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Abstract

Ovarian reserve and fertility are reduced by aging and a poor energy balance. To date, 
the relationships of high energy accumulation and aging with the ovarian reserve have 
not been elucidated. Here, the effects of obesity on the aging ovarian reserve were evalu-
ated in a leptin-deficient (ob/ob) mouse model. Abnormal estrous cyclicity appeared as 
early as 6 weeks and worsened with aging. The blood level patterns of 17β-estradiol 
(E2), testosterone (T), and progesterone (P4) with aging were similar between lean and 
ob/ob mice. The blood level of E2 but not P4 or T was similar at 24 weeks. Many more 
atretic follicles but fewer corpora lutea were observed in ob/ob mice than in lean mice 
within all age groups. Anti-Müllerian hormone (Amh) mRNA levels were similar between 
genotypes. Dazl, Stra8, and ZP3 mRNAs were highly expressed in ob/ob mice after 12 
weeks. Sohlh1 and Ybx2 mRNAs were highly expressed at 24 weeks in ob/ob compared 
with lean mice. In addition, SOHLH1-positive primordial follicle counts were significantly 
increased in ob/ob mice at 24 weeks. The proportions of AMH-positive secondary and 
small antral follicles were similar between genotypes. Together, these results show that 
the ovarian reserve lasts longer in ob/ob mice than in lean mice, suggesting that the 
loss of normal physiological or physical status causes decreased fertility at a young age 
in ob/ob mice and that an increase in adipocytes without leptin, as in ob/ob mice, can 
improve the ovarian reserve. Such knowledge can be applied to understanding repro-
ductive dysfunction.
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Reproductive performance in females is known to decline 
with age. The ovaries, and particularly the follicles, are 
the primary targets of senescence effects. Recent evidence 
suggests that the dynamics of follicular growth undergo 
changes in mammals of advanced reproductive age. Health 
female have ~400 000 primordial follicles at puberty and 
~1000 or fewer at 45 years. Age-dependent modifications 
in ovarian activity are closely connected with brain and 
endocrine changes, primarily variation in the circulating 
levels of gonadotropins and sex steroids [1, 2]. The decline 
in hypothalamic neuropeptides and neurochemicals, such 
as glutamate and norepinephrine, and the 17β-estradiol 
(E2)-mediated decline in gonadotropin-releasing hor-
mone (GnRH) neuronal activity are among the reasons 
for ovarian aging involving the hypothalamus-pituitary-
ovarian axis [1, 3]. As this decline progresses with age, 
preovulatory follicles grow more slowly and achieve a 
smaller diameter at ovulation [4]. In contrast, preovulatory 
follicles are larger and granulosa cell proliferative activity 
is higher in old rats than in young rats with 4-day estrous 
cycles [5].

Studies on energy balance have shown that chronic en-
ergy deficiency promotes compensatory mechanisms to 
conserve fuel for vital physiological functions with sup-
pression of the hypothalamic-pituitary-ovarian axis and 
menstrual dysfunction [6]. On the other hand, studies on 
the effects of female obesity and fertility have shown that 
obese and overweight women are more likely than healthy-
weight women to have reduced fertility [7]. Although the 
effects of obesity or energy deficiency on female repro-
duction and oocytes are emerging, the precise underlying 
mechanisms remain unclear. Inflammatory factors caused 
by obesity such as tumor necrosis factor-α and interleukins, 
are suggested as mediators of dysfunction in the ovary [8]. 
Additionally, various factors, including hormones and the 
hypothalamic neuropeptide Y4, are also known direct or 
indirect factors for the downregulation of ovarian function 
and impaired fertility [9, 10].

Leptin, a hormone secreted from adipose tissue and 
the placenta, is lacking in leptin-deficient (ob/ob) mice. 
These ob/ob female mice are morbidly obese, infertile, and 
hyperphasic and exhibit hyperglycemia and insulin resist-
ance, and their sterility is usually permanent. However, 
when these animals are exogenously treated with leptin, 
they lose body weight and regain their fertility, and the 
follicles are normalized [11, 12]. Leptin induces the re-
lease of pituitary gonadotropins by inducing hypothalamic 
GnRH-independent effects of leptin on ovarian stimula-
tion and follicular development [13]. Mutations causing 
infertility through obesity tend to be related to insuffi-
cient hypothalamo-pituitary-gonadal drive during the de-
velopment of reproductive organs. The involvement of 

hypothalamic-pituitary dysfunction in obesity-related re-
productive failure has been well described [14].

The hypothalamus-pituitary-ovarian axis is an im-
portant factor in ovarian senescence, and hypothalamic-
pituitary dysfunction is observed in obesity. On the other 
hand, the age-associated decline in fertility depends on both 
the quality and quantity of follicles, and caloric restric-
tion blocks aging-related increases in oocyte abnormalities 
[15]. However, thus far, it is not clear whether obesity is 
the cause of shortening or improving ovary aging. The pre-
sent study investigated the ovarian morphology, follicular 
counts, hormone profile, and profiles of follicle-stage spe-
cific marker genes in lean and ob/ob mice to evaluate the 
effects of leptin-deficient obesity on the loss of fertility ac-
tivity by aging.

Materials and Methods

Animals

Female leptin-deficient obese (B6.VLepob, ‘ob/ob’) and 
lean mice, 3, 6, 9, 12, and 24 weeks of age and body 
weights 14.4 ± 3.79, 20.7 ± 3.27, 37.4 ± 4.90, 50.4 ± 3.63, 
57.4 ± 4.43, and 72.8 ± 4.77g, respectively, were obtained 
from the Korean Research Institute of Bioscience and 
Biotechnology (Daejeon, Korea). Animal care and use were 
conducted according to the Guide for the Care and Use of 
Laboratory Animals published by the National Institutes of 
Health. Animals were housed in environmentally controlled 
conditions with a 14:10 light:dark schedule (light-on at 
05:00) at a temperature of 22 ± 1 °C and relative humidity 
of 50% ± 5%. They were given free access to water and a 
standard rodent chow diet. Body weight was determined 
using an electronic balance (Mettler Toledo, Greifensee 
Switzerland), blood samples were collected via the oph-
thalmic venous plexus, and nonblood glucose levels were 
determined using a glucometer (Super Glucocard II, KDK 
Co, Japan). All animal procedures described were approved 
by the Institutional Animal Care and Use Committee at 
Sungshin University.

Adipose Tissue Collection and Analysis

At 24 weeks of age, animals were sacrificed by cer-
vical dislocation. White adipose tissue (WAT) deposits in 
periovarian, retroperitoneal, and mesenteric tissues were 
dissected out and weighted.

Estimating Estrous Phase by Vaginal Smear

The estrous cycle was staged by examining vaginal smears 
obtained following standardized protocols in lean and ob/
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ob mice at 6, 9, and 12 weeks of age (n = 10 per group). 
Briefly, 20 μL of normal saline solution was used for lavage 
for approximately 3 weeks to determine estrous cyclicity and 
smeared onto glass slides. The samples were stained with 
hematoxylin-eosin and examined under a light microscope. 
The numbers of epithelial cells and leukocytes were counted, 
and their relative ratio was used as a criterion.

Ovary Histological Evaluation, Morphological 
Classification, and Follicle Count

Histological analysis was performed based on the report 
of Rucker et al [16]. Ovaries were removed and fixed with 
Bouin’s solution (10% paraformaldehyde, 0.16% picric 
acid in phosphate-buffered saline [PBS]) and embedded in 
Paraplast (Sigma, MO, USA). Paraffin block samples were 
sectioned completely at 8-μm thickness and stained with 
hematoxylin-eosin for histological observation. Follicle 
counts were performed on every tenth section. Follicles 
were classified as primordial follicles if they had an oocyte 
surrounded by flat granulosa cells (GCs). Primary follicles 
were defined as having an oocyte surrounded by a signal 
layer of cuboidal GCs. Follicles were classified as secondary 
if they possessed 2 or more GC layers with no visible an-
trum. Early tertiary follicles (early antral follicles) had sev-
eral layers of GCs and 1 layer of theca cells with 1 or 2 
small areas of follicular fluid (antrum). Preovulatory fol-
licles had a rim of cumulus cells surrounding the oocytes. 
Atretic follicles had a condense section of nucleus in GC 
and deformation of oocytes. Corpora lutea were defined as 
follicles consisting of lutein cells and serving as temporary 
endocrine structures in mammals involved in the produc-
tion of estrogen and progesterone (P4). The number of fol-
licles was counted in at least 3 independent mice per group.

Hormonal Determination

Blood was collected with cardiac puncture just after eu-
thanasia, kept 30 minutes at room temperature (RT), cen-
trifuged (1500g) 10 minutes at 4 °C, and used for analysis. 
Serum concentrations of E2, P4, and testosterone (T) were 
measured by ELISA kits (Cusabio, Cat no. CSB-E05109m 
[17], CSB-E05104m [18], and CSB-E05101m [19], re-
spectively, TX, USA). These kits have been validated for 
measurements of E2, P4, and T in the blood serum of mice 
according to the manufacturer’s protocols. The average re-
portable range for E2 was 40 to 1000 pg/mL, P4 was 0.3 to 
10 ng/mL, and T was 0.1 to 20 ng/mL. The minimum detec-
tion dose of mouse E2 is less than 40 pg/mL, P4 is less than 
0.2 ng/mL, and T is less than 0.05 ng/mL. The intra-assay 
and interassay variability were both under 15%.

Total RNA Extraction and Real-Time Reverse 
Transcriptase–Polymerase Chain Reaction

Total RNA was extracted using TRIzol Reagent 
(Invitrogen, Cat #: TR118, San Diego, CA, USA) ac-
cording to the manufacturer’s instructions with modifica-
tion. Briefly, the samples were homogenized with TRIzol 
Reagent (1mL/100 mg) and stored for 10 minutes at RT. 
Chloroform (200 μL/mL) was added to the homogenates 
and shaken vigorously for 15 seconds. Then, the mix-
ture was stored for 15 minutes at RT and centrifuged at 
12 000g for 15 minutes at 4°C. The RNA was precipitated 
by adding 0.5 mL isopropanol, mixing gently, incubating 
the samples for 10 minutes at RT, and centrifuging them 
at 12 000g for 8 minutes at 4  °C. Then, the supernatant 
was removed, and the RNA pellet was washed in 1  mL 
75% ethyl alcohol, mixed, and centrifuged at 7500g for 
5 minutes at 4 °C. The supernatant was discarded again, 
and the pellet was dried to remove ethyl alcohol and com-
bined with 50  μL diethyl pyrocarbonate (DEPC)-treated 
water. Total RNA was assessed by a NanoDrop 2000 
Spectrophotometer (Thermo Scientific, Cat #: ND-2000, 
Wilmington, DE, USA) and kept at −80  °C until use. 
First-strand cDNA was synthesized using Accuscript High 
Fidelity Reverse Transcriptase (Agilent Technologies, Cat #: 
600089, CA, USA) with 5 μg total RNA in accordance with 
the manufacturer’s instructions. The reaction mixture was 
incubated at 42 °C for 1 hour and at 70 °C for 10 min-
utes to terminate cDNA synthesis. The cDNA was stored 
at -20  °C. Real-time PCR was performed using SYBR 
Premix Ex Taq (TaKaRa, Cat #: RR420A, Japan) and a 
Thermal Cycler Dice Real-Time System TP800 (TaKaRa, 
Cat #: TP800, Japan). Each reaction was run in triplicate. 
Dissociation curves were plotted for all reactions to con-
firm amplification of a single product with the appropriate 
melting temperature. The fold change in gene expression 
was calculated using the double delta Ct method with the 
housekeeping gene 36B4 as an internal control.

Immunofluorescence

The paraffin-embedded ovarian sections were deparaffinized 
in xylene, serially rehydrated through a graded ethyl al-
cohol series, and rinsed with tap water. Antigen retrieval 
was performed with 0.01M sodium citrate buffer (pH 
6.0), washed with PBS containing 0.5% Triton X-100 
(PBST) for 5 minutes and washed with PBS for 5 minutes. 
Sections were blocked with 1% normal blocking serum 
in PBS for 1 hour at RT and then incubated with conju-
gated antibodies against AMH (BIOSS, Cat #: bs-4687R-
FITC, USA, dilution 1:100,) [20], SOHLH1 (BIOSS, Cat #: 
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bs-12278R-A594, USA, dilution 1:100) [21], and NOBOX 
(BIOSS, Cat #: bs-12273R-Cy5, USA, dilution 1:100) [22] 
for 1 hour at RT. After 3 washes using PBST, they were 
counterstained with DAPI (Sigma-Aldrich, Cat #: D9542, 
USA, dilution 1:500) for 30 minutes at RT and mounted 
with Fluoromount in PBS. Finally, samples were analyzed 
by confocal microscopy (ZEISS, LSM T-PMT HAL 100).

Statistical Analysis

The values are expressed as means ± SD. Significant dif-
ferences between the lean and ob/ob mouse groups were 
determined by 1-way analysis of variance (ANOVA), and 
post hoc comparisons were performed by Student t test. 
P values less than 0.05 were considered significant in the 
experiments.

Results

Body Weight, Blood Glucose Levels, and 
Abdominal White Adipose Tissue Weight

The mice had the typical feature of ob/ob mice. The body 
weight, blood glucose levels, and white adipose tissue 

(WAT) changes in the experimental groups are shown in 
Figure 1. The body weight of female ob/ob mice was sig-
nificantly higher during the whole experiment compared 
with that of lean mice. From 3 weeks to 12 weeks, body 
weight increased rapidly, and from 12 weeks to 24 weeks, 
weight increased gradually (Fig. 1A). The blood glucose 
levels in lean mice did not significantly change during the 
whole experiment, but the blood glucose levels in ob/ob 
mice were markedly high, and the blood glucose level in-
creased up to 9 weeks; subsequently, the blood glucose 
level decreased, with similar levels at 3 weeks and 24 
weeks (Fig. 1B). The abdominal fat content in 24-week-
old ob/ob mice was 8.8-times higher than that in lean 
mice (Fig. 1C).

Age-Dependent Estrous Cyclicity Defects

Vaginal smears were taken daily for a period of 2 weeks to 
determine the length and regularity of the estrous cycle in 
lean and ob/ob female mice. Lean mice had normal estrous 
cycles. On the other hand, the estrous cycles of ob/ob mice 
showed increasing irregularity as the mice aged (Fig.  2). 
For example, at 12 weeks of age, lean mice tested showed 
normal estrous cyclicity (Fig. 2A), but ob/ob mice showed 

Figure 1. Characteristics of body weight, nonfasting blood glucose levels, and abdominal white adipose tissue weight in lean and ob/ob mice with 
aging. A, The body weights of female ob/ob mice were significantly higher during the whole experiment than those of lean mice. From 3 to 12 weeks, 
body weight increased rapidly, and from 12 to 24 weeks, weight increased gradually. B, The blood glucose levels in lean mice were not significantly 
changed during the whole experiment, but the blood glucose levels in ob/ob mice were markedly high, and the blood glucose level increased up to 
9 weeks; subsequently, the blood glucose level decreased, with similar levels at 3 weeks and 24 weeks. C, The abdominal fat content in 24-week-old 
ob/ob mice was 8.8-times higher than that in lean mice. P < 0.05 lean vs control at the same age. *: P < 0.05 between lean and ob/ob mice in the same 
age groups (Student t test after ANOVA).
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abnormal estrous cyclicity as early as 6 weeks of age 
(Fig. 2B) [23]. In 9-week-old ob/ob female mice, cyclicity 
also was similar to the 6-week-old mice (Fig. 2C) [23]. The 
percentage of epithelial cells was increased by aging, and 
most of the cells were epithelial cells at 12 weeks of age 
(Fig.  2D) [23]. The morphological characteristics of the 
epithelial cells were not different between lean and ob/ob 
mice (Fig. 2E). Thus, the incidence of abnormal cyclicity in-
creased in ob/ob mice as obesity/insulin resistance became 
more severe.

Hormone Profiles in Lean and ob/ob Mice

To determine the possible reasons for cyclicity defects in 
ob/ob mice, the levels of blood steroid hormone were meas-
ured using serum samples collected from mice at 3, 6, 9, 
12, and 24 weeks of age. The patterns of E2 serum level by 
age were similar between lean and ob/ob mice, although 
the level was significantly low in ob/ob mice except at 24 
weeks. In 24-week-old ob/ob mice, the level was increased 
and became similar to that of lean mice of the same age. 
After sex maturation, the level was increased by aging until 
24 weeks (Fig. 3A).

The patterns of P4 serum levels by age were similar be-
tween ob/ob and lean mice in all age groups. However, the 
levels were significantly lower in ob/ob mice than in lean 
mice of the same age. In 24-week-old lean mice, the P4 
serum level (1.2 ± 0.06 μg/mL) was significantly lower than 
in 3-week-old lean mice (2.8 ± 0.03 μg/mL), but it was not 
different in ob/ob mice between 3-week-old (1.1 ± 0.11 μg/
mL) and 24-week-old (1.2 ± 0.11) ob/ob mice. It was sig-
nificantly higher at 24 weeks than at 6 weeks (1.2 ± 0.11 μg/
mL). After sexual maturation, P4 serum levels increased 
significantly with age until 12 weeks and then decreased in 
both lean and ob/ob mice (Fig. 3B).

The patterns of serum T levels were similar between ob/
ob and lean mice in all age groups. However, compared 
with the levels of other sex steroid hormones, T levels were 
significantly low in all age groups except for the 6-week 
group (16.2 ± 0.53ng/ml in lean and 16.0 ± 0.84ng/ml in 
ob/ob). The serum T level was significantly lower at 24 
weeks than at 3 weeks or 6 weeks in both ob/ob and lean 
mice. After sexual maturation, its level increased with age 
until 24 weeks (Fig.  3C). These results showed that the 
total levels of sex steroid hormones decreased from the im-
mature stage until 24 weeks.

Figure 2. Disturbed estrous cycle in ob/ob mice. The lean and ob/ob mice were subjected to vaginal smearing to analyze their estrous cycles at the 
ages of 6 weeks, 9 weeks, and 12 weeks (n = 10 per group). The cell suspension was smeared on slides and stained with hematoxylin-eosin. A, Twelve-
week-old lean mice had a normal estrous cycle (4-5 days). B-D, Percentages of epithelial cells in 6-week-old (B), 9-week-old (C), and 12-week-old (D) 
female ob/ob mice. The percentage of epithelial cells increased with aging. E, Photomicrographs of epithelial cells and leukocytes in vaginal fluid 
during the estrous cycle. E1-E2, cells from lean mice in the estrous and diestrous stages; E3, epithelial cells in the vaginal fluid of 12-week-old ob/
ob mice.



Journal of the Endocrine Society, 2021, Vol. 5, No. 1 6

Ovarian Morphology and the Number of 
Growing Follicles in ob/ob and Lean Mice

The ovarian growth morphology of the ob/ob and lean mice 
at 5 different ages did not differ by group (data not shown). 
At 3 weeks of age, the ovaries of lean and ob/ob mice con-
tained similar numbers of early antral and preovulatory 
follicles, but atretic follicle numbers were increased in ob/
ob mice compared with lean mice (Fig. 4A, 4B). At 6 weeks 
of age, the ovaries of lean mice had many corpora lutea 
but fewer follicles in other stages (Fig. 4C, 4D). At 9 and 
12 weeks of age, the ovaries of ob/ob mice contained sig-
nificantly more atretic follicles than those of lean mice, and 
a few corpora lutea were seen in ovaries from ob/ob mice 

(Fig. 4E-4H). At 24 weeks of age, the ovaries of lean mice 
contained significantly larger numbers of preovulatory fol-
licles than those of ob/ob mice, and the ovaries of the lean 
mice had well developed corpora lutea. In ovaries from ob/
ob mice, a large number of atretic follicles and many large 
empty follicles were observed, and no properly developed 
corpora lutea were present (Fig. 4I, 4J).

The number of follicles in each stage dramatically 
changed with age. At 3 weeks of age, the ovaries of lean and 
ob/ob mice contained similar numbers of early tertiary fol-
licles and preovulatory follicles, but atretic follicle numbers 
were increased in ob/ob mice compared with lean mice. 
As expected, corpora lutea were not observed in either ob/
ob or lean mice (Fig.  4). At 6 weeks of age, the ovaries 
of lean and ob/ob mice had very different numbers of fol-
licles at each stage. The numbers of early tertiary follicles, 
preovulatory follicles, and corpus luteum were significantly 
lower in the ovaries of ob/ob mice than in those of lean 
mice. However, the number of atretic follicles in the ovaries 
of ob/ob mice was significantly greater than the number in 
the follicles of lean mice (Fig. 4).

At 9 weeks of age, the numbers of early tertiary fol-
licles and corpora lutea were similar between ob/ob and 
lean mice. The number of preovulatory follicles was sig-
nificantly lower in ob/ob mice than in lean mice. On the 
other hand, the number of atretic follicles was significantly 
higher in ob/ob mice than in lean mice (Fig.  4). At 12 
weeks of age, the numbers of preovulatory follicles and 
corpora lutea were significantly lower in ob/ob mice than 
in lean mice, as shown in 9-week-old mice. The number 
of early tertiary follicles was similar between ob/ob and 
lean mice. However, the number of atretic follicles was sig-
nificantly higher in ob/ob mice than in lean mice (Fig. 4). 
At 24 weeks of age, the numbers of preovulatory follicles 
and corpora lutea were significantly lower in ob/ob mice 
than in lean mice. The number of early tertiary follicles 
was similar between ob/ob and lean mice. However, the 
number of atretic follicles was significantly higher in ob/ob 
mice than in lean mice.

Expression of Markers Associated With 
Primordial, Primary, and Secondary Follicles as 
Well as Fertility Reserve

The evaluated ovarian morphology data and the number 
of follicles showed that the number of early tertiary fol-
licles was not different between ob/ob and lean mice after 
sex maturation. Therefore, we investigated the expression 
profiles of germline-specific meiosis-commitment genes 
(deleted in azoospermia-like [Dazl], stimulated by ret-
inoic acid gene 8 [Stra8]), primordial oocyte formation 
marker genes (spermatogenesis and oogenesis specific basic 

Figure 3. Chronological changes in serum levels of steroid hormones 
(mean ± SD) in lean and ob/ob mice at a series of ages representing 
the immature and mature periods (n = 10 per group). Sera were sub-
jected to enzyme-linked immunosorbent assays to measure (A) 17β-
estradiol, (B) progesterone, and (C) testosterone. Graphs represent 
the means ± standard deviations from 10 females per group. A  letter 
above the line indicates a significant difference in the groups (ANOVA, 
P < 0.05). #P < 0.05 for comparison of 3-week-old mice versus other 
age groups, $P < 0.05 comparing 6-week-old mice with the other age 
groups.
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helix-loop-helix 1 [Sohlh1], NOBOX oogenesis homeobox 
[Nobox]), a meiotically-arrested oocyte marker gene (Y 
box protein-2 [Ybx2]), and a growing oocyte marker gene 
(zona pellucida glycoprotein 3 [Zp3]). Additionally, the ex-
pression patterns of the generally accepted ovarian reserve 
marker anti-Müllerian hormone (Amh) were also analyzed 
in the ovaries of the experimental groups. The expression 
levels of Dazl mRNA were significantly lower in 3-week-
old ob/ob mice than in lean mice. However, its levels were 
significantly increased in 6-week-old and 12-week-old ob/
ob mice and were similar to those of lean mice (Fig. 5A). 
Another meiosis-commitment gene, Stra8, was expressed 
at significantly high levels from 6 weeks to 24 weeks of 
age (Fig. 5B).

The next step of meiosis commitment in oogenesis 
is meiosis initiation; Sohlh1, a marker of this step, was 
scarcely detectable at the mRNA level. Nonetheless, its 
mRNA expression was detected from 6 weeks of age and 
was significantly higher in lean mice than in ob/ob mice, 
and such expression patterns were detected until 12 weeks. 
However, its expression levels were increased in ob/ob mice 
at 24 weeks of age (Fig. 5C). Another marker of meiosis ini-
tiation, Nobox was expressed in 3-week-old and 6-week-
old lean and ob/ob mice at similar levels (Fig. 5D).

Ybx2, a meiosis arrest marker, was detected at 3 weeks, 
and its mRNA expression level was significantly higher in 
3-week-old ob/ob mice than in same-age lean mice. From 
6 to 12 weeks of age, its expression levels were similar 
between ob/ob and lean mice. On the other hand, its 

expression was increased in ob/ob mice at 24 weeks of age 
compared with lean mice of the same age (Fig. 5E).

The mRNA expression level of Zp3, a marker of 
growing oocytes, was significantly lower in 3-week-old and 
6-week-old ob/ob mice than in lean mice of the same ages. 
Its mRNA expression levels at 9 weeks of age were similar 
between ob/ob and lean mice. However, its mRNA expres-
sion levels from 12 weeks to 24 weeks were significantly 
higher in ob/ob mice than in lean mice (Fig. 5F).

Amh, a generally accepted ovarian reserve marker ex-
pressed in GC, had similar mRNA expression levels between 
ob/ob and lean mice from 3 weeks to 9 weeks. Its mRNA 
expression level was significantly higher in 12-week-old ob/
ob mice than in lean mice of the same age, but the groups 
had equalized again by 24 weeks of age (Fig. 5G).

These results showed that the expression levels of 
meiosis commitment, meiosis initiation, meiosis ar-
rest, growing oocytes, and ovarian reserve markers were 
similar or higher at 24 weeks of age in ob/ob mice than 
lean mice. These markers represent the number of prim-
ordial or primary follicles. Therefore, we performed im-
munofluorescence with AMH, SOHLH1, and NOBOX in 
ovarian sections from 6-week-old and 24-week-old ob/ob 
and lean mice (Fig.  6A). Their expression patterns were 
similar to those of their mRNA (Fig. 5 and 6). The number 
of SOHLH1-positive primordial follicles was similar at 6 
weeks but significantly higher at 24 weeks in ob/ob mice 
than in lean mice of the same age (Fig. 6B). The numbers 
of NOBOX-positive primary and secondary follicles were 

Figure 4. Photomicrography of ovaries and the numbers of tertiary follicles, preovulatory follicles, atretic follicles, and corpora lutea in the lean and 
ob/ob mice by aging. Ovaries fixed in Bouin’s solution were subjected to hematoxylin-eosin staining (n = 3 mice per group). Every tenth section in 
the series was used to count the number of follicles (mean ± SD). Abbreviations: AF, atretic follicle; CL, corpus luteum; eTF, early tertiary follicle, POF, 
preovulatory follicle; SF, secondary follicle. * P < 0.05 between lean and ob/ob in the same age groups (Student t test).
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significantly higher at 6 weeks of age in ob/ob mice than 
in lean mice. At 24 weeks old, the number of primary fol-
licles was significantly lower in ob/ob mice, but the number 
of secondary follicles was similar between ob/ob and lean 
mice (Fig. 6B). In the case of AMH-positive secondary and 
early tertiary follicles, their numbers were significantly 
higher in 6-week-old ob/ob mice than in lean mice. On the 
other hand, the numbers of secondary and early tertiary 
follicles at 24 weeks of age did not differ between ob/ob 
and lean mice.

Discussion

The progressive loss of the primordial follicle pool causes 
ovarian aging, and the size of the pool of remaining oocytes 
is defined as the ovarian reserve. The known adverse factors 
that contribute to reproductive decline include aging, oxi-
dative stress, abnormal energy amounts, and physiological 
stress [24]. Advanced female age is an obligate factor in 
ovarian reserve or ovarian aging and is related to energy 
homeostasis in the ovarian microenvironment, such as oxi-
dative stress and advanced glycation end products [25]. An 
association between infertility and energy imbalances in 
the body has been demonstrated; however, most of these 
studies have primarily focused on the relationship between 
obesity in females and reduced fertility [7]. Obesity induced 
by diet or leptin mutation impairs nuclear maturation [26, 

27]. The effects of obesity on ovarian aging are controver-
sial and remain incompletely understood. In this study, we 
evaluated the possible effects of leptin-dependent obesity 
on the preservation of primordial follicles.

A sufficient mass of adipose tissue is needed for proper 
onset of puberty and maintenance of fertility, indicating 
an important link between energy homeostasis and repro-
ductive function. However, high-fat model mice, including 
both diet-induced and mutation-induced models, show im-
paired reproduction and reduced fertility. In ob/ob mice, 
the mutation of an energy balance regulator, hypothalamic 
neuropeptide Y receptor 4, or transplantation of adipose 
tissue from wild-type restores fertility [10, 13]. This means 
that energy balance is important to the recovery of fertility 
in ob/ob female mice. Interestingly, as shown in the results, 
by 6 weeks of age estrous cyclicity was abnormal in obese 
mice, and the incidence of abnormal estrous cyclicity grad-
ually increased at 12 weeks of age without morphological 
changes in epithelial cells in lean and ob/ob mice, similar 
to the study of Chakraborty et al [28] and Ng et al [29] 
cornified epithelial cells observed continuously in 14 to 
16 weeks of age with ob/ob mice. On the other hand, the 
blood level of E2 was lower after 9 to 12 weeks but not 
24 weeks compared with that of 6 weeks in ob/ob mice, as 
seen in the results. This means that the loss of cyclicity does 
not depend only on estrogen or leptin in mice, as suggested 
by Ng et  al, although food intake, leptin, and estrogen 

Figure 5. The expression profiles of meiosis-committed, meiosis-initiated, meiosis-arrested, growing oocytes and ovarian reservation markers 
by age. The ovaries of each age group were collected and kept at −80 °C until use. Total RNA was isolated with TRIzol Reagent according to the 
manufacturer’s instructions, and then first-strand cDNA was synthesized. Real-time PCR analysis was performed with SYBR premix Taq. The data are 
mean (± SD) of 3 replicates. *P < 0.05 (Student t test).
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impact cyclicity [29]. Taken together, these results suggest 
that there are alterations in physiological status, but they 
respond to the cellular-level regulatory signals of repro-
ductive organs by changing physiological properties in ob/
ob obese mice.

One of the major findings of the current study is 
the deleterious effect of obesity by leptin deficiency on 
folliculogenesis. The changes in the number of atretic 
follicles are not known, although the increased number 
in atretic follicles is more prevalent in untreated or 
gonadotropin-stimulated ob/ob mice [30, 31]. In this study, 
age-dependent patterns of atretic follicles were revealed. 
The number of atretic follicles was significantly higher in 
the ob/ob group than in the control group in all exam-
ined age groups (by more than 2-fold except in the 3- and 
24-week age groups). The number of follicles present in the 
ovaries of ob/ob mice was reduced, and there was a dis-
tinct increase in apoptotic GCs and atretic follicles in these 
animals. Nevertheless, quantitative analysis of the various 
stages of follicular increases in leptin-lacking animals is 
critical. These findings suggest that folliculogenesis is im-
paired beyond the preantral multilaminar follicle phase.

The mechanism of obesity in declined fertility and in 
the follicular morphological variation described in our 
results must be associated with alterations in ovarian 
steroidogenesis. It has been suggested that leptin may have 
a bimodal effect on the ovary that is dependent on the hor-
mone concentration. At physiological concentrations, leptin 

enhanced estrogen production from human luteinized GCs 
and both E2 and P4 production from in vitro cultures of 
preantral mouse follicles [32]. Leptin has also been shown 
to influence ovulation through a luteinizing hormone 
(LH)-independent pathway [13]. Leptin-deficient mice are 
known to be hypogonadotropic. The excessive storage of 
lipids in ob/ob mice induces steroidogenic defects in the 
ovary by decreasing the expression of steroidogenic acute 
regulatory enzyme (StAR) [31]. The present study demon-
strated that both serum E2 and P4 levels declined in ob/ob 
mice compared with lean control mice in an age-dependent 
manner. In lean mice, E2 levels continuously increased with 
age from 3 to 24 weeks. In ob/ob animals, by contrast, E2 
levels continuously declined from 6 weeks to 9 weeks. The 
levels of E2 and P4 were significantly higher in lean mice 
than in ob/ob mice of the same age, except in the 24-week 
age group. T levels were also decreased in ob/ob mice com-
pared with lean mice of the same age. Collectively, our find-
ings suggest that the reduction in ovarian steroidogenesis is 
related to the changes in ovarian morphology seen in ob/ob 
animals, including the reductions in the numbers of healthy 
follicles. This decline may also result from the changing 
levels of metabolic regulators the absence of leptin.

An interesting phenomenon in leptin-deficient ob/ob 
mice is that leptin treatment increases the total number 
of follicles. The numbers of follicles in all stages, espe-
cially primary and tertiary, are increased by leptin in ob/
ob mice [11]. It is recognized that gonadotropin response 

Figure 6. The localization of AMH, SOHLH1, and NOBOX, and the number of follicles in the various age groups of ob/ob and lean mice. 
Immunofluorescent staining was performed with antibodies against AMH (green), SOHLH1 (yellow), and NOBOX (red). The nuclei were stained with 
DAPI (blue). A, Photomicrography of immunofluorescence staining for AMH, SOHLH1, and NOBOX in 6-week-old and 24-week-old ob/ob and lean 
mice. B, The numbers of follicles specifically positive for AMH, NOBOX, and SOHLH1. The data are the mean (± SD) of 3 replicates (3 animals per 
group). *P < 0.05 (Student t test).



Journal of the Endocrine Society, 2021, Vol. 5, No. 1 10

does not differ between ob/ob and wild-type mice at 13 
weeks of age [33]. Until 16 weeks, the number of oocytes 
released upon induction was no lower in ob/ob mice than 
in control mice [34]. Interestingly, our results revealed 
that the number of primordial follicles at 24 weeks of age 
was much higher in ob/ob mice than in lean mice. In add-
ition, the mRNA expression levels of meiosis-committed 
marker genes (Dazl and Stra8), meiosis-initiated marker 
genes (Sohlh1 and Ybx2), and a growing oocyte marker 
gene (Zp3) at 24 weeks of age were significantly higher in 
ob/ob mice than in lean mice. In addition, the expression 
levels of AMH, a generally accepted marker of ovarian 
reserve versus ovarian aging, were significantly elevated 
in ob/ob mice at 12 weeks and similar at 24 weeks com-
pared with the levels in age-matched lean mice. To date, 
the effects of obesity on ovarian reservation are very con-
troversial. Some groups suggest that obesity has nega-
tive effects, but others propose the opposite. According 
to prior results, the patterns of meiotic-specific markers 
differed between aged ob/ob and wild-type mice [35]. 
According to Niikura et  al [35], there was no expres-
sion of primordial oocyte markers in wild-type mice 
at 24 weeks of age, but in ob/ob mice of the same age, 
these markers were expressed. Based on these results, it 
is clear that obesity in ob/ob mice helps maintain ovarian 
reservation.

The mechanisms underlying the substantially increased 
number of primordial follicles in ob/ob mice compared 
with wild-type mice are not clear and require further study. 
However, we can obtain some clues from previous reports 
and our results. In the case of obesity induced by excess 
calorie consumption, the number of primordial follicle is 
lower than that in controls due to NAD-dependent pro-
tein deacetylase sirtuin-1 (SIRT1) and serine/threonine-
protein kinase mTOR (mTOR) signaling [36]. SIRT1 and 
mTOR expression activity has been found to be under 
the control of leptin [37, 38]. On the other hand, neo-
natal overfeeding reduces the primordial follicle pool, 
while administration of a leptin antagonist rescues the 
size of the primordial follicle pool [39]. In lean rats, leptin 
administration dramatically reduced (0.307-times) the 
number of primordial follicles compared with obese rats 
(0.16-times vs 0.37-times) [40]. In addition, subfertility 
and compromised ovarian function have been suggested 
to be independent from obesity caused by a high-fat diet 
[41]. Improving the bioenergetics of GCs has been found 
to improve ovarian reserve along with Hbp1. The null of 
Hbp1 activates mitochondrial biogenesis without altered 
glycolysis [42]. Hbp1 represses follicle growth in a gene 
dosage-dependent manner [42]. In the follicles of ob/ob 
mice, defective mitochondria and lipid droplets are found 
primarily in oocytes but not GCs, and lipid accumulation 

depends on the follicle stage [31]. In addition, leptin has 
recently been revealed to be involved mitochondrial func-
tions through its receptor [43], indicating that circulating 
leptin may be responsible to ovarian reserve. On the other 
hand, the levels of steroid hormone may be one of the 
reasons for the compromised ovarian reserve in ob/ob 
mice. Sex steroid hormones have various effects on follicle 
development according to the developmental stage, fol-
licle stage, blood levels, etc. Androgen and estrogen have 
variable effects on primordial GCs. Estrogen along with 
estrogen receptor beta is suggested to be a modulator of 
primordial follicle activation [44]. Moreover, sex steroid 
hormones can regulate mitochondrial function. Estrogen 
upregulates the expression of nuclear respiratory factor-1 
in mitochondria and protects against mitochondrial oxi-
dative damage through its receptors [45]. Interestingly, 
users of hormone contraception, especially high-dose es-
trogen (>50 μg, ≥3 years), enter menopause at a slightly 
younger age than women who do not use contraceptives 
[46]. In some reports in humans, increased body mass 
index and energy intake are linked with a later onset of 
menopause [47]. According to this study, estrogen levels 
in ob/ob mice were lower than those in lean mice. Taken 
together, the results suggest that the null of leptin in ob/
ob mice is the cause of the substantially higher number 
of primordial follicles compared with controls along with 
steroid hormone patterns. In addition, mitochondrial sta-
bility in inactive primordial follicles in ob/ob mice may 
also be involved in ovarian reserve.

In superovulated and in vivo fertilized oocytes in obese 
ICR mice, the rate of development to blastocysts was 
lower than for noninduced ovulation [48]. However, in 
vitro fertilized oocytes in ob/ob obesity mice have devel-
opmental competence [34]. In addition, it is known that 
some experimental treatments or in vitro fertilization can 
overcome the defects that obesity causes in oocyte quality 
(for example, supplementation with coenzyme Q10 in a 
mouse model) [49]. Regarding the infertility of leptin-
deficient ob/ob mice, a series of new findings, elucidating 
relationships among reproductive aging, abnormal es-
trous cyclicity, ovarian morphology, follicle counts, and 
hormone profiles, showed significant differences between 
lean and ob/ob mice. In the present study, the blood hor-
monal levels of ob/ob mice were low compared with 
those of lean mice. The abnormalities in estrous cyclicity, 
ovarian morphology, follicular counts, and hormonal pro-
files differed substantially between ob/ob and lean mice, 
and the reproductive abnormalities seen in obesity grad-
ually worsened with age. As obesity/insulin resistance 
became more severe in the obese mice, hormonal levels 
declined and follicular atresia accelerated. At 24 weeks 
of age, ob/ob mice had no properly developed corpora 
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lutea; many empty follicles were present, and the number 
of atretic follicle was increased. Compared to those of 
studies linking energy balance and ovarian reserve at sys-
temic levels, these results suggest that the ovarian reserve 
capacity of ob/ob mice is greater than that of lean mice, 
and that these differences emerge with age. The results of 
this study may be useful for overcoming the subfertility of 
obese women.

Acknowledgments
Financial Support: This work was supported by a grant 

from the National Research Foundation of Korea (NRF-
2015M3A9D7067365) and the Korea Health Technology R&D 
Project through the Korea Health Industry Development Institute 
(KHIDI), funded by the Ministry of Health & Welfare, Republic of 
Korea (grant number: H16C1085).

Additional Information
Correspondence: Yong-Pil Cheon Ph.D., Division of Developmen-

tal Biology and Physiology, CDPR, Department of Biotechnology, 
Sungshin University, 147 Miadong, Kangbukgu, Seoul, 142–732, 
Korea. E-mail: ypcheon@sungshin.ac.kr.

Disclosure Summary: The authors have no conflicts of interest to 
declare.

Data Availability: All data generated or analyzed during this study 
are included in this published article or in the data repositories listed 
in References.

References and Notes
 1. Amanvermez  R, Tosun  M. An update on ovarian aging and 

ovarian reserve tests. Int J Fertil Steril. 2016;9(4):411-415.
 2. Stoop D, Cobo A, Silber S. Fertility preservation for age-related 

fertility decline. Lancet. 2014;384(9950):1311-1319.
 3. Downs  JL, Wise  PM. The role of the brain in female repro-

ductive aging. Mol Cell Endocrinol. 2009;299(1):32-38.
 4. Santoro  N, Crawford  SL, El  Khoudary  SR, et  al. Menstrual 

cycle hormone changes in women traversing menopause: study 
of women’s health across the nation. J Clin Endocrinol Metab. 
2017;102(7):2218-2229.

 5. Lerner  SP, Meredith  S, Thayne  WV, Butcher  RL. Age-
related alterations in follicular development and hormonal 
profiles in rats with 4-day estrous cycles. Biol Reprod. 
1990;42(4):633-638.

 6. Allaway HCM, Southmayd EA, de Souza MJ. The physiology 
of functional hypothalamic amenorrhea associated with energy 
deficiency in exercising women and in women with anorexia 
nervosa. Horm Mol Biol Clin Invest. 2016;25(2):91-119.

 7. Silvestris  E, de  Pergola  G, Rosania  R, Loverro  G. Obesity as 
disruptor of the female fertility. Reprod Biol Endocrinol. 
2018;16(1):22.

 8. Cabello E, Garrido P, Morán J, et al. Effects of resveratrol on 
ovarian response to controlled ovarian hyperstimulation in ob/
ob mice. Fertil Steril. 2015;103(2):570-9.e1.

 9. Cox  MJ, Edwards  MC, Rodriguez  Paris  V, et  al. Androgen 
action in adipose tissue and the brain are key mediators in the 
development of PCOS traits in a mouse model. Endocrinology. 
2020;pii:bqaa061.

 10. Sainsbury  A, Schwarzer  C, Couzens  M, et  al. Y4 re-
ceptor knockout rescues fertility in ob/ob mice. Genes Dev. 
2002;16(9):1077-1088.

 11. Barash  IA, Cheung  CC, Weigle  DS, et  al. Leptin is a meta-
bolic signal to the reproductive system. Endocrinology. 
1996;137(7):3144-3147.

 12. Chehab  FF, Lim  ME, Lu  R. Correction of the sterility de-
fect in homozygous obese female mice by treatment with 
the human recombinant leptin. Nat Genet. 1996;12(3): 
318-320.

 13. Klebanov S, Astle CM, DeSimone O, Ablamunits V, Harrison DE. 
Adipose tissue transplantation protects ob/ob mice from obesity, 
normalizes insulin sensitivity and restores fertility. J Endocrinol. 
2005;186(1):203-211.

 14. Goldsammler  M, Merhi  Z, Buyuk  E. Role of hormonal and 
inflammatory alterations in obesity-related reproductive dys-
function at the level of the hypothalamic-pituitary-ovarian axis. 
Reprod Biol Endocrinol. 2018;16(1):45.

 15. Selesniemi K, Lee HJ, Muhlhauser A, Tilly JL. Prevention of ma-
ternal aging-associated oocyte aneuploidy and meiotic spindle 
defects in mice by dietary and genetic strategies. Proc Natl Acad 
Sci U S A. 2011;108(30):12319-12324.

 16. Rucker EB 3rd, Dierisseau P, Wagner KU, et al. Bcl-x and Bax 
regulate mouse primordial germ cell survival and apoptosis 
during embryogenesis. Mol Endocrinol. 2000;14(7):1038-1052.

 17. RRID: AB_2876353, https://scicrunch.org/resolver/AB_2876353.
 18. RRID: AB_2876354, https://scicrunch.org/resolver/AB_2876354
 19. RRID: AB_2876355, https://scicrunch.org/resolver/AB_2876355.
 20. RRID: AB_11071748, https://scicrunch.org/resolver/AB_11071748.
 21. RRID: AB_2868576, https://scicrunch.org/resolver/AB_2868576.
 22. RRID: AB_2868577, https://scicrunch.org/resolver/AB_2868577
 23. Cheon YP. Supplement figures-overaccumulation of fat caused 

rapid reproductive senescence but not loss of ovarian reserve 
in ob/ob mice. Posted October 5, 2020. BioStudies database. 
https://www.ebi.ac.uk/biostudies/studies/S-BSST518.

 24. Meldrum DR, Casper RF, Diez-Juan A, Simon C, Domar AD, 
Frydman  R. Aging and the environment affect gamete 
and embryo potential: can we intervene? Fertil Steril. 
2016;105(3):548-559.

 25. Tatone  C, Amicarelli  F. The aging ovary–the poor granulosa 
cells. Fertil Steril. 2013;99(1):12-17.

 26. Hou YJ, Zhu CC, Duan X, Liu HL, Wang Q, Sun SC. Both diet 
and gene mutation induced obesity affect oocyte quality in mice. 
Sci Rep. 2016;6:18858.

 27. Kim  K, Kim  CH, Moley  KH, Cheon  YP. Disordered meiotic 
regulation of oocytes by duration of diabetes mellitus in BBdp 
rat. Reprod Sci. 2007;14(5):467-474.

 28. Chakraborty  S, Sachdev  A, Salton  SR, Chakraborty  TR. 
Stereological analysis of estrogen receptor expression in the 
hypothalamic arcuate nucleus of ob/ob and agouti mice. Brain 
Res. 2008;1217:86-95.

 29. Ng KY, Yong  J, Chakraborty TR. Estrous cycle in ob/ob and 
ovariectomized female mice and its relation with estrogen and 
leptin. Physiol Behav. 2010;99(1):125-130.

mailto:ypcheon@sungshin.ac.kr?subject=
https://scicrunch.org/resolver/AB_2876353
https://scicrunch.org/resolver/AB_2876354
https://scicrunch.org/resolver/AB_2876355
https://scicrunch.org/resolver/AB_11071748
https://scicrunch.org/resolver/AB_2868576
https://scicrunch.org/resolver/AB_2868577
https://www.ebi.ac.uk/biostudies/studies/S-BSST518


Journal of the Endocrine Society, 2021, Vol. 5, No. 1 12

 30. Olatinwo  MO, Bhat  GK, Stah  CD, Mann  DR. Impact of go-
nadotropin administration on folliculogenesis in prepubertal 
ob/ob mice. Mol Cell Endocrinol. 2005;245(1-2):121-127.

 31. Serke H, Nowicki M, Kosacka J, et al. Leptin-deficient (ob/ob) 
mouse ovaries show fatty degeneration, enhanced apoptosis and 
decreased expression of steroidogenic acute regulatory enzyme. 
Int J Obes (Lond). 2012;36(8):1047-1053.

 32. Swain  JE, Dunn  RL, McConnell  D, Gonzalez-Martinez  J, 
Smith GD. Direct effects of leptin on mouse reproductive func-
tion: regulation of follicular, oocyte, and embryo development. 
Biol Reprod. 2004;71(5):1446-1452.

 33. Sabatini  ME, Guo  L, Lynch  MP, et  al. Metformin therapy 
in a hyperandrogenic anovulatory mutant murine model 
with polycystic ovarian syndrome characteristics improves 
oocyte maturity during superovulation. J Ovarian Res.  
2011;4(1):8.

 34. Yokoyama M, Katsuki M, Nomura T. The creation of mouse 
models for human diseases associated with reproductive dis-
turbances by in vitro fertilization and embryo transfer. Exp 
Anim. 1995;44(2):139-143.

 35. Niikura Y, Niikura T, Tilly JL. Aged mouse ovaries possess rare 
premeiotic germ cells that can generate oocytes following trans-
plantation into a young host environment. Aging (Albany NY). 
2009;1(12):971-978.

 36. Hilal G, Fatma T, Ferruh Y, Sabire G, Yüksel A. Effect of high-
fat diet on the various morphological parameters of the ovary. 
Anat Cell Biol. 2020;53(1):58-67.

 37. Choi I, Rickert E, Fernandez M, Webster NJG. SIRT1 in astro-
cytes regulates glucose metabolism and reproductive function. 
Endocrinology. 2019;160(6):1547-1560.

 38. Procaccini  C, De  Rosa  V, Galgani  M, et  al. Leptin-induced 
mTOR activation defines a specific molecular and transcrip-
tional signature controlling CD4+ effector T cell responses. J 
Immunol. 2012;189(6):2941-2953.

 39. Sominsky  L, Ziko  I, Soch  A, Smith  JT, Spencer  SJ. Neonatal 
overfeeding induces early decline of the ovarian reserve: 

Implications for the role of leptin. Mol Cell Endocrinol. 
2016;431:24-35.

 40. Tümentemur  G, Altunkaynak  BZ, Kaplan  S. Is melatonin, 
leptin or their combination more effective on oxidative stress 
and folliculogenesis in the obese rats? J Obstet Gynaecol. 
2020;40(1):116-127.

 41. Hohos NM, Cho KJ, Swindle DC, Skaznik-Wikiel ME. High-fat 
diet exposure, regardless of induction of obesity, is associated 
with altered expression of genes critical to normal ovulatory 
function. Mol Cell Endocrinol. 2018;470:199-207.

 42. Dong  Z, Huang  M, Liu  Z, et  al. Focused screening of mito-
chondrial metabolism reveals a crucial role for a tumor 
suppressor Hbp1 in ovarian reserve. Cell Death Differ. 
2016;23(10):1602-1614.

 43. Munusamy  S, do  Carmo  JM, Hosler  JP, Hall  JE. Obesity-
induced changes in kidney mitochondria and endoplasmic re-
ticulum in the presence or absence of leptin. Am J Physiol Renal 
Physiol. 2015;309(8):F731-F743.

 44. Chakravarthi VP, Ghosh S, Roby KF, Wolfe MW, Rumi MAK. 
A gatekeeping role of ESR2 to maintain the primordial follicle 
reserve. Endocrinology. 2020;161(4):bqaa037.

 45. Klinge CM. Estrogens regulate life and death in mitochondria. J 
Bioenerg Biomembr. 2017;49(4):307-324.

 46. Bentzen JG, Forman JL, Pinborg A, et al. Ovarian reserve param-
eters: a comparison between users and non-users of hormonal 
contraception. Reprod Biomed Online. 2012;25(6):612-619.

 47. Pearce K, Tremellen K. Influence of nutrition on the decline of 
ovarian reserve a subsequent onset of natural menopause. Hum 
Fertil. 2016;19(3):173-179.

 48. Fabian D, Babeľová J, Čikoš Š, Šefčíková Z. Overweight nega-
tively affects outcome of superovulation treatment in female 
mice. Zygote. 2017;25(6):751-759.

 49. Boots  CE, Boudoures  A, Zhang  W, Drury  A, Moley  KH. 
Obesity-induced oocyte mitochondrial defects are partially pre-
vented and rescued by supplementation with co-enzyme Q10 in 
a mouse model. Hum Reprod. 2016;31(9):2090-2097.


