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Abstract

Chronic stress is an important factor influencing people’s health. It usually causes endocr-

inal disorders and a decline in reproduction in females. Although studies of both human and

animals suggest a detrimental effect of stress on reproduction, the influence of chronic

stress on the ovarian reservation and follicular development is still not clear. In this study, a

chronic restraint stress (CRS) mouse model was used to investigate the effect of stress on

ovarian reservation and follicular development and explore the underlying mechanism. In

this study, after 8 weeks of CRS, primordial follicles were excessively activated in the ova-

ries of the CRS group compared with the control group. Further results showed that the acti-

vation of primordial follicles induced by CRS was involved in the increasing expression level

of Kit ligand and its receptor Kit and the activation of phosphatidylinositol 3-kinase (PI3K)/

phosphatase and tensin homolog deleted on chromosome 10 (PTEN)/protein kinase B (Akt)

pathway. The corticotropin-releasing hormone (CRH) is a neuropeptide released due to

stress, which plays an important role in regulating follicle development. A high level of

serum CRH was detected in the CRS mouse model, and the real-time polymerase chain

reaction assay showed that the mRNA level of its main receptor CRHR1increased in the

ovaries of the CRS mouse group. Moreover, 100nM CRH significantly improved the activa-

tion of primordial follicles in newborn mouse ovaries in vitro. These results demonstrated

that CRS could induce immoderate activation of primordial follicles accompanied by the acti-

vation of Kit-PI3K signaling, in which CRH might be an important endocrine factor.

Introduction

Chronic physical and psychological stress has become a major health issue across the world.

Both clinical and animal studies have confirmed that stress is an important risk or aggravating

factor for several diseases, including hypertension, cardiovascular disease, bone loss, neurode-

generative diseases, and cancer [1–5]. In fact, females are easier targets of stress compared with
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males [6, 7]. Studies have shown that different kinds of stress altered ovarian function and folli-

cle recruitment in animal models. For example, chronic unpredictable mild stress inhibited

ovarian steroidogenesis and follicular development, causing follicular atresia in mice ovaries

[8]. Chronic intermittent cold stress changed the follicular development associated with a neu-

rotrophin-dependent sympathetic nerve activation in rats [9]. Another study demonstrated

that heat stress not only had an immediate influence on the follicular dynamics of cows but

also had a delayed effect on the follicular growth [10].

In mammalian ovaries, a primordial follicle pool is developed in fetal life (in human) or

developed post natally (in mice or rats) (11). The dormant primordial follicle pool is a rela-

tively fixed and limited source of developing follicles. The regulation and control of activation

of primordial follicles are essential to the maintenance of normal reproductive span. If the nor-

mal balance is disrupted, those primordial follicles can be exhausted faster under the situation

of abnormal and excessive activation. Multiple studies have shown that the activation of pri-

mordial follicles is regulated by many different signaling pathways [11–13], among which the

Kit ligand (Kitl) is a key growth factor in the ovary. Kitl, which is synthesized and secreted by

granulosa cells (GCs), directly stimulates the activation and growth of oocytes by binding to its

receptor Kit. Available evidences shows that Kitl is an important positive regulator of activa-

tion of primordial follicles through the phosphatidylinositol 3-kinase (PI3K)/phosphatase and

tensin homolog deleted on chromosome 10 (PTEN)/protein kinase B (Akt) pathway [14–19].

The hypothalamic–pituitary–adrenal (HPA) axis is activated under stressful situations. The

corticotrophin-releasing hormone (CRH) is a neuropeptide produced by the hypothalamus

during stress. CRH plays a crucial role in regulating ovarian functions, since its receptors have

already been identified in female reproductive organs, including ovary, uterus, and placenta

[20, 21].

A chronic restraint stress (CRS) mouse model is a commonly used model in studies related

to physical and psychological stress [2, 22–24]. A CRS female mice model was established in

this study to imitate the stress in modern women. The study aimed to explore the direct effects

of CRS on ovarian reservation and the underlying mechanism.

Materials and methods

Establishment of the CRS mouse model

Female BALB/c mice aged 6 weeks were purchased from Shanghai Laboratory Animal Co.,

Ltd and housed in the Department of Animal Experiments, Medical School of Shanghai Jiao

Tong University (Shanghai, China). The mice were randomly separated into control and CRS

groups. Centrifuge tubes (50 mL) were used to generate stress, which were multi-punctured to

maintain enough ventilation. The CRS group mice were placed in these tubes from 9:00 a.m.

to 3:00 p.m. Both the CRS group and the control group mice were deprived of water and food

during this time to diminish the confounding factor. This procedure was carried out for 6 days

in a week randomly for continuous 3 weeks (the CRS 3w group) or 8 weeks (the CRS 8w

group). The body weights of mice were recorded every other week. In the seventh to eighth

week of CRS, vaginal smears of the control and CRS 8w groups were performed every morning

to record the estrous cycles of the mice. The smears were stained with Wright’s dye and

observed under a microscope. When the CRS protocol ended, the mice of different groups

were euthanized after anesthesia by inhaling isoflurane (RWD Life Science Co., Ltd, R510-22).

Serum and bilateral ovaries were collected for future analysis.

All procedures for animals were approved by the Institutional Animal Care and Use Com-

mittee of Shanghai (Protocol number: B-2015-016) and performed in accordance with the
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National Research Council Guide for Care and Use of Laboratory Animals. Efforts were made

to minimize animal suffering and limit the number of animals used in the study.

Histological evaluation

The ovaries were collected from the control and CRS groups after the CRS procedure was

done. The ovaries were fixed in Bouin’s solution (containing 5% acetic acid, 9% formaldehyde,

and 0.9% picric acid), paraffin embedded, and serially sectioned at a thickness of 5 μm. Hema-

toxylin–eosin (H&E) staining was used to evaluate the morphological structure of the ovaries,

which was evaluated using a microscope. The follicles were categorized and counted in every

fifth section of the ovary, using a method described previously[25, 26]. Briefly, a primordial

follicle was defined as a single layer of fusiform GCs surrounding an oocyte. A primary follicle

was surrounded by at least three GCs resulting in a cubic shape, and a secondary follicle

appeared surrounded by at least two layers of GCs with no follicular cavity. Corpus luteum

was identified with active luteal cells, which had basophilic cytoplasm with large nuclei and

prominent nuclei[27].

Hormone assays

The blood samples of the control and CRS groups were collected and centrifuged (3000 rpm,

15 min) to separate serum after standing for 30 min at room temperature (RT). The serum col-

lected was stored at −80˚C until further use.

Serum concentrations of cortico sterone [limit of detection (LOD), 0.103–2.5 ng/mL;

coefficient of variation (CV), <10%; R&D, Minneapolis, USA)],CRH(LOD, 0.03–4 ng/mL;

CV,<10%; Shanghai Westang Biological Technology, China), estradiol(LOD, 0.25–2 pg/mL;

CV,<15%; Shanghai Yuanye Biological Technology,China),testosterone(LOD, 0.1–20 ng/mL;

CV,<15%; Shanghai Yuanye Biological Technology),and AMH(LOD, 0.23–15 ng/mL;

CV,<15%; Ansh Lab, texas, USA)were assayed using the enzyme-linked immuno sorbent

assay (ELISA) kit and procedures provided by the respective manufacturer.

Immunohistochemistry

Tissue sections made as described earlier were deparaffinized and dehydrated. Then, the slides

were incubated in a 3% H2O2 solution to quench the endogenous peroxidase, followed by rins-

ing in phosphate-buffered saline (PBS). The sections were then treated with heated antigen

retrieval solution containing citrate antigen retrieval solution (Beyotime, China) to retrieve the

antigenicity. After being incubated with 10% goat serum/0.3% Triton X-100 in PBS for 30 min

to block the nonspecific antibody-binding sites, the samples were incubated with the following

primary antibodies: rabbit anti-Akt monoclonal antibody (Ser473, 1:50; CST, Massachusetts,

USA) and rabbit anti-foxo3a monoclonal antibody(1:1600; CST) at 4˚C overnight. Then, the

sections were washed and probed with horseradish peroxidase–labeled anti-mouse/rabbit sec-

ond antibodies. A peroxidase substrate was developed using a diaminobenzidine substrate kit

(Wuhan Goodbio Technology, China). The slides were counterstained with hematoxylin,

dehydrated through a graded ethanol series, and mounted using the PermountMounting

Medium(Specimens of Harbin green technology development co., China).

RNA extraction, reverse transcription of mRNA and real-time polymerase

chain reaction analysis

The total RNA was isolated from mouse ovaries, cultured human GCs, and cultured ovaries

using a TRIzol reagent (Invitrogen, CA, USA). cDNA was synthesized using the PrimeScript
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RT Reagent Kit (Applied Biosystems, Takara, Japan) according to the manufacturer’s instruc-

tion, using 500 ng of total RNA per each sample. Real-time quantitative polymerase chain reac-

tions (PCRs) were performed in triplicate using the SYBR Green Real-time PCR Master Mix

(Applied Biosystems, Takara, Japan) with the Mastercycler ep realplex real-time PCR system

(Eppendorf, Hamburg, Germany). The PCR primers were designed according to cDNA

sequences in the National Center for Biotechnology Information database. Primer sequences

are listed in supporting file (S1 Table). Cycling conditions for the PCR system were as follows:

95˚C for 5 min, and 60˚C for 34 s for 40 cycles. The gene expression levels were evaluated

using the ΔΔCT method, standardized to levels of β-actin amplification.

Western blot analysis

Protein lysate from fresh ovarian tissue was prepared, separated on 10% sodium dodecyl sul-

fate–polyacrylamide gel, and transferred to a polyvinylidene difluoride membrane (Milli-

pore, California, USA). The membranes were blocked with 5% nonfat milk in Tris–HCl

(10mM, pH 7.4) containing 150mMNaCl and 1% Nonidet P-40 and separately incubated

with the following specific antibodies at 4˚C overnight: rabbit anti-Kitl polyclonal antibody

(1:1000, ab64677; Abcam, Massachusetts, USA), rabbit anti-PTEN monoclonal antibody

(1:1000, 9559; CST), rabbit anti-Aktmonoclonal antibody (1:1000, 4691; CST),rabbit anti-

pAkt monoclonal antibody (Ser473, 1:1000, 4691; CST), rabbit anti-foxo3a monoclonal anti-

body(1:1000, 12829; CST), and rabbit anti-pfoxo3a polyclonal antibody(Ser253, 1:1000,

9466; CST). The relative intensity of protein bands was quantified by digital densitometry

(ImageJ software, National Institutes of Health, Maryland, USA). The β-actin levels were

used as internal standards.

Primary granulosa cell collection, culture and cell proliferation assay

Primary granulosa cells were collected based on previously described procedures with modifi-

cation[28]. Briefly, 21-day-old female mice (Balb/c) were intraperitoneally injected with 5 IU

pregnant mare serum gonadotropin (Ningbosansheng pharmaceutical Co. Ltd. CA). At 46 h

after injection, the follicles were punctured with a 25-gauge needle to release both oocyte-

cumulus cell complexes and clumps of mural granulosa cells. The granulosa cells were col-

lected in basic culture medium consisting of a phenol red-free Dulbecco’s modified Eagle’s

medium/F-12 medium(DMEM/F12;Gino biomedical technology co., LTD, CA) supplemented

with 10% fetal bovine serum(FBS; Life Technologies,waltham, MA, USA),1xITS (5 lg/ml insu-

lin, 5 lg/ml transferrin, and 5 lg/ml selenium) (Sigma-Aldrich, St. Louis, MO, USA), 50ug/ml

sodium pyruvate (Gibco, waltham, MA, USA), 100 U/mL streptomycin and 100 U/mL penicil-

lin (Gibco, waltham, MA, USA). Cells were dispersed by gentle drawing in and out of a pipette

and then centrifuged for 3 min at 250xg. The granulosa cells were resuspended in basic culture

medium and seeded in 6-well plates at a density of 5x105 cells/well and cultured for 24 h in a

humidified atmosphere containing 5% CO2 at 37˚C. Then, the culture medium was changed

with basic culture medium or the conditional medium supplemented CRH (Sigma-Aldrich,

St. Louis, MO, USA)1nM,10nM,100nM. After 48h culture, the cells were harvested for PCR

assay.

The cells were plated at a density of 2×104 cells/well on 96-well plates in 100ulbasicculture

medium. The cell number was determined by the WST-8 [2-(2-methoxy-4-nitrophenyl)–3–

(4-nitrophenyl)–5—(2,4-disulfophenyl)–2H–tetrazolium monosodium salt] assay using a Cell

Counting Kit 8 (CCK-8) [Yeasen Biotechnical Company (40203ES76)] according to manufac-

turer’s instructions.
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In vitro culture of mouse ovaries

Ovaries of 3-day-old female BALB/c mice were isolated and cultured (37˚C, 5% CO2) on

Transwell Permeable Supports (Corning, NY, USA) in the DMEM/F12 medium (Invitrogen,

CA, USA) supplemented with 10% FBS (Life Technologies, waltham, MA, USA) 0.23mM

pyruvic acid, 3 mg/mL BSA (AMRESCO LLC, Texas, USA), 1×Insulin, Transferring, Selenium

Solution(ITS) supplement (Invitrogen, CA, USA), and 1× Antibiotic-Antimycotic (Invitrogen,

CA, USA). Moreover, CRH (TocrisBristol, UK) was added into the medium of CRH group

ovaries, making a final concentration of 100nM. The medium was changed every other day.

After 7 days of culture, ovaries of the control or CRH 100nM group were collected for RNA

extraction or morphological analysis.

The developing follicles were defined as follicles with a diameter of oocytes greater than

20μm, which were selected into a growing follicular pool relative to the quiescent primordial

follicles, containing small oocytes (>20 μm) surrounded by flat GCs[15].

Statistical analysis

All data were expressed as mean ± standard error of mean. Statistical significance was deter-

mined by the GraphPad Prism software (GraphPad Software Inc., California, USA). The dif-

ferences in the body weight and the GCs viability in different CRH concentrations in vitro

varied with time were analyzed by Repeated Measures(RM). And, the difference in serum hor-

mone level, gene expression, and protein profile between the control and CRS 8w groups were

evaluated using the unpaired two-tailed Student t test. Besides, data of follicular number, ratio

of primary follicles/primordial follicles among control, and CRS 3w and CRS 8w groups were

obtained using the one-way analysis of variance(ANOVA) following the Tukey post-hoc test.

In the in vitro experiment, the optical density value and the expression of kitl were assessed

using the one-way ANOVA following the Tukey post-hoc test. The P values<0.05 were con-

sidered statistically significant. All experiments were repeated independently at least three

times.

Results

CRS induced body weight loss and caused deregulation of estrous cycle in

mice

The CRS mice model was established in the present study to exert stress on mice. We observed

that the mice in the CRS group had a significantly lower body weight each week compared

with those in the control group (Fig 1A). The body weight of the CRS group decreased in the

first 2 weeks and then increased slowly. The food and water intake of the mice was monitored

to verify whether the CRS protocol affected the basic daily intake. The amount of intake was

not significantly different between the control and CRS groups (S1A Fig), demonstrating that

the loss in body weight of the CRS group was not due to lower intake. Furthermore, the ovar-

ian gross morphology in the control and CRS 8w groups was evaluated. The size of the control

group was almost two times larger than that of the CRS 8w group (Fig 1B and 1C, P<0.001).

Also, vaginal smears were performed and morphological characterization of the smears in

every substage was shown (Fig 1D). The results showed that all mice in the CRS 8w group lost

the regular pattern of estrous cycle. The CRS 8w group stayed in the diestrus stage and lost

estrum most of the time (Fig 1E). Furthermore, the concentrations of serum corticosterone

and CRH were significantly higher in the CRS 8w group than in the control group after 8

weeks of CRS (Fig 1F and 1G). The levels of serum estradiol and testosterone were also tested.
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The results showed a slight reduction in both hormones in the CRS 8w group, but no signifi-

cant difference was found compared with the control group (S1B and S1C Fig).

CRS treatment induced abnormal activation of primordial follicles and

upregulation of AMH in mice

The H&E staining of ovarian sections was performed at 3 and 8 weeks after stress to evaluate

the morphological structure of the ovaries (Fig 2A). Moreover, follicles in different stages

including primordial follicles, primary follicles, secondary follicles, and corpus luteums

were counted. Statistical analysis results showed that 8 weeks of CRS induced a significant

decrease in the number of primordial follicles (Fig 2B, P< 0.01), while the number of pri-

mary follicles significantly increased in the CRS 8w group (Fig 2B, P< 0.0001). Moreover,

the ratio of primary follicles to primordial follicles was significantly higher in both the

CRS 3w and CRS 8w groups compared with that in the control group (Fig 2C, P< 0.01 and

P< 0.0001, respectively). These results implied a wave of activation of dormant primordial

follicles in the CRS group, and this situation was more notable after a longer period of CRS

treatment. Also, the numbers of secondary follicles and corpus luteum were also reduced in

the CRS group (Fig 2B).

Anti-Mullerian hormone (AMH) is a novel indicator of ovarian reserve. The level of

AMH is in line with the number of small, growing follicles in the ovary, including primary

follicles [8, 29]. The AMH levels were detected in both the serum and ovaries of mice by

Fig 1. CRS reduced the body weight of mice and caused deregulation of the estrous cycle. (A) CRS reduced the body weight of mice (n = 10, P< 0.05). (B) The

ovarian gross morphology of the control and CRS 8w groups. The size of the control group was almost two times larger than that of the CRS group. (C) The ovarian

weight was significantly decreased in the CRS 8w group compared with the control group (n = 6, P< 0.001). (D) The morphological characterization of the smears in

every substage of the mice estrum cycle. Briefly, three types of cells were present in the smear, including small leukocytes, larger and round epithelial cells, and large,

flat, and nonnuclear cornified cells. The relative numbers of leukocytes (L) and epithelial (E) and cornified (C) cells in the vaginal smear indicated the stage of the

estrous cycle. (a) Contained L and was classified as diestrum (DE). (b) Contained E and was classified as proestrum(PE). (c) Contained C and was classified as estrum

(E). (d) Contained three types of cells and was classified as metaestrum (ME). (Bar = 100μm) (E) CRS caused deregulation of the estrous cycles of mice, and the CRS

8w group remained in the diestrum stage almost throughout the cycle (n = 6; PE, proestrum; E, estrum; ME, metaestrum; DE, diestrum). (F) Serum corticosterone

level of mice in both control and CRS 8w groups (n = 10, P< 0.001). (G) Serum concentration of CRH in mice of both control and CRS 8w groups (n = 10, P< 0.05).

CRS, Chronic restraint stress.

https://doi.org/10.1371/journal.pone.0194894.g001
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ELISA and PCR. A sharp increase to nearly twofold in the level of serum AMH was observed

in the CRS 8w group compared with that in the control group (Fig 2D, P< 0.0001). Further-

more, the mRNA expression level of Amh increased significantly in the ovarian tissue of

CRS 8w group (Fig 2E, P< 0.01). These results indicated that the number of small, growing

follicles significantly increased in the CRS 8w group, which was consistent with the follicle

counting results.

Fig 2. CRS induced activation of primordial follicles and up-regulated the level of AMH. (A)H&E staining morphological

features of ovaries derived from the control and CRS groups (scale bar, 100 μm). The red outline showed the enlargements of

primordial follicles (d), primary follicles (f) and secondary follicles(b). (B)Effects of 3 or 8 weeks of CRS on different stages of

follicles in ovaries removed from adult female BALB/c mice (n = 6). (C) The ratio of primary follicles to primordial follicles in

different groups (n = 6). This ratio was 1 for the control group; the data in the CRS group were standardized by the ratio of the

control group, and then the odds ratios were calculated and analyzed statistically. (D) The serum AMH level of mice in both the

CRS (n = 10) and control groups (n = 15). (E)The mRNA expression level of AMH in mouse ovaries of both the CRS and control

groups (n = 6) (�P< 0.05, ��P< 0.01, ���P< 0.001, ����P< 0.0001). CRS, Chronic restraint stress.

https://doi.org/10.1371/journal.pone.0194894.g002
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CRS induced the overexpression of Kitl and activation of PI3K/PTEN/Akt

pathway

The PI3K/PTEN/Akt pathway plays an essential role in the activation of primordial follicles,

which can be activated by Kitl/Kit signaling [14,15,19]. Since the Kitl -PI3K signaling pathway

has been indicated to play a central role in the activation of primordial follicles, it was hypothe-

sized that this signaling pathway might participate in the activation of primordial follicles

induced by stress in the CRS mouse model. Real-time PCR and Western blot showed that the

expression levels of both Kitl and its oocyte receptor Kit were significantly elevated in the ovar-

ian tissues of CRS 8w group compared with that of the control mice (Fig 3A, P< 0.001; Fig 3B,

P< 0.001; Fig 3C, P< 0.05). Moreover, the expression level of PTEN, the major inhibitor of

Fig 3. CRS increased the expression of Kitl/Kit and triggered the activation of PTEN/PI3K/Akt pathway. (A, B) The mRNA

expression level of Kit and Kitl in mouse ovaries of both CRS and control groups (n = 6, P< 0.001). (C) The protein expression level

of Kitl in the ovaries of the CRS group was significantly higher compared with that in the control group (n = 6, P< 0.05, normalized

according to the b-Actin values). (D) The expression level of PTEN decreased significantly in the ovaries of the CRS 8w group (n = 6,

P< 0.05). (E) The ratio of pAkt protein expression level to Akt values in the ovaries of the CRS group was significantly higher

compared with that in the control group (n = 6, P< 0.05). (F) The ratio of pFoxo3 protein expression level to Foxo3 values in the

ovaries of the CRS group was significantly higher compared with that in the control group (n = 6, P< 0.05). CRS, Chronic restraint

stress.

https://doi.org/10.1371/journal.pone.0194894.g003

Chronic stress activation primordial follicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0194894 March 30, 2018 8 / 17

https://doi.org/10.1371/journal.pone.0194894.g003
https://doi.org/10.1371/journal.pone.0194894


this pathway, decreased significantly in the ovaries of the CRS 8w group (Fig 3D, P<0.05). The

Western blot analysis showed that Akt and Foxo3 were highly phosphorylated in the ovaries of

the CRS 8w group (Fig 3E and 3F, P< 0.05).

Further, the immunohistochemical analysis confirmed the highly activated states of the

downstream PI3K/PTEN/Akt pathway. More primary follicles were observed, which were pos-

itively stained with pAkt in the ovaries of the CRS 8w group. However, more unstained pri-

mordial follicles were observed in the ovaries of the control group. Moreover, Foxo3, as an

essential transcription factor, marked the activation of primordial follicles, which were obvi-

ously observed in the cytoplasm of oocytes in the primary follicles of the CRS 8w group

(Fig 4).

CRH promoted activation of primordial follicles in the cultured ovaries of

newborn mice

This study focused on the functions of stress-related hormones to elucidate the link between

stress responses and the effect on activation of primordial follicles. Among the hormones stud-

ied, CRH is a neuropeptide caused by stress, which also played an important role in regulating

ovarian functions and follicle development[30–32]. It was found that the serum CRH level in

the CRS 8w group was significantly higher compared with that in the control group (Fig 1F).

Further, a real-time PCR assay showed that the mRNA level of its main receptor Crhr1 dramat-

ically increased in the ovaries of the CRS 8w group compared with that in the control group

(almost 14-fold higher; Fig 5A, P< 0.05).

Serial concentrations of CRH were added to the in vitro culturingmice granulosa cells to

further explore whether CRH was related to excessive activation of primordial follicles after

CRS. The CCK-8 assay showed that a higher concentration of CRH significantly promoted cell

Fig 4. Immunohistochemical staining of pAkt and Foxo3 in the ovaries of the control and CRS 8w groups. The

staining of pAkt and Foxo3 was obviously observed in the cytoplasm of oocytes in primary follicles of the CRS 8w

group compared with that of the control group ((red arrows pointing to primordial follicles and black arrows to

primary follicles; scale bar, 50 μm). CRS, Chronic restraint stress.

https://doi.org/10.1371/journal.pone.0194894.g004
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viability and proliferation (Fig 5B, P< 0.05). After 48 h of culture, the mRNA level of Kitl sig-

nificantly increased under treatment with 100nM CRH (Fig 5C, P< 0.05).

Then, an in vitro mouse ovary culture system was adopted to assess how CRH affected the

activation of primordial follicles. In brief, ovaries were dissected from 3-day-old mice and

placed in control or 100nM CRH conditions. After culturing for 7 days, the ovaries were col-

lected for H&E staining and real-time PCR assay. As shown in Fig 5D–5F, the diameters of

developing oocytes in 100nM-CRH-treated ovaries were significantly greater than those in

Fig 5. CRH triggers the activation of primordial follicles in the cultured ovaries of newborn mice in vitro. (A) The

mRNA expression level of CRH receptor CRHR1 in the ovaries of the CRS group was significantly higher compared with

that in the control group (n = 6). (B) The cell viability of mice granulosa cells (GCs) increased with the treatment of

increasing concentration of CRH using theCCK-8 assay (n = 12). (C) The mRNA expression level of Kitl in mice GCs

after culturing in serial concentration of CRH for 48 h (n = 6). (D) H&E staining of cultured mice ovaries from the

control or CRH groups. Ovaries were isolated from the 3-day postnatal mice and cultured in vitro with or without CRH

(100nM) for 7 days (scale bar, 100 μm). (E) CRH treatment increased the proportion of developing follicles in cultured

mice ovaries (n = 6). (F) CRH treatment increased the diameter of oocytes in developing follicles in cultured mice ovaries

(n = 6). (G) The mRNA levels of Kitl, Kit, AMH, and Gdf9 in cultured mice ovaries increased after CRH treatment

(n = 6). (�P<0.05,��P< 0.01,���P< 0.001,����P< 0.0001).

https://doi.org/10.1371/journal.pone.0194894.g005
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the control group (P<0.01), and the proportion of developing follicles was also higher in the

100nM-CRH-treated group (P< 0.05).

Furthermore, the expression mRNA levels of genes highly associated with the follicular

development were evaluated in the culturing ovaries with or without CRH. The results

showed that the mRNA expression levels of Kitl, Kit, Amh, and Gdf9genes increased signifi-

cantly under the stimulation of CRH (Fig 5Ga–5Gd, P< 0.05, P< 0.05, P< 0.05, and P< 0.01,

respectively).

Discussion

Stress is an inevitable part of modern life. Since stress can alter immunological, neurochemical,

and endocrine functions of the bodies, it is known that stress can have detrimental effects on

multiple diseases. It is believed that the HPA axis, when activated by stress, exerts an inhibitory

effect on the female reproductive system [20]. The CRS model of mice was adopted in this

study. After 8 weeks of chronic restraint treatment, it was found that the estrous cycles of mice

were completely disordered. The results of follicle counting suggested that CRS affected regu-

lar ovulation, since the number of corpus luteum significantly decreased after stress. The num-

ber of secondary follicles also decreased, suggesting that stress delayed further development of

primary follicles. Most importantly, a reduction in primordial follicles and an increment in

primary follicles were observed in the ovaries of the CRS group. This trend started to occur

after 3-week restraint and became significant in 8-week restraint group, indicating that stress

induced a wave of primordial follicle loss in these CRS animal models.

The activation of primordial follicles is a highly regulated process, whose underlying mech-

anisms are still not fully interpreted [12, 33]. A previous study showed that the GCs of primor-

dial follicles play a fundamental role in initiating the activation of primordial follicles. An

elevated expression of Kitl can activate the PI3K pathway, turning oocytes into an awaking sta-

tus [19]. This study found that the levels of Kitl and its oocyte receptor Kit were both elevated

in the CRS-treated mouse ovaries. The Akt protein was highly phosphorylated in the ovaries of

the CRS 8w group, and the level of inhibition protein PTEN decreased. Therefore, it was sug-

gested that the activation of Kitl/Kit signaling and PI3K/PTEN/Akt pathway could account for

the activation of primordial follicles occurring in the CRS-treated mice. However, the alter-

ation of Kitl/Kit–PI3K/PTEN/Akt signaling pathway might also be the consequence of activa-

tion of primordial follicles. Also, the PI3K signaling pathway highly and broadly regulated cell

survival and proliferation [34,35]. A high level of Akt phosphorylation was observed inside the

oocyte nucleus of primary follicle in the ovaries of the CRS group mice using immunohis-

tochemistry staining, and the results of Western blot further confirmed the Akt phosphoryla-

tion level of the whole ovary of CRS mice.

Studies have shown that the Kitl/Kit system in the ovary does not solely influence the follicle

growth and maturation [36, 37]. In the ovary, theca cells arise when a follicle transitions from

its growth phase and begins to produce steroid hormone. Kitl/Kit interactions have been

found to be essential in promoting follicular development to the primary follicle stage in mice.

Kitl plays an organizer role in inducing stromal cells to differentiate into theca cells expressing

steroidogenic enzymes and LH receptors [38, 39]. Moreover, the theca cells contribute criti-

cally to the transformation of the follicular wall into the compact and highly vascular corpus

luteum following ovulation. The Kit-expressing cells contribute to the complicated network of

capillaries and small luteal cells that surround the large luteal cells, suggesting that Kitl/Kit

interactions may be important in regulating the lifespan and function of luteal cells[40, 41].

However, follicle counting in this study showed a decline in the number of both secondary fol-

licles and corpus luteum in the CRS group. Whether the decline in the number of corpus
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luteum is related to the upregulation of Kitl/Kit induced by excessive activation of primordial

follicles needs to be further elucidated.

PTEN, known as a tumor suppressor and negative regulator of the PI3K/Akt pathway, was

involved in follicular development. The PTEN loss mouse model showed that a selective

homozygous loss of PTEN in early follicle oocytes, but not in oocytes of later stage (primary

and beyond) follicles, caused premature activation of the primordial follicle pool and prema-

ture ovarian failure [42, 43]. Consistent with these, 8 weeks of CRS induced excessive activa-

tion of primordial follicles in female mice, accompanied by the upregulated expression of p-

Akt and downregulated expression of PTEN. However, studies have found that the global loss

of PTEN increased the number of corpus luteum, enlarged the ovarian size, and prolonged the

lifespan of corpus luteum with disrupted luteolysis[44–46]. The weight of ovaries and number

of corpus luteum decreased in the CRS group, however, whether it is related to the down-regu-

lation of PTEN needs to be further elucidated.

CRH was originally recognized as a neuropeptide secreted from the hypothalamus, which

plays an important role in response to stress. However, available evidence has shown that

CRH tends to regulate multiple reproductive functions, including ovulation, luteolysis,

decidualization, implantation, and early maternal tolerance [20]. In this study, CRS induced

the increasing levels of serum corticosterone and CRH in the CRS mouse model. CRHR1 is a

receptor of CRH, which exists abundantly in ovaries, including GCs, theca cells, and corpus

luteum [47, 48]. An in vitro ovary culture system was used to further investigate the relation-

ship between stress and activation of primordial follicles. Ovaries from newborn mice mostly

contain newly formed primordial follicles; therefore, they are appropriate models for study-

ing the progression in the activation of primordial follicles. In this study, 100nMCRH was

added into the culture system, which was a level above the physiological concentration in

mice. It was found that this higher level of CRH could up-regulate the expression of Kitl in

both human GCs and cultured newborn ovaries. Moreover, CRH induced a wave of activa-

tion of primordial follicles in the newborn mouse ovaries compared with the control group.

Thus, it was concluded that CRH, which was abundantly secreted in stress conditions, might

be responsible for the excessive activation of primordial follicles caused by chronic stress.

However, this study had certain limitations. First, the concentration of CRH to be used in

the in vitro experiment had to be decided. One study showed that the CRH concentration in

a mouse ovary could be more than 30 times higher than that in the serum [48]. Other studies

used different concentrations of CRH ranging from 1nM to 100nM to evaluate the effect of

CRH on the in vitro culture of GCs or on the in vitro growth of preantral follicles and early

embryo development [32, 49]. Therefore, the serial concentration of CRH was used to

observe the effect of CRH on the cellular proliferation of human GCs and the activation of

follicles of newborn ovaries.

Moreover, stress can also raise the levels of other hormones in vivo, such as adrenocortico-

tropic hormone or glucocorticoids [50–52]. Therefore, to further verify whether CRH is the

true endocrine factor for the activation of primordial follicles, more experiments, such as

using antalarmin, a nonpeptide drugthat blocks the CRHR1, are needed.

AMH is a member of the transforming growth factor-β family. The measurement of periph-

eral AMH was applied to a wide range of clinical applications, mainly based on its ability to

reflect the number of small, growing follicles present in the ovaries [29, 53, 54]. In the present

study, a sharp increase was found in the number of primary follicles after 8 weeks of CRS treat-

ment, which correlated with the significantly elevated AMH levels in both mouse serum and

ovaries. In physiological situations, the activation and resting of primordial follicles were regu-

lated by multiple signaling in local microenvironment and maintained a certain balance [53].

Herein we think CRS might interrupt the balance of activation and resting of primordial
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follicles, causing excessive primordial follicle development, and resulting in the elevation of

AMH levels in both the ovary and blood serum.

It is essential that a certain number of the dormant primordial follicles stay in a quiescent

state to provide a continuous supply of developing follicles to maintain the length of the repro-

ductive span in women [55]. As the primordial follicles are recruited shortly after birth, only

relatively fixed reservation is preserved in the ovaries. In theory, menopause occurs when

this fixed follicle pool finally exhausts. Such situation in women under age 40 years is deter-

mined as premature ovarian insufficiency(POI) clinically [56]. However, its etiology remains

unknown in approximately 90% cases [57]. Bleilet al investigated a study of 979 participants of

ages 25–45 women and found that psychological stress was related to higher antral follicle

count(AFC) among younger women and to a higher rate of AFC decline across women, sug-

gesting that greater stress may enhance reproductive readiness in the short term at the cost of

accelerating reproductive aging in the long term (58). Consistent with it, our study provides an

experiment evidence that a long period of psychological stress could cause excessive activation

of primordial follicles, which might in turn contribute to the depletion of primordial follicles

and early exhaustion of ovarian reservation.

Conclusions

In conclusion, as illustrated in Fig 6, this study demonstrated that 8 weeks of CRS in female

BALB/c mice led to the excessive activation of primordial follicles, accompanied by up-regu-

lated expression of Kitl and its receptor Kit, and the activation of PI3K/PTEN/Akt pathway.

Fig 6. Schematic diagram showing the course of CRS inducing abnormal activation of primordial follicles. CRS leads to the excessive activation of

primordial follicles, accompanied by up-regulated expression of Kitl and its receptor Kit, and the activation of PI3K/PTEN/Akt pathway. What is more,

the level of serum AMH was increased significantly after CRS. CRH induced by chronic stress might play an important role in the activation and

exhaustion of primordial follicles. CRS, Chronic restraint stress.

https://doi.org/10.1371/journal.pone.0194894.g006
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CRH induced by chronic stress might play an important role in the activation of primordial

follicles.

Supporting information

S1 Fig. (A) CRS did not affect food and water intake of mice (n = 6, P> 0.05). (B, C) Serum

concentration of estradiol and testosterone in mice of both control and CRS 8w groups. CRS,

Chronic restraint stress.

(TIF)

S1 Table. PCR primer sequences.

(DOC)

Author Contributions

Conceptualization: Chunsheng Wei, Dongmei Lai.

Data curation: Junyan Sun.

Formal analysis: Chunsheng Wei, Dongmei Lai.

Funding acquisition: Dongmei Lai.

Investigation: Minhua Xu, Junyan Sun, Qiuwan Zhang.

Methodology: Minhua Xu, Junyan Sun, Qian Wang, Qiuwan Zhang.

Project administration: Minhua Xu, Junyan Sun, Qian Wang, Chunsheng Wei, Dongmei Lai.

Resources: Dongmei Lai.

Supervision: Chunsheng Wei, Dongmei Lai.

Writing – original draft: Minhua Xu.

Writing – review & editing: Chunsheng Wei, Dongmei Lai.

References

1. Azuma K, Furuzawa M, Fujiwara S, Yamada K, Kubo KY. Effects of Active Mastication on Chronic

Stress-Induced Bone Loss in Mice. International journal of medical sciences. 2015; 12(12):952–7.

https://doi.org/10.7150/ijms.13298 PMID: 26664256

2. Feng Z, Liu L, Zhang C, Zheng T, Wang J, Lin M, et al. Chronic restraint stress attenuates p53 function

and promotes tumorigenesis. Proceedings of the National Academy of Sciences of the United States of

America. 2012; 109(18):7013–8. https://doi.org/10.1073/pnas.1203930109 PMID: 22509031

3. Marin MF, Lord C, Andrews J, Juster RP, Sindi S, Arsenault-Lapierre G, et al. Chronic stress, cognitive

functioning and mental health. Neurobiology of learning and memory. 2011; 96(4):583–95. https://doi.

org/10.1016/j.nlm.2011.02.016 PMID: 21376129.

4. Sumner JA, Kubzansky LD, Elkind MS, Roberts AL, Agnew-Blais J, Chen Q, et al. Trauma Exposure

and Posttraumatic Stress Disorder Symptoms Predict Onset of Cardiovascular Events in Women. Cir-

culation. 2015; 132(4):251–9. https://doi.org/10.1161/CIRCULATIONAHA.114.014492 PMID:

26124186

5. Hackett RA, Steptoe A. Type 2 diabetes mellitus and psychological stress—a modifiable risk factor.

Nature reviews Endocrinology. 2017; 13(9):547–60. https://doi.org/10.1038/nrendo.2017.64 PMID:

28664919.

6. Shors TJ, Chua C, Falduto J. Sex differences and opposite effects of stress on dendritic spine density in

the male versus female hippocampus. The Journal of neuroscience: the official journal of the Society for

Neuroscience. 2001; 21(16):6292–7. PMID: 11487652.

7. Westenbroek C, Den Boer JA, Veenhuis M, Ter Horst GJ. Chronic stress and social housing differen-

tially affect neurogenesis in male and female rats. Brain research bulletin. 2004; 64(4):303–8. https://

doi.org/10.1016/j.brainresbull.2004.08.006 PMID: 15561464.

Chronic stress activation primordial follicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0194894 March 30, 2018 14 / 17

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194894.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0194894.s002
https://doi.org/10.7150/ijms.13298
http://www.ncbi.nlm.nih.gov/pubmed/26664256
https://doi.org/10.1073/pnas.1203930109
http://www.ncbi.nlm.nih.gov/pubmed/22509031
https://doi.org/10.1016/j.nlm.2011.02.016
https://doi.org/10.1016/j.nlm.2011.02.016
http://www.ncbi.nlm.nih.gov/pubmed/21376129
https://doi.org/10.1161/CIRCULATIONAHA.114.014492
http://www.ncbi.nlm.nih.gov/pubmed/26124186
https://doi.org/10.1038/nrendo.2017.64
http://www.ncbi.nlm.nih.gov/pubmed/28664919
http://www.ncbi.nlm.nih.gov/pubmed/11487652
https://doi.org/10.1016/j.brainresbull.2004.08.006
https://doi.org/10.1016/j.brainresbull.2004.08.006
http://www.ncbi.nlm.nih.gov/pubmed/15561464
https://doi.org/10.1371/journal.pone.0194894


8. Wu LM, Liu YS, Tong XH, Shen N, Jin RT, Han H, et al. Inhibition of follicular development induced by

chronic unpredictable stress is associated with growth and differentiation factor 9 and gonadotropin in

mice. Biology of reproduction. 2012; 86(4):121. https://doi.org/10.1095/biolreprod.111.093468 PMID:

22205697.

9. Dorfman M, Arancibia S, Fiedler JL, Lara HE. Chronic intermittent cold stress activates ovarian sympa-

thetic nerves and modifies ovarian follicular development in the rat. Biology of reproduction. 2003; 68

(6):2038–43. https://doi.org/10.1095/biolreprod.102.008318 PMID: 12606413.

10. Roth Z, Meidan R, Braw-Tal R, Wolfenson D. Immediate and delayed effects of heat stress on follicular

development and its association with plasma FSH and inhibin concentration in cows. Journal of repro-

duction and fertility. 2000; 120(1):83–90. PMID: 11006149.

11. Liu K, Rajareddy S, Liu L, Jagarlamudi K, Boman K, Selstam G, et al. Control of mammalian oocyte

growth and early follicular development by the oocyte PI3 kinase pathway: new roles for an old timer.

Developmental biology. 2006; 299(1):1–11. https://doi.org/10.1016/j.ydbio.2006.07.038 PMID:

16970938.

12. Kim JY. Control of ovarian primordial follicle activation. Clinical and experimental reproductive medicine.

2012; 39(1):10–4. https://doi.org/10.5653/cerm.2012.39.1.10 PMID: 22563545

13. Zhang H, Liu K. Cellular and molecular regulation of the activation of mammalian primordial follicles:

somatic cells initiate follicle activation in adulthood. Human reproduction update. 2015; 21(6):779–86.

https://doi.org/10.1093/humupd/dmv037 PMID: 26231759.

14. John GB, Shidler MJ, Besmer P, Castrillon DH. Kit signaling via PI3K promotes ovarian follicle matura-

tion but is dispensable for primordial follicle activation. Developmental biology. 2009; 331(2):292–9.

https://doi.org/10.1016/j.ydbio.2009.05.546 PMID: 19447101

15. Ren Y, Suzuki H, Jagarlamudi K, Golnoski K, McGuire M, Lopes R, et al. Lhx8 regulates primordial folli-

cle activation and postnatal folliculogenesis. BMC biology. 2015; 13:39. https://doi.org/10.1186/s12915-

015-0151-3 PMID: 26076587

16. Richards JS, Pangas SA. The ovary: basic biology and clinical implications. The Journal of clinical

investigation. 2010; 120(4):963–72. https://doi.org/10.1172/JCI41350 PMID: 20364094

17. Wang S, Yang S, Lai Z, Ding T, Shen W, Shi L, et al. Effects of culture and transplantation on follicle

activation and early follicular growth in neonatal mouse ovaries. Cell and tissue research. 2013; 354

(2):609–21. https://doi.org/10.1007/s00441-013-1678-7 PMID: 23824101

18. Wood MA, Rajkovic A. Genomic markers of ovarian reserve. Seminars in reproductive medicine. 2013;

31(6):399–415. https://doi.org/10.1055/s-0033-1356476 PMID: 24101221

19. Zhang H, Risal S, Gorre N, Busayavalasa K, Li X, Shen Y, et al. Somatic cells initiate primordial follicle

activation and govern the development of dormant oocytes in mice. Current biology: CB. 2014; 24

(21):2501–8. https://doi.org/10.1016/j.cub.2014.09.023 PMID: 25438940.

20. Kalantaridou SN, Makrigiannakis A, Zoumakis E, Chrousos GP. Stress and the female reproductive

system. Journal of reproductive immunology. 2004; 62(1–2):61–8. https://doi.org/10.1016/j.jri.2003.09.

004 PMID: 15288182.

21. Kalantaridou SN, Zoumakis E, Makrigiannakis A, Lavasidis LG, Vrekoussis T, Chrousos GP. Corticotro-

pin-releasing hormone, stress and human reproduction: an update. Journal of reproductive immunol-

ogy. 2010; 85(1):33–9. https://doi.org/10.1016/j.jri.2010.02.005 PMID: 20412987.

22. Campos AC, Fogaca MV, Aguiar DC, Guimaraes FS. Animal models of anxiety disorders and stress.

Revista brasileira de psiquiatria. 2013; 35 Suppl 2:S101–11. https://doi.org/10.1590/1516-4446-2013-

1139 PMID: 24271222.

23. Liu N, Wang LH, Guo LL, Wang GQ, Zhou XP, Jiang Y, et al. Chronic restraint stress inhibits hair growth

via substance P mediated by reactive oxygen species in mice. PloS one. 2013; 8(4):e61574. https://doi.

org/10.1371/journal.pone.0061574 PMID: 23637859

24. Wu L, Lu Y, Jiao Y, Liu B, Li S, Li Y, et al. Paternal Psychological Stress Reprograms Hepatic Gluconeo-

genesis in Offspring. Cell metabolism. 2016; 23(4):735–43. https://doi.org/10.1016/j.cmet.2016.01.014

PMID: 26908462.

25. Pedersen T, Peters H. Proposal for a classification of oocytes and follicles in the mouse ovary. Journal

of reproduction and fertility. 1968; 17(3):555–7. PMID: 5715685.

26. Kalich-Philosoph L, Roness H, Carmely A, Fishel-Bartal M, Ligumsky H, Paglin S, et al. Cyclophospha-

mide triggers follicle activation and "burnout"; AS101 prevents follicle loss and preserves fertility. Sci-

ence translational medicine. 2013; 5(185):185ra62. https://doi.org/10.1126/scitranslmed.3005402

PMID: 23677591.

27. Yoshida M, Sanbuissyo A, Hisada S, Takahashi M, Ohno Y, Nishikawa A. Morphological characteriza-

tion of the ovary under normal cycling in rats and its viewpoints of ovarian toxicity detection. The Journal

of toxicological sciences. 2009; 34 Suppl 1:SP189–97. PMID: 19265285.

Chronic stress activation primordial follicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0194894 March 30, 2018 15 / 17

https://doi.org/10.1095/biolreprod.111.093468
http://www.ncbi.nlm.nih.gov/pubmed/22205697
https://doi.org/10.1095/biolreprod.102.008318
http://www.ncbi.nlm.nih.gov/pubmed/12606413
http://www.ncbi.nlm.nih.gov/pubmed/11006149
https://doi.org/10.1016/j.ydbio.2006.07.038
http://www.ncbi.nlm.nih.gov/pubmed/16970938
https://doi.org/10.5653/cerm.2012.39.1.10
http://www.ncbi.nlm.nih.gov/pubmed/22563545
https://doi.org/10.1093/humupd/dmv037
http://www.ncbi.nlm.nih.gov/pubmed/26231759
https://doi.org/10.1016/j.ydbio.2009.05.546
http://www.ncbi.nlm.nih.gov/pubmed/19447101
https://doi.org/10.1186/s12915-015-0151-3
https://doi.org/10.1186/s12915-015-0151-3
http://www.ncbi.nlm.nih.gov/pubmed/26076587
https://doi.org/10.1172/JCI41350
http://www.ncbi.nlm.nih.gov/pubmed/20364094
https://doi.org/10.1007/s00441-013-1678-7
http://www.ncbi.nlm.nih.gov/pubmed/23824101
https://doi.org/10.1055/s-0033-1356476
http://www.ncbi.nlm.nih.gov/pubmed/24101221
https://doi.org/10.1016/j.cub.2014.09.023
http://www.ncbi.nlm.nih.gov/pubmed/25438940
https://doi.org/10.1016/j.jri.2003.09.004
https://doi.org/10.1016/j.jri.2003.09.004
http://www.ncbi.nlm.nih.gov/pubmed/15288182
https://doi.org/10.1016/j.jri.2010.02.005
http://www.ncbi.nlm.nih.gov/pubmed/20412987
https://doi.org/10.1590/1516-4446-2013-1139
https://doi.org/10.1590/1516-4446-2013-1139
http://www.ncbi.nlm.nih.gov/pubmed/24271222
https://doi.org/10.1371/journal.pone.0061574
https://doi.org/10.1371/journal.pone.0061574
http://www.ncbi.nlm.nih.gov/pubmed/23637859
https://doi.org/10.1016/j.cmet.2016.01.014
http://www.ncbi.nlm.nih.gov/pubmed/26908462
http://www.ncbi.nlm.nih.gov/pubmed/5715685
https://doi.org/10.1126/scitranslmed.3005402
http://www.ncbi.nlm.nih.gov/pubmed/23677591
http://www.ncbi.nlm.nih.gov/pubmed/19265285
https://doi.org/10.1371/journal.pone.0194894


28. Vanderhyden BC, Telfer EE, Eppig JJ. Mouse oocytes promote proliferation of granulosa cells from pre-

antral and antral follicles in vitro. Biology of reproduction. 1992; 46(6):1196–204. PMID: 1391318.

29. Dewailly D, Andersen CY, Balen A, Broekmans F, Dilaver N, Fanchin R, et al. The physiology and clini-

cal utility of anti-Mullerian hormone in women. Human reproduction update. 2014; 20(3):370–85.

https://doi.org/10.1093/humupd/dmt062 PMID: 24430863.

30. Ghizzoni L, Mastorakos G, Vottero A, Barreca A, Furlini M, Cesarone A, et al. Corticotropin-releasing

hormone (CRH) inhibits steroid biosynthesis by cultured human granulosa-lutein cells in a CRH and

interleukin-1 receptor-mediated fashion. Endocrinology. 1997; 138(11):4806–11. https://doi.org/10.

1210/endo.138.11.5474 PMID: 9348209.

31. Xu J, Xu F, Hennebold JD, Molskness TA, Stouffer RL. Expression and role of the corticotropin-releas-

ing hormone/urocortin-receptor-binding protein system in the primate corpus luteum during the men-

strual cycle. Endocrinology. 2007; 148(11):5385–95. https://doi.org/10.1210/en.2007-0541 PMID:

17690168.

32. Dinopoulou V, Partsinevelos GA, Mavrogianni D, Anagnostou E, Drakakis P, Makrigiannakis A, et al.

The effect of CRH and its inhibitor, antalarmin, on in vitro growth of preantral mouse follicles, early

embryo development, and steroidogenesis. Endocrinology. 2013; 154(1):222–31. https://doi.org/10.

1210/en.2012-1838 PMID: 23211705.

33. Adhikari D, Liu K. Molecular mechanisms underlying the activation of mammalian primordial follicles.

Endocrine reviews. 2009; 30(5):438–64. https://doi.org/10.1210/er.2008-0048 PMID: 19589950.

34. Slomovitz BM, Coleman RL. The PI3K/AKT/mTOR pathway as a therapeutic target in endometrial can-

cer. Clinical cancer research: an official journal of the American Association for Cancer Research.

2012; 18(21):5856–64. https://doi.org/10.1158/1078-0432.CCR-12-0662 PMID: 23082003.

35. Yang SX, Polley E, Lipkowitz S. New insights on PI3K/AKT pathway alterations and clinical outcomes in

breast cancer. Cancer treatment reviews. 2016; 45:87–96. https://doi.org/10.1016/j.ctrv.2016.03.004

PMID: 26995633.

36. Moniruzzaman M, Miyano T. KIT-KIT ligand in the growth of porcine oocytes in primordial follicles. The

Journal of reproduction and development. 2007; 53(6):1273–81. PMID: 17965540.

37. Moniruzzaman M, Lee J, Zengyo M, Miyano T. Knockdown of FOXO3 induces primordial oocyte activa-

tion in pigs. Reproduction. 2010; 139(2):337–48. https://doi.org/10.1530/REP-09-0207 PMID:

19884171.

38. Parrott JA, Skinner MK. Direct actions of kit-ligand on theca cell growth and differentiation during follicle

development. Endocrinology. 1997; 138(9):3819–27. https://doi.org/10.1210/endo.138.9.5368 PMID:

9275070.

39. Huang CT, Weitsman SR, Dykes BN, Magoffin DA. Stem cell factor and insulin-like growth factor-I stim-

ulate luteinizing hormone-independent differentiation of rat ovarian theca cells. Biology of reproduction.

2001; 64(2):451–6. PMID: 11159346.

40. Ye Y, Kawamura K, Sasaki M, Kawamura N, Groenen P, Gelpke MD, et al. Kit ligand promotes first

polar body extrusion of mouse preovulatory oocytes. Reproductive biology and endocrinology: RB&E.

2009; 7:26. https://doi.org/10.1186/1477-7827-7-26 PMID: 19341483

41. Merkwitz C, Lochhead P, Tsikolia N, Koch D, Sygnecka K, Sakurai M, et al. Expression of KIT in the

ovary, and the role of somatic precursor cells. Progress in histochemistry and cytochemistry. 2011; 46

(3):131–84. https://doi.org/10.1016/j.proghi.2011.09.001 PMID: 21962837.

42. Reddy P, Liu L, Adhikari D, Jagarlamudi K, Rajareddy S, Shen Y, et al. Oocyte-specific deletion of Pten

causes premature activation of the primordial follicle pool. Science. 2008; 319(5863):611–3. https://doi.

org/10.1126/science.1152257 PMID: 18239123.

43. Jagarlamudi K, Liu L, Adhikari D, Reddy P, Idahl A, Ottander U, et al. Oocyte-specific deletion of Pten in

mice reveals a stage-specific function of PTEN/PI3K signaling in oocytes in controlling follicular activa-

tion. PloS one. 2009; 4(7):e6186. https://doi.org/10.1371/journal.pone.0006186 PMID: 19587782

44. Lague MN, Paquet M, Fan HY, Kaartinen MJ, Chu S, Jamin SP, et al. Synergistic effects of Pten loss

and WNT/CTNNB1 signaling pathway activation in ovarian granulosa cell tumor development and pro-

gression. Carcinogenesis. 2008; 29(11):2062–72. https://doi.org/10.1093/carcin/bgn186 PMID:

18687666

45. Fan HY, Liu Z, Cahill N, Richards JS. Targeted disruption of Pten in ovarian granulosa cells enhances

ovulation and extends the life span of luteal cells. Molecular endocrinology. 2008; 22(9):2128–40.

https://doi.org/10.1210/me.2008-0095 PMID: 18606860

46. Upton DH, Walters KA, Allavena RE, Jimenez M, Desai R, Handelsman DJ, et al. Global or Granulosa

Cell-Specific Pten Mutations in Combination with Elevated FSH Levels Fail to Cause Ovarian Tumours

in Mice. Hormones & cancer. 2016; 7(5–6):316–26. https://doi.org/10.1007/s12672-016-0272-3 PMID:

27506975.

Chronic stress activation primordial follicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0194894 March 30, 2018 16 / 17

http://www.ncbi.nlm.nih.gov/pubmed/1391318
https://doi.org/10.1093/humupd/dmt062
http://www.ncbi.nlm.nih.gov/pubmed/24430863
https://doi.org/10.1210/endo.138.11.5474
https://doi.org/10.1210/endo.138.11.5474
http://www.ncbi.nlm.nih.gov/pubmed/9348209
https://doi.org/10.1210/en.2007-0541
http://www.ncbi.nlm.nih.gov/pubmed/17690168
https://doi.org/10.1210/en.2012-1838
https://doi.org/10.1210/en.2012-1838
http://www.ncbi.nlm.nih.gov/pubmed/23211705
https://doi.org/10.1210/er.2008-0048
http://www.ncbi.nlm.nih.gov/pubmed/19589950
https://doi.org/10.1158/1078-0432.CCR-12-0662
http://www.ncbi.nlm.nih.gov/pubmed/23082003
https://doi.org/10.1016/j.ctrv.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/26995633
http://www.ncbi.nlm.nih.gov/pubmed/17965540
https://doi.org/10.1530/REP-09-0207
http://www.ncbi.nlm.nih.gov/pubmed/19884171
https://doi.org/10.1210/endo.138.9.5368
http://www.ncbi.nlm.nih.gov/pubmed/9275070
http://www.ncbi.nlm.nih.gov/pubmed/11159346
https://doi.org/10.1186/1477-7827-7-26
http://www.ncbi.nlm.nih.gov/pubmed/19341483
https://doi.org/10.1016/j.proghi.2011.09.001
http://www.ncbi.nlm.nih.gov/pubmed/21962837
https://doi.org/10.1126/science.1152257
https://doi.org/10.1126/science.1152257
http://www.ncbi.nlm.nih.gov/pubmed/18239123
https://doi.org/10.1371/journal.pone.0006186
http://www.ncbi.nlm.nih.gov/pubmed/19587782
https://doi.org/10.1093/carcin/bgn186
http://www.ncbi.nlm.nih.gov/pubmed/18687666
https://doi.org/10.1210/me.2008-0095
http://www.ncbi.nlm.nih.gov/pubmed/18606860
https://doi.org/10.1007/s12672-016-0272-3
http://www.ncbi.nlm.nih.gov/pubmed/27506975
https://doi.org/10.1371/journal.pone.0194894


47. Xu J, Hennebold JD, Stouffer RL. Dynamic expression and regulation of the corticotropin-releasing hor-

mone/urocortin-receptor-binding protein system in the primate ovary during the menstrual cycle. The

Journal of clinical endocrinology and metabolism. 2006; 91(4):1544–53. https://doi.org/10.1210/jc.

2005-2776 PMID: 16449328.

48. Liang B, Wei DL, Cheng YN, Yuan HJ, Lin J, Cui XZ, et al. Restraint stress impairs oocyte developmen-

tal potential in mice: role of CRH-induced apoptosis of ovarian cells. Biology of reproduction. 2013; 89

(3):64. https://doi.org/10.1095/biolreprod.113.110619 PMID: 23884643.

49. Kiapekou E, Zapanti E, Voukelatou D, Mavreli T, Stefanidis K, Drakakis P, et al. Corticotropin-releasing

hormone inhibits in vitro oocyte maturation in mice. Fertility and sterility. 2011; 95(4):1497–9 e1. https://

doi.org/10.1016/j.fertnstert.2010.12.023 PMID: 21237453.

50. Jezova D, Hlavacova N. Endocrine factors in stress and psychiatric disorders: focus on anxiety and sali-

vary steroids. Annals of the New York Academy of Sciences. 2008; 1148:495–503. https://doi.org/10.

1196/annals.1410.050 PMID: 19120147.

51. Daviu N, Rabasa C, Nadal R, Armario A. Comparison of the effects of single and daily repeated immobi-

lization stress on resting activity and heterotypic sensitization of the hypothalamic-pituitary-adrenal

axis. Stress. 2014; 17(2):176–85. https://doi.org/10.3109/10253890.2014.880834 PMID: 24397592.

52. Kasahara E, Inoue M. Cross-talk between HPA-axis-increased glucocorticoids and mitochondrial stress

determines immune responses and clinical manifestations of patients with sepsis. Redox report: com-

munications in free radical research. 2015; 20(1):1–10. https://doi.org/10.1179/1351000214Y.

0000000107 PMID: 25310535.

53. Visser JA, Schipper I, Laven JS, Themmen AP. Anti-Mullerian hormone: an ovarian reserve marker in

primary ovarian insufficiency. Nature reviews Endocrinology. 2012; 8(6):331–41. https://doi.org/10.

1038/nrendo.2011.224 PMID: 22231848.

54. Broer SL, Broekmans FJ, Laven JS, Fauser BC. Anti-Mullerian hormone: ovarian reserve testing and its

potential clinical implications. Human reproduction update. 2014; 20(5):688–701. https://doi.org/10.

1093/humupd/dmu020 PMID: 24821925.

55. Adhikari D, Flohr G, Gorre N, Shen Y, Yang H, Lundin E, et al. Disruption of Tsc2 in oocytes leads to

overactivation of the entire pool of primordial follicles. Molecular human reproduction. 2009; 15

(12):765–70. https://doi.org/10.1093/molehr/gap092 PMID: 19843635.

56. Luisi S, Orlandini C, Regini C, Pizzo A, Vellucci F, Petraglia F. Premature ovarian insufficiency: from

pathogenesis to clinical management. Journal of endocrinological investigation. 2015; 38(6):597–603.

https://doi.org/10.1007/s40618-014-0231-1 PMID: 25596661.

57. Vujovic S. Aetiology of premature ovarian failure. Menopause international. 2009; 15(2):72–5. https://

doi.org/10.1258/mi.2009.009020 PMID: 19465673.

Chronic stress activation primordial follicles

PLOS ONE | https://doi.org/10.1371/journal.pone.0194894 March 30, 2018 17 / 17

https://doi.org/10.1210/jc.2005-2776
https://doi.org/10.1210/jc.2005-2776
http://www.ncbi.nlm.nih.gov/pubmed/16449328
https://doi.org/10.1095/biolreprod.113.110619
http://www.ncbi.nlm.nih.gov/pubmed/23884643
https://doi.org/10.1016/j.fertnstert.2010.12.023
https://doi.org/10.1016/j.fertnstert.2010.12.023
http://www.ncbi.nlm.nih.gov/pubmed/21237453
https://doi.org/10.1196/annals.1410.050
https://doi.org/10.1196/annals.1410.050
http://www.ncbi.nlm.nih.gov/pubmed/19120147
https://doi.org/10.3109/10253890.2014.880834
http://www.ncbi.nlm.nih.gov/pubmed/24397592
https://doi.org/10.1179/1351000214Y.0000000107
https://doi.org/10.1179/1351000214Y.0000000107
http://www.ncbi.nlm.nih.gov/pubmed/25310535
https://doi.org/10.1038/nrendo.2011.224
https://doi.org/10.1038/nrendo.2011.224
http://www.ncbi.nlm.nih.gov/pubmed/22231848
https://doi.org/10.1093/humupd/dmu020
https://doi.org/10.1093/humupd/dmu020
http://www.ncbi.nlm.nih.gov/pubmed/24821925
https://doi.org/10.1093/molehr/gap092
http://www.ncbi.nlm.nih.gov/pubmed/19843635
https://doi.org/10.1007/s40618-014-0231-1
http://www.ncbi.nlm.nih.gov/pubmed/25596661
https://doi.org/10.1258/mi.2009.009020
https://doi.org/10.1258/mi.2009.009020
http://www.ncbi.nlm.nih.gov/pubmed/19465673
https://doi.org/10.1371/journal.pone.0194894

