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Summary

Although age-related ovarian failure in female mammals cannot

be reversed, recent strategies have focused on improving repro-

ductive capacity with age, and rapamycin is one such interven-

tion that has shown a potential for preserving the ovarian follicle

pool and preventing premature ovarian failure. However, the

application is limited because of its detrimental effects on

follicular development and ovulation during long-term treat-

ment. Herein, we shortened the rapamycin administration to

2 weeks and applied the protocol to both young (8 weeks) and

middle-aged (8 months) mouse models. Results showed distur-

bances in ovarian function during and shortly after treatment;

however, all the treated animals returned to normal fertility

2 months later. Following natural mating, we observed prolon-

gation of ovarian lifespan in both mouse models, with the most

prominent effect occurring in mice older than 12 months. The

effects of transient rapamycin treatment on ovarian lifespan

were reflected in the preservation of primordial follicles,

increases in oocyte quality, and improvement in the ovarian

microenvironment. These data indicate that short-term rapamy-

cin treatment exhibits persistent effects on prolonging ovarian

lifespan no matter the age at initiation of treatment. In order not

to disturb fertility in young adults, investigators should in the

future consider applying the protocol later in life so as to delay

menopause in women, and at the same time increase ovarian

lifespan.
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Introduction

Global life expectancy in 2015 has increased to 71.4 years, and most

notably, women live longer than men in every country of the world, with

a life expectancy of 73.8 years (WHO, 2016). However, compared with

the other organs in the body, the female gonad—the ovary—ages

exceptionally early and rapidly (Li et al., 2012). Menopause, at approx-

imately 50 years of age, is considered to constitute the end of the

ovarian lifespan (Broekmans et al., 2009). Then, accompanied by the

loss of ovarian gametogenic function, the significant decrease in ovarian

gonad steroids, especially estrogen, will result in hypoestrogenism in

later life (Buckler, 2005). This means that a woman will spend her

postmenopausal life with increasing risk of cardiovascular disease,

vasomotor changes, osteoporosis, and cognitive dysfunction which, in

many cases, significantly affect the quality of her later years (Buckler,

2005).

The decline in ovarian function with aging is characterized by gradual

depletion of ovarian follicles and a reduced ability to produce oocytes

competent for fertilization and further development (Tatone et al.,

2008). For women, the size of the oocyte pool is set during intrauterine

life and termed ovarian reserve, the evaluation of which could predict a

woman’s total fertility potential (Tremellen & Savulescu, 2014). Along

with the depletion of oocyte numbers, oocyte quality also diminishes

with increasing maternal age. It is believed that in aged females, the

decrease in oocyte quality is due to the increase in meiotic nondisjunc-

tion, resulting in an increased rate of aneuploidy in the early embryo

(Broekmans et al., 2009). Given the inexorable decline in female fertility

with age, many strategies have been mentioned to delay ovarian aging

by preserving follicle reserve and improving oocyte quality. It has been

shown that ovarian function can be improved in aged females by chronic

administration of pharmacologic doses of antioxidants such as resver-

atrol (Liu et al., 2013), and vitamins C and E (Tarin et al., 2002a) during

the juvenile period and throughout adult reproductive life. However,

these antioxidants exert significant long-term negative effects on ovarian

and uterine functions, leading to disruptions of estrous cycles, ovarian

hypertrophy, alterations in sociosexual behavior, higher fetal death, and

decreased litter size (Tarin et al., 2002b). Recent studies demonstrated

that caloric restriction (CR) without malnutrition could prolong female

fertility by preventing maternal age-associated oocyte aneuploidy and

meiotic spindle defects (Selesniemi et al., 2008, 2011). However, mice

and rats maintained on CR showed reduced fertility or were completely

infertile due to the inhibition of ovarian follicular development and

irregular estrous cycles. In other words, the extension of reproductive

lifespan occurred only when animals returned to normal diets (Tilly &

Sinclair, 2013). Thus, we ask the question, is future clinical application at

all practicable with such a sacrifice of reproductive capacity during a

woman’s childbearing years?

The mechanistic target of rapamycin (mTOR) is a serine/threonine

protein kinase that functions as a master regulator of cellular growth and

metabolism in response to nutrient and hormonal cues. mTOR functions

in two distinct complexes, mTORC1 and mTORC2, depending upon each

molecule’s sensitivity to rapamycin. Rapamycin (Rapa), the inhibitor of

mTORC1, has been shown to extend lifespan in yeast (Powers et al.,

2006; Medvedik et al., 2007), nematodes (Robida-Stubbs et al., 2012),

fruit flies (Bjedov et al., 2010), and mice (Harrison et al., 2009), and to

improve health span and metabolic functions in nonhuman primates

(Ross et al., 2015). Studies have also provided a possible use of Rapa for

the preservation of the primordial follicle pool and the prevention of

premature ovarian failure (POF) (Adhikari et al., 2013). A recent study

encompassing 10 weeks of Rapa treatment in rats revealed the

possibility of delaying ovarian aging by suppressing primordial follicle

activation and follicular development by modulating sirtuin signaling

(Zhang et al., 2013). However, whether the treatment can prolong

ovarian lifespan was not followed, and the treated mice experienced
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irregular estrous cycles and cessation of active fertility. The results

suggest that similar detrimental side effects exist with regard to the

reproductive capacity of treated animals. Therefore, if Rapa is to be used

to delay ovarian aging, an appropriate protocol must be developed to

overcome its side effects: on the one hand, we can choose to treat

animals with a shorter duration in order to decrease as much as possible

the damage to follicular development; conversely, we can choose to use

Rapa later in life when fertility is not necessary for women. We

hypothesize that Rapa prolongs ovarian lifespan, but it is still necessary

to develop a practical protocol that has no serious side effects on

fertility.

One recent study that provided new evidence of applications for Rapa

suggested that a single 3-month, but not lifelong, treatment increases

life expectancy by up to 60%, and improved health span in middle-aged

mice (Bitto et al., 2016). Therefore, in the present study, we shortened

the Rapa treatment to 2 weeks and applied it to adult female mice at

two different ages (8 weeks and 8 months). The two ages represent

humans at ages 20–30 and 38–47, respectively (The Jackson Laboratory).

Our new protocol showed a transient disturbance in ovarian function

during and shortly after Rapa treatment. However, follicular develop-

ment and ovulation were restored to normal 2 months later, and ovarian

lifespan was prolonged in both models. Our results provide data to

support using Rapa in a transient manner that extends reproductive

capacity, and the treatment can be started later in life.

Results

Part I. Assessment of 2-week rapamycin treatment on ovarian

lifespan in an 8-week-old (8 weeks) mouse model

Disturbances in ovarian function during a 2-week treatment of

rapamycin in a young, adult mouse model

As shown in Fig. 1, we first established a short-term treatment model

with daily injections of Rapa for 2 weeks. In the 8-weeks mouse model,

treatment was started at 8 weeks and estrous cycles were monitored

daily during this period. Mice from the control group exhibited regular

estrous cycles of 4–5 days duration (Fig. 2A). However, the Rapa-treated

mice showed irregular estrous cycles with a longer diestrous phase. In

some animals (44%), the estrous cycle was completely lost after 1 week

of injection (Fig. 2A). We then collected serum to analyze levels of

estrogen (E2), progesterone (P4), and follicle-stimulating hormone (FSH)

immediately after treatment; only P4 decreased dramatically compared

with the other two hormones (P < 0.05) (Fig. 2B). In a previous study,

long-term injection of Rapa induced severe weight loss in treated

animals (Zhang et al., 2013), but using the short-term protocol, treated

mice did not show any loss of body weight; however, the ovarian weight

or organ index of the ovary was reduced significantly (Fig. 2C). Western

blotting results demonstrated a dramatic decrease in phosphorylated

rpS6, the mTORC1 downstream marker, whereas the phosphorylation of

Akt, the downstream marker of PI3K, did not change as much (Fig. 3A).

As Akt at serine 473 can also be phosphorylated by the activation of

mTORC2 (Lamming et al., 2012), the results suggest neither PI3K nor

mTORC2 signaling pathways are affected by the short-term Rapa

treatment.

The harvested ovaries from control and Rapa-treated mice were then

fixed for morphological evaluation of follicular development. Commen-

surate with the reduced serum P4 levels in treated mice, corpus luteum

(CL) was seldom observed in Rapa-treated ovaries (Fig. 3B, b vs. a), and

together with the decrease in growing follicles, clusters of primordial

follicles were clearly found in the cortex of the ovary (Fig. 3B, d vs. c).

Follicle counting results revealed that the proportions of primordial

follicles nearly doubled in the ovaries of Rapa-treated mice (74.8% vs.

34.6% in control mice), which was accompanied by a significant

decrease in all growing follicles and CL (Fig. 3C). Genes related to

follicular development, gonadal steroid hormone biosynthesis, inflam-

mation, and aging were then examined using RT–PCR. As shown in

Fig. 3D, the follicular development-related genes Gdf9, Bmp15, and

Amhr2 did not change, while genes related to steroid hormone

synthesis, especially Star and Lhr, declined dramatically in Rapa-treated

ovaries. As these two genes play crucial roles in P4 synthesis, and LHR

(the receptor for LH and HCG [human chorionic gonadotropin]) is also

indispensable for ovulation (Ascoli et al., 2002; Manna et al., 2016),

such declines can be explained by the decrease in serum P4 levels and

anovulation after Rapa treatment. Interleukins or sirtuins that are

involved in the process of aging (Minciullo et al., 2016; Grabowska

et al., 2017) were also evaluated, and IL-1a, IL-6, and Sirt3 showed

dramatic changes after Rapa administration. Thus, the transient Rapa

treatment resulted in disturbance of ovarian functions by preserving the

primordial follicle pool and inhibiting follicular development, maturation,

and steroid biosynthesis.

Fertility rebound and prolongation of reproductive lifespan in aging

females

Long-term Rapa treatment in adult male rats has been shown to exert

detrimental effects on spermatogenesis; however, such a blockade is

reversible after withdrawal of Rapa treatment (Rovira et al., 2012). To

determine whether follicular development can return to normal after

Rapa treatment, estrous cycles were continuously monitored in control

and Rapa-treated groups. The recovery of ovarian function took place

slowly, but 2 months later, all treated mice exhibited regular estrous

cycles, with normal levels of p-rpS6, ovarian weight and morphology,

and serum hormone levels compared to control mice (Fig. S1A–D,

Supporting information). RT–PCR also demonstrated the restoration of

Star and Lhr mRNAs to control levels; however, IL-1a, IL-1b, and IL-6 still

retained their lowered expression levels in treated ovaries (Fig. S1E,

Supporting information). We then conducted natural mating trials in

control and treated mice to test whether age-related failure of the

female reproductive axis could be postponed in Rapa-treated mice. The

mating experiment lasted 1 year, and the number of pups born from

individual females was recorded to evaluate fertility. In the first several

Fig. 1 Two different models were established in the experiment: female mice at

8 weeks or 8 months of age were treated with Rapa (rapamycin, 2 mg kg�1) daily

for 2 weeks. The drug was then removed and ovarian function was analyzed at

indicated time points (red arrows), with endpoints being oocyte quantity and

quality. Fertility testing was performed 2 months later and up to 16 months of

age.
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months after natural mating, the reproductive capacity in treated

females (n = 23) was comparable to the nontreated females (n = 24)

and pups were born healthy. After the mating trials were continued for

16 weeks and the mice were older than 8 months of age, we observed a

gradual decline in female fertility in the control group, as the

reproductive advantage exhibited by treated mice began to appear.

The prolongation of ovarian lifespan in treated mice was most marked

after 12 months of age (Fig. 4A,B). At the end of the mating trials, the

females (16 months of age) in the control group exhibited a state of

natural infertility whereas age-matched mice in the Rapa-treated group

remained fertile. These results suggest that short-term Rapa treatment

started at younger age (8 weeks) prolongs ovarian lifespan in mice.

For a further assessment of follicle reserve, ovaries were collected

from the two groups after mating trials ended. In control ovaries,

follicles, especially primordial follicles, are very few (Fig. 4C, a and c), and

the total number of follicles was less than 10 (Fig. 4D). Notably, all

categories of follicles including primordial and primary follicles, as well as

growing and preovulatory follicles, could be observed in ovaries of

treated mice (Fig. 4C, b and d; Fig. 4D). Consistent with the ovarian

morphology, mRNA levels for Gdf9 and Bmp15, the two important

growth factors produced by oocytes, were higher (P < 0.01) in treated

mice. Although there were no appreciable differences in the mRNA

levels for ILs or Sirts, another pro-inflammatory factor Tnf-a (which is

associated with follicle loss by the apoptotic pathway (Morrison &

Marcinkiewicz, 2002) was significantly reduced in Rapa-treated mice

(Fig. 4E). The expression of Ki-67 was then used to label proliferating

nuclei in control and treated ovaries, and we found that positive signals

could be observed in granulosa cells of developing follicles, theca cells

Fig. 2 Rapa treatment disrupted

physiologic functions of the ovary. (A)

Vaginal smear assays were conducted daily

to monitor estrous cycles during Rapa

treatment. The graph shows representative

cycles from the two groups (n = 5 per

group). Each box indicates one animal, and

dots represent a day. M, metestrus; D,

diestrus; P, proestrus; E, estrus. (B) Analysis

of serum concentrations of P4, FSH, and E2

as measured by RIA. Serum was collected

immediately after 2 weeks of Rapa

injection (n = 5–9 per group). (C)

Comparison of body and ovarian weights

and ovarian organ index between the two

groups after Rapa treatment. The data are

presented as means � SEM.
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Fig. 3 Inhibition of follicular development after Rapa treatment. Ovaries from control and Rapa-treated mice were collected after a 2-week duration. (A) Western blots of

ovarian proteins with specific antibodies for p-rpS6(S240/244), rpS6, p-Akt(S473), Akt, and b-tubulin. b-tubulin was used as a loading control among the experimental

conditions. Densitometry of Western blots was quantified and is shown by p-rpS6(S240/2444)-to-rpS6 ratios and p-Akt (S473)-to-Akt ratios. The data are presented as

means � SEM of three independent experiments. (B) Ovarian morphology by H&E staining. c, d are higher magnifications of insets in a and b. CL, corpus luteum. Arrow

heads, primordial follicles. Bars = 100 lm. (C) Distribution of follicles at different stages per ovary (n = 5). PMF, primordial follicle; P, primary follicle; S, secondary follicle; A,

antral follicle; CL, corpus luteum; and AR, atretic follicle. (D) Relative expression of mRNA in the ovary was assessed by real-time PCR. Data are presented as means � SEM.

*P < 0.05 and **P < 0.01, compared with the control group.
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Fig. 4 Fertility rebound and prolongation of the reproductive axis in aging females. Natural mating trials were started 2 months after cessation of Rapa treatment. (A, B)

Prolongation of fertility in aging females after Rapa treatment (n = 24 for the control group, n = 23 for the Rapa-treated group). (A) Comparison of the cumulative numbers

of pups per female in control (blue) and Rapa-treated (purple) groups. The mating trials lasted 48 weeks until mice in the control group were almost infertile at 16 months of

age. (B) Results obtained from A are described for three different stages of mating trials. Mating weeks 0–16 W are equivalent to mouse ages from 4.5 to 8 months; 16–
32 weeks, 8–12 months; and 32–48 weeks, 12–16 months. **P < 0.01, compared with controls. (C) Morphology of ovaries from groups with or without Rapa treatment

was analyzed by H&E staining at 16 months of age. *, remaining follicles; CL, corpus luteum. (D) Follicle numbers at different developmental stages (n = 3 per group). PMF,

primordial follicle; P, primary follicle; S, secondary follicle; and A, antral follicle. (E) Real-time PCR of ovarian mRNAs in control and Rapa-treated mice. Data are presented as

means � SEM. *P < 0.05 and **P < 0.01, compared with the control group. (F) Immunohistochemistry of Ki-67 in the aged ovaries collected from control and Rapa-treated

mice. CL, corpus luteum; *, follicles. (G) Representative western blots of p-rpS6(S240/244) and p-Akt(S473) expression in the two groups.b-tubulin was used as internal

control. (H) Densitometry of western blots was quantified by the ratios to b-tubulin. The data are presented as means � SEM of 4 independent experiments.
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and corpora lutea in mice from the Rapa-treated group; these results

thereby indicated that these mice still retained normal ovarian functions

(Fig. 4F). Finally, expression of p-rpS6 (S240/244) and p-Akt (S473)

showed no obvious differences between the two groups (Fig. 4G).

Improvement in oocyte quality in Rapa-treated mice

We evaluated in mice the effects of Rapa treatment on oocyte quality

after withdrawal of Rapa for 2 months (Age: 4.5 months), 6 months

(Age: 8 months), 10 months (Age: 12 months) and 13 months (Age:

15 months). These time points are selected because mice at the above

ages are representative of the gradual decline of reproductivity with

age. Oocyte yield during 4.5–12 months of age was not obviously

different between the two groups, and both were reduced gradually

with age. However, at each stage examined, the proportions of

abnormal oocytes were markedly decreased in Rapa-treated mice

(Fig. 5A). At 15 months of age, no oocytes were retrieved from control

females, whereas Rapa-treated mice still produced a certain number of

oocytes, although the percentage of abnormal oocytes increased to

about 60% (Fig. 5B, a and b). Morphologically healthy oocytes were

then processed for spindle staining, and the oocytes exhibited normal

meiotic spindles (Fig. 5B, c). In mammals, the decline in oocyte quality

is related to abnormalities in mitochondrial function (May-Panloup

et al., 2016). Mitochondrial membrane potential (DΨm) is, in fact, a

good indicator of mitochondrial activity and can be measured through

a ratiometric analysis by JC-1 staining. Alterations in mitochondrial

membrane potential have been reported in humans with increasing age

(Wilding et al., 2001), and, similarly, a remarkable decrease of

mitochondrial membrane potential was observed in aged oocytes from

both control and Rapa-treated mice in our study (Fig. 5C,D). However,

when comparing age-matched oocytes between the two groups, the

mitochondrial activity was always higher in the Rapa-treated mice and

such difference even occurred as early as at 4.5 months of age

(Fig. 5D). The results suggest that Rapa treatment improve oocyte

quality by increasing mitochondrial activity.

A C

B

a

c

b

D

Fig. 5 Evaluation of oocyte quality after Rapa treatment. Mice at indicated ages in control and Rapa-treated groups were treated with PMSG for 48 h, followed by an

injection of hCG, and oocytes were retrieved from oviducts 14–15 h later. (A) Comparison of oocyte yields and percentages of morphologically abnormal oocytes between

control and Rapa-treated groups. Oocytes were obtained from mice of the two groups at 4.5 months of age (4.5 months) (n = 6 per group), 8 months (n = 5 per group),

12 months (n = 6 per group), and 15 months (n = 7 in control group; n = 5 in treated group). As no ovulations were observed in control mice at 15 months of age, the

percentage of abnormalities was designated as 100%. *P<0.05 compared with controls. (B) Morphology of oocytes obtained from Rapa-treated female mice at 15 months:

a) oocytes with normal morphology. Some showed abnormal polar bodies (red arrows). b) Oocytes with obvious cytoplasmic fragments. c) Spindle morphology by b-tubulin
(green) immunostaining of completely normal oocytes in a) red, nucleus. (C, D) Measurements of oocyte mitochondrial membrane potential by JC-1 staining in control and

Rapa-treated groups. Oocytes were collected at 4.5 months of age, 8 months, and 15 months (n = 20–30 oocytes per group). (C) Representative JC-1 staining of oocytes

from young (4.5 months) and old females (15 months). Red, higher DΨm; green, lower DΨm. (D) The ratio of red/green fluorescence intensity reflects the increase in oocyte

mitochondrial activity in Rapa-treated mice. **P < 0.01 compared with controls.
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Part II. Extension of ovarian lifespan in the 8-months mouse

model

Although our short-term protocol appeared to prolong ovarian lifespan

in an 8-weeks mouse model, the mice still experienced a reversible loss

of ovarian function during and shortly after Rapa injection. To avoid any

disturbances of young adult mouse fertility due to Rapa treatment, we

next commenced treatment at 8 months of age to assess whether the

prolongation of ovarian lifespan still occurred in a ‘middle-age’ model.

After termination of drug administration, similar adverse effects on

ovarian function were observed in the treated mice, including a

diminution in ovarian weights and inhibition of follicular development

(Fig. 6A–D). The average serum concentrations of P4 and E2 showed a

decreasing tendency in Rapa-treated mice, but this was not statistically

significant compared to controls (Fig. 6B). Follicle counts revealed a

nearly twofold increase in primordial follicle proportions, and a signif-

icant decrease in all growing follicles (Fig. 6D). As shown by RT–PCR

results, the expression of Lhr, Star, and Il-1a mRNAs diminished

significantly, while the expression of Amhr2, Gdf9, Bmp15, Sirt1, and

Sirt3 mRNAs increased in the treated group (Fig. 6E).

Natural mating trials were then undertaken 2 months later when the

treated animals showed a return of normal ovarian function. The mating

experiment lasted for 6 months until females were 16 months of age. As

shown in Fig. 7A, after suffering a short period of fertility decline, the

reproductivity in Rapa-treated mice was quickly recovered and the

advantage appeared after 12 weeks of mating. To better reflect the

difference between control and Rapa-treated mice, the mating weeks

(24 weeks) were divided into two stages according to the mouse age

and delivered pups were counted independently. Our data showed that

in the first mating period (0–12 weeks), when mice were at 11–

13 months of age, there was no difference on pups delivered per female

with average 11.6 and 9.5 pups born in control and Rapa-treated mice,

respectively. In the second stage (12–24 weeks) of mating, the control

mice suffered a rapid loss of their reproductive capability, bearing only

an average of 1.4 pups per mouse, whereas the age-matched females in

the Rapa-treated group still achieved an average of 4.1 pups per female

mouse (Fig. 7B). As expected, after ovaries were collected at 16 months

of age for histology, greater follicle numbers were preserved in ovaries of

Rapa-treated mice, especially with respect to primordial follicles,

whereas this was seldom found in controls (Fig. 7C,D). Although we

uncovered no differences in the mRNA levels for Sirt1, Sirt3, or Sirt6,

expression of Bmp15 was significantly higher. Changes in interleukin

family members, including pro-inflammatory factors Il-1a, Il-1b, and anti-

inflammatory factors Il-4 and Il-10 mRNAs, were also detected in ovaries

of Rapa-treated mice (Fig. 7E). We conclude that the short-term protocol

can prolong ovarian lifespan in 8-months mouse model.

Discussion

Female mammals are born with a limited number of oocytes that

gradually decline during their reproductive lifespans, and in women,

this continued and accelerated decline with maternal age will cause

oocyte numbers to drop below 1000 at the time of the menopause

(Broekmans et al., 2009). Compared with other species, menopause is

uniquely evolved in human and occurs around 50 years of age.

Although it is not as conspicuous as in human, ovarian aging is a

consistent theme in mammals and many of the fundamental changes

are similar, such as the loss of oocyte quantity and quality and the

disruption of hypothalamic–pituitary–gonadal axis. Oocyte quality, a

key component of the female reproductive axis, is also compromised

with advancing maternal age, resulting in an increased risk for

miscarriage and/or aneuploidy in offspring, and even infertility.

Although little is known regarding the mechanism that underlies the

loss of oocytes and the deterioration in oocyte quality, the follicular

microenvironment is reported to play an important role in overall

follicular development. Therefore, altering the properties of some of

the cellular and molecular factors in the environmental milieu can

change the developmental fate of oocytes, including effecting oocyte

aging (Tatone et al., 2008). In order to sustain or increase ovarian

function and improve reproductive capacity in aged women, it is then

necessary not only to maintain the quantity and quality of oocytes, but

also to improve the ovarian microenvironment surrounding these

oocytes. Various studies have focused on extending the ovarian

lifespan by preserving ovarian reserve and improving oocyte quality.

One of the classic protocols is moderate chronic caloric restriction (CR)

initiated in rodents during adulthood (Selesniemi et al., 2008, 2011).

However, during a prolonged duration of CR, reproductive capacity

was shown to be impaired, resulting in subfertility or even infertility in

CR mice (Tilly & Sinclair, 2013). Rapa is well known as an effective

inhibitor of follicular activation and has been recently reported to be

able to delay ovarian aging (Luo et al., 2013). However, one problem

remains and that is that the female rats gradually lost fertility during

10 weeks of Rapa treatment (Zhang et al., 2013). Moreover, whether

the treatment had any effect on ovarian aging was not pursued in the

same study. Therefore, before Rapa can be used to promote

reproductive health in women, researchers must better understand

what dose of the drug and duration of treatment are most effective,

and simultaneously minimize as much as possible its side effects on

reproductive capacity.

In contrast to earlier studies, our work confirms that transient Rapa

administration can prolong ovarian lifespan in mice, although there still

remain some negative effects on reproductive function, including

reduced ovarian size, irregular estrous cycles, and inhibition of follicle

development. However, these side effects lasted no more than 2 months

and resulted in a rapid return of fertile potential in subsequent mating

trials. In the 8-weeks mouse model, fertility tests lasted nearly 1 year and

in the 8-months mouse model, the fertility tests were followed for

6 months. We found that Rapa improved ovarian function in aged

female mice (older than 12 months of age), with higher pregnancy rates

and with more healthy offspring born to both models. To our

knowledge, our study is the first to reveal that short-term administration

of Rapa can prolong ovarian lifespan in aged females. However, we

should mention that our results may be not as dramatic as those with the

CR protocol because we minimized the treatment time so as to avoid the

serious impairment of fertility that occurred during chronic CR. In

women, reproductive aging that is accompanied by dramatic decreases

in monthly fecundity begins at a mean age of 31 years. As our ‘middle-

age model (8 months)’ also worked well in extending ovarian lifespan,

we propose a new application of Rapa in regulating ovarian function for

women before reproductive aging occurs, that is, during the pre-

menopause. During this period, the improvement in ovarian function

induced by Rapa should be reflected in the retention of some

reproductive capacity and, more importantly, should help to effectively

defer the (post)menopausal period (preventing perimenopausal syn-

dromes), and thereby improve a woman’s overall quality of life.

Ovarian aging is characterized by the gradual depletion of ovarian

follicles and a decrease in oocyte quality, and inhibitory effects of Rapa

on follicular activation have been reported recently (Adhikari et al.,

2013; Zhang et al., 2013, 2017). Consistent with these previous studies,

our results also showed a blockage of primordial follicle activation during

Rapamycin prolongs ovarian lifespan, X. Dou et al. 831
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Fig. 6 Rapa had similar effects on ovarian function in the middle-aged (8 months) mouse model. Female mice at 8 months of age were treated with or without Rapa for

2 weeks, and ovaries were collected immediately after the injection. (A) Comparison of body weights, ovarian weights, and organ index of ovaries between the two groups

(n = 5 per group). (B) Serum levels of P4, FSH, and E2 examined by RIA (n = 5–7, per group). (C) Morphology of ovaries analyzed by H&E staining. a), c) control ovaries; b), d)

Rapa-treated ovaries; and c), d) are higher magnifications of a) and b). CL, corpus luteum; arrow heads, primordial follicles. *, growing follicles. All bars = 100 lm. (D)

Distribution of follicles at different developmental stages in control and Rapa-treated groups. PMF, primordial follicle; P, primary follicle; S, secondary follicle; A, antral follicle;

CL corpus luteum; and AR, atretic follicle. (E) Relative mRNA levels detected by real-time PCR. Data are presented as means � SEM of at least three replicates. The expression

of Actb was used as an internal control. *P < 0.05; **P < 0.01, compared with the control group.
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Rapa treatment that was significantly greater than that of the control

group. Moreover, at the end of our experiment (at 16 months of age),

more follicles at different stages were observed in the ovaries of Rapa-

treated mice, indicating to us that the ability of Rapa to sustain

reproductive functions in aged animals is mediated, at least in part, by

maintenance of the ovarian follicle reserve. Oocyte quality plays a critical

role in the gradual age-related decline of fertility, and increased

abnormalities of the nuclear genome and the deterioration of cytoplas-

mic quality contribute to this decrease in oocyte quality (Qiao et al.,

2014). Similar to results from previous studies, we also showed a

decrease in the number of ovulated oocytes after exogenous ovarian

stimulation (Tarin et al., 2001). Although there was no difference

observed in the numbers of ovulated oocytes, the percentage of

abnormal oocytes decreased significantly in age-matched Rapa-treated

A B

C
a b

c d

E

D

Fig. 7 Prolongation of reproductive lifespan by Rapa treatment in the 8-months animal model. Natural mating trials were begun 2 months after cessation of Rapa

treatment. The mating trials lasted 24 weeks until mice in the control group were almost infertile at 16 months of age. (A) Comparison of the cumulative number of pups

per female in control (blue) and Rapa-treated (purple) groups (n = 10, per group). (B) Average number of pups per female delivered during 11–13 and 13–16 months of age.

Delivered pups per female were counted independently in each stage. **P < 0.01 as compared to controls. (C) Morphology of ovaries by H&E staining. Ovaries were

collected at 16 months of age after ending the mating trials. a), c) control ovary; b), d) Rapa-treated ovary; and c), d) are higher magnifications of a) and b). red *, growing

follicles; black *, primordial follicles; CL, corpus luteum. (D) Follicle counts at different developmental stages (n = 3, per group). (E) Real-time PCR of ovarian mRNAs in

control and Rapa-treated groups. Data are presented as means � SEM of at least three replicates. *P < 0.05; **P < 0.01, compared with the control group. The expression

of Actb was used as internal control.
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mice. Herein, we define abnormal oocytes as manifesting morphologic

anomalies, including oocytes with cellular fragmentation, with milky or

dark cytoplasm, or empty zonae pellucidae. When we evaluated the

morphologically normal oocytes by spindle staining, most showed

nuclear maturation with a meiotic spindle typical of MII oocytes.

However, the mitochondrial membrane potential that represents mito-

chondrial activity increased significantly in age-matched treated mice.

The ooplasm of egg cells contains a variety of molecules and organelles

that are essential for oocyte development, and which could be adversely

affected by aging, and of these, mitochondria are the most important

due to their roles in maternal contribution to embryonic development

(May-Panloup et al., 2016). Indeed, the oocyte is the richest cell of the

body in mitochondria, and the effects of oocyte aging on mitochondria

have been observed in morphologic and functional abnormalities. Using

mitochondrial staining, we detected no differences in their distribution in

morphologically normal oocytes between control and treated mice (data

not shown). However, mitochondrial aggregates were reported in

abnormal oocytes from aged females (Tarin et al., 2001). The results

suggest that this phenomenon is the result of oocyte deterioration, but it

does not accurately reflect the quality of the oocytes showing normal

morphology. Mitochondrial membrane potential may also be different,

and previous studies have demonstrated alterations in mitochondrial

membrane potential with maternal aging in humans and in mice

(Wilding et al., 2001; Ben-Meir et al., 2015). Therefore, mitochondrial

membrane potential may represent an appropriate marker to evaluate

age-related quality changes in oocytes with normal morphology. Rapa

has been shown to rescue poor development in aged porcine oocytes

in vitro, and to exert beneficial effects on mitochondrial function and

both nuclear and cytoplasmic maturation (Lee et al., 2014; Song et al.,

2014). Above all, our study revealed long-term effects of transient Rapa

treatment on oocyte quantity and quality that can last until old age in

treated animals.

It is well established that the development of a competent oocyte

depends upon exquisite cross-talk among all compartments of the ovary.

When oocytes are exposed to an aged ovarian microenvironment, they

themselves will undergo a process of reproductive aging (Tatone et al.,

2008). Inflammatory cytokines constitute one of the most potent factors

in the ovarian microenvironment that are involved in physiologic and

pathologic processes within the ovary (Boots & Jungheim, 2015), and

recent studies have shown effects of inflammatory conditions on ovarian

reserve in women (Freour et al., 2012). Elevated levels of pro-

inflammatory factors, including IL-1b and TNF-a (tumor necrosis factor-

a), have been reported to be associated with poor oocyte quality and

negative effects on IVF outcomes (Lee et al., 2000; Revelli et al., 2009;

Winger et al., 2009). The ovarian mRNA levels of IL-1 family members IL-

1a and IL-1b increased with age and IL-1 deficiency helped to delay the

age-related exhaustion of ovarian reserve, prolonging ovarian lifespan in

mice (Uri-Belapolsky et al., 2014). Chronic, low-grade inflammation is a

feature of aging, and a reduction in inflammation is proposed to be one

of the mechanisms by which Rapa promotes longevity and healthspan

(Lamming et al., 2013). In the present study, the expression of some pro-

inflammatory IL and age-related Sirt genes showed changes in both

animal models after terminating Rapa treatment. However, such

changes cannot be maintained for long after removal of Rapa treatment.

The expression of Sirt mRNA was restored to control levels soon after the

treatment and without any change until the cessation of mating trials.

Although IL-1a, IL-1b, and IL-6 mRNAs were expressed at lower levels by

2 months after Rapa treatment, no differences were observed at

4 months (data not shown). The effects of short-term Rapa treatment

on the ovarian environment can be partly explained, then, by the

increase in oocyte quality in age-matched, treated mice. This may also

represent a possible mechanism by which treatment does not completely

block the age-related decrease in oocyte quality.

In summary, we have shown in mice that a transient 2-week regimen

of rapamycin was safe and that it allowed for a sufficient extension of

ovarian lifespan. This new protocol is also applicable to middle-aged

animals, such that it will not only delay ovarian aging but also minimize

detrimental effects on reproductive function. This novel protocol may

represent an innovation in the extension of ovarian lifespan and provide

new directions for future clinical applications.

Experimental procedures

Animals

Young adult (8 weeks) and mid-life (8 months) CD1 female mice were

purchased from Beijing Vital River Experimental Animals Centre (Beijing,

China). CD1 adult male mice (10–12 weeks of age) used for mating

experiments were obtained from the Model Animal Research Center of

Nanjing Medical University (Nanjing, Jiangsu, China). Mice were main-

tained on a 12-h light: 12-h darkness cycle and were provided with food

and water ad libitum. Exception for mice in mating trails, others were

group housed with up to five mice per cage. All experiments requiring

the use of animals were approved by the Committee on the Ethics of

Animal Experiments of Nanjing Medical University. Rapamycin treatment

was performed as described previously (Lamming et al., 2012). Briefly, 8-

weeks- or 8-months-old female mice were injected i.p. with vehicle or

rapamycin (2 mg kg�1 BW) (LC Laboratories, Woburn, MA, USA) once

daily for 2 weeks. Rapamycin was suspended in 0.9% NaCl and 2%

ethanol at a concentration of 0.5 mg mL�1 (547 lM). Animals were

ultimately sacrificed at the following time points to analyze ovarian

functions: finishing injections (2 weeks), returning to normal estrous

cycles (2 months after removing rapamycin), and ending natural mating

tests (at 16 months of age).

Estrous cycle analysis

Vaginal smears were collected on glass slides in 10 lL of 0.9% NaCl at

07:00–08:00 h each morning. After air-drying, samples were stained

with toluidine blue O (Amresco, Solon, OH, USA) for 3–4 min, and then

washed and dried. The four stages of the estrous cycle were determined

as previously described by analyzing the proportion of three major cell

types (epithelial cells, cornified cells, and leukocytes) (Miyazaki et al.,

2002). Consistent cycles of proestrus, estrus, metestrus, and diestrus (4–

5 days total) in mice were called ‘regular cycles’.

Ovarian follicle counting

Ovaries were collected and fixed in 10% buffered formalin for 12 h,

embedded in paraffin, serially sectioned at a thickness of 5 lm, and then

stained with hematoxylin and eosin. All follicles with a visible nucleus

were counted every second section (Flaws et al., 1997), and in aged

mice (16 months), analysis was performed on every section. Follicle

classification was determined by Pederson’s system (Pedersen, 1970):

oocytes surrounded by a single layer of flattened or cuboidal granulosa

cells were defined as primordial and primary follicles; oocytes sur-

rounded by more than one layer of cuboidal granulosa cells with no

visible antrum were determined to be secondary follicles. Antral follicle

possessed a clearly defined antral space and a cumulus granulosa cell

layer. Corpora lutea were filled with lutein cells, and follicles were

Rapamycin prolongs ovarian lifespan, X. Dou et al.834

ª 2017 The Authors. Aging Cell published by the Anatomical Society and John Wiley & Sons Ltd.



considered atretic if they contained either a degenerating oocyte,

disorganized granulosa cells, pyknotic nuclei, shrunken granulosa cells,

or apoptotic bodies (Flaws et al., 1997). The results are reported as the

number of follicles counted per ovary.

Other procedures including measurements of serum hormones,

fertility testing, oocyte collection and immunofluorescence, measure-

ment of mitochondrial membrane potential, immunoblotting analysis,

immunohistochemistry, real-time RT–PCR, and statistical analysis are

provided in Appendix S1 (Supporting information).
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