean number of
zygotes retrieved was decreased in an age-dependent
manner, showing that the number of zygotes was 17.1 in
10weeks, 17.2 in 20weeks, 16.1 in 30weeks, and 13.0 in
40weeks. The mean percentages of fragmented zygotes
was 33.3% in 40weeks, which was significantly greater
than those of 10 (9.1%) and 20 (12.3%) weeks. Embryo
development rates to blastocyst was also significantly
lower in older mice aged 30 and 40weeks (7.8% and
6.4%) than young mice aged 10 and 20 weeks (47.9% and
22.2%) (Table 1).

Discussion

Several previous studies have suggested that BMP15,
GDF9, and C-KIT could be useful biomarkers of ovarian
aging in relation to female age. The true ovarian reserve
and ovarian aging are really reflected by the number of
primordial follicles. The PI3K pathway is a fundamental

signaling pathway that regulates primordial follicles acti-
vation,?® and it is regulated by KL/C-KIT system. Kit sig-
naling via PI3K promotes ovarian follicle maturation.”
KL/C-KIT expression in granulosa cells is stimulated by
BMP15 and GDF9." BMP15 and GDF9 also play
important roles in primordial follicle activation and
follicular development.?*=>' The present study shows that
ovarian expressions of BMP15, GDF9 and C-KIT decrease at
mRNA and protein levels with age. This result suggests for
the first time that these factors could be served as new
potential biomarkers of ovarian aging.

This study showed a significant decreased ovarian
mRNA and protein expressions of BMP15, GDF9, and
C-KIT in aged mice (>30weeks old) compared with
young mice (<10 weeks old). Transcriptome analysis with
RNA-Seq showed that a total of 202 differentially expressed
genes (DEGs) were identified associated with ovarian aging
among screening of 24,532 genes. Among them, expres-
sions of Bmp15, Gdf9, and C-KIT were significantly declined
age-associated decline at 48-week-old mice.
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Figure 3. Protein expressions of BMP15, GDF9, and C-KIT in the ovaries of mice
aged 10 to 40 weeks. Protein expression levels of BMP15, GDF9, and C-KIT
were normalized to the amount of actin per sample. Relative protein densities
were quantified using NIH-Image J software (version 1.35d). Data are presented
as mean =+ standard deviation. Results are representative of at least three
independent experiments. *p < 0.05 (vs. 10 weeks old).

Expression of GDP9 was age-dependently decreased.
However, ovarian BMP15 expression showed an unexpect-
ed peak at 20weeks and began to decrease significantly
after 20 weeks old in an age-dependent manner. GDF9
has been suggested to reflect oocyte quality because its
expression was found to be diminished in oocytes from
old mice.*> Abnormal expression of BMP15 and GDF9
was associated with the pathogenesis of woman ovarian
disease such as POF. Elevation in Bmp15 and Gdf9 mRNA
levels in cumulus granulosa cells was closely correlated
with oocyte maturation, fertilization, embryo quality, and
pregnancy outcome in women undergoing IVF-ET.> In
addition, the mRNA expressions of Bmpl5 and Gdf9 were
found to be positively associated with age, which are
known to importantly influence ovarian aging. As above,
BMP15 and GDP alone or synergistically play an important
role in control of ovarian function by regulating both gran-
ulosa cells fate and oocyte developmental competency.®~>°
However, these two factors have critical differences in the
two ways. One is they have different signaling pathway.
The other is that BMP15 has less essential role in mouse
reproduction function compared with GDF9. As a result,
the GDF9 null mice results in infertility with a block of
follicular development, while mice lacking BMP15 were
subfertile with normal folliculogenesis because they have
normal follicular development but showed defects in ovu-
lation and early embryonic development.’® As shown in
Figure 2 and Table 1, 20-week-old mice maintained follicu-
lar development similar to that of 10-week-old mice, with a
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Figure 4. Expressions changes of Bmp15, Gdf9 and C-KIT in transcriptome
analysis using RNA-Seq for ovaries of mice aged 6 weeks and 48 weeks. (a)
Heat-map results, (b) quantification of expression level of mRNA. Expressions of
BMP15, GDF9, and C-KIT were significantly decreased in old mice compared
with young mice.

slight decrease in egg production and developmental com-
petency. These results speculate that BMP15 expression is at
least maintained or increased until 20 weeks old, which
shows normal follicular development, and then decreased.
However, there was little research on ovarian BMP15
expression according to age yet, so further study is needed.

Many studies have reported that the KL/C-KIT system
importantly regulates oogenesis and folliculogenesis such
as initiation of follicular growth from the primordial pool,
progression beyond the primary follicle stage, and modu-
lation of the ability of oocytes to undergo cytoplasmic mat-
uration in large antral follicles."*”*® This result suggests
that KL/C-KIT plays an important role in increasing the
number of actively growing follicles and/or in regulating
of primordial follicle maintenance. Nevertheless, no studies
have yet been investigated the relation between ovarian
C-KIT expression and female age. The present study clearly
shows that ovarian expression of C-KIT decreases in an
age-dependent manner.

In order for the expression patterns of these factors in
this study to be useful potential biomarker of ovarian
aging, first of all, the expression patterns of these factors
should be associated with age-dependent decreased follic-
ular development and ovarian function. Therefore, the pre-
sent study carried out two experiments. One is the H&E
stain of ovaries by age of mice, and the other is the evalu-
ation of the number of ovulated oocytes and embryo devel-
opment rate. As expected, the H&E stain showed that
numbers of primordial, primary, secondary, antral, and
graffian follicles were progressively decreased with
increasing age. In addition, numbers of ovulated oocytes
and blastocyst formation rate began to gradually decrease
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Figure 5.Representative hematoxylin and eosin (H&E) sections of ovaries from mice of different ages. (a) 10 weeks, (b) 20 weeks, (c) 30 weeks, and (d) 40 weeks old. (e)
Numbers of primordial, primary, secondary, antral, graffian, and atretic follicles per ovary at different ages. Numbers of follicles from primordial to graffian follicles
gradually reduced with increasing age. *p < 0.05 (vs. 10 weeks old). (A color version of this figure is available in the online journal.)

Table 1. Numbers of zygotes retrieved and embryo development to blastocyst.

No. (%) of No. of
Age of mice No. of mice No. of zygotes No. of zygotes zygotes zygotes No. (%) of
(weeks) provided retrieved retrieved/mouse fragmented cultured blastocysts
10 9 154 17.1415.67 14 (9.1) 140 67 (47.9)°
20 9 155 17.2+18.3% 19 (12.3)2 136 30 (22.2)°
30 9 145 16.1+16.0 29 (20.0) 116 9 (7.8)
40 9 117 13.0+10.4 39 (33.3) 78 5 (6.4)

2P < 0.05 (vs. 40-45 weeks).
PP < 0.05 (vs. 30-35 weeks and 40-45 weeks).

from 30 weeks old. These results show that ovarian
expression patterns of BMP15, GDF9, and C-KIT closely
with age-related decline in ovarian function and follicular
development potential.

Recently, many researchers have utilized the artificial
follicular depletion models using mice to understand the
mechanism of ovarian aging and menopause. They includ-
ed Bax mouse, calorie-restricted rodent, 4-vinylcyclohexene

dioxide (VCD)-treated rodent, or white spotting variant
(Wu) mice model.***? VCD-treated model was used to
delete small preantral follicles and have been applied in
infertility model in perimenopausal women or model of
ovarian cancer.”>™** Wu mice targets a point mutation in
the C-KIT gene and results in a germ-cell deficiency, and
they have been used as a genetic model in menopausal
studies.*® However, these models are made artificially
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and do not really reflect natural ovarian aging process. Finn
pointed out that there were no simple animal models to
study natural physiology and pathology of ovarian aging
and menopause.*® Therefore, the present study used natu-
ral ovarian aging mouse model to evaluate the new poten-
tial biomarkers of ovarian aging.

However, the present study has some limitations. First,
this study just investigated mRNA and protein expressions
of BMP15, GDF9, and C-KIT in ovarian tissue. In order for
these factors to be clinically used as real biomarkers of ovar-
ian aging in human being, ovarian tissue sampling is
required, but it is not easy like circulating blood sampling.
Therefore, it is needed to examine the correlation between
serum and ovarian expression level of these factors.
Second, no comparison was made as to whether these fac-
tors are better as biomarkers of ovarian aging than AMH.
Nevertheless, the present study is of great significance to
understand that BMP15, GDF9, and C-KIT may be involved
in ovarian aging processes and they could be available as
new biomarkers for ovarian aging.

In conclusion, the present study shows that ovarian
expressions of BMP15, GDF9, and C-KIT decrease with
age, indicating that these factors could be served as new
potential biomarkers of ovarian aging. Especially, the
expression of GDF9 and C-KIT showed a significant
decrease in an age-dependent manner, suggesting that
GDF9 and C-KIT may be more useful biomarkers of ovarian
aging. The identification of these potential biomarkers may
contribute to the improvement in diagnosis and treatment
of age-related fertility decline and premature ovarian
insufficiency.
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