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Abstract In recent years, postponement of marriage and

childbearing in women of reproductive age has led to an

increase in the incidence of age-related infertility. The re-

productive aging process in women is assumed to occur

due to a decrease in both the quantity and quality of the

oocytes, with the ultimate result being a decline in fecun-

dity. This age-related decline in fecundity is strongly de-

pendent on oocyte quality, which is critical for fertilization

and subsequent embryo development. Aged oocytes dis-

play increased chromosomal abnormality and dysfunction

of cellular organelles, both of which factor into oocyte

quality. In particular, mitochondrial dysfunction has been

suggested as a major contributor to the reduction in oocyte

quality as well as to chromosomal abnormalities in aged

oocytes and embryos. Participation of oxidative stress in

the oocyte aging process has been proposed because ox-

idative stress has the capacity to induce mitochondrial

dysfunction and directly damage many intracellular com-

ponents of the oocytes such as lipids, protein, and DNA. In

an attempt to improve mitochondrial function in aged

oocytes, several therapeutic strategies have been investi-

gated using both animal models and assisted reproductive

technology. Here, we review the biological mechanisms

and present status of therapeutic strategies in the female

reproductive aging field and indicate possible future

therapeutic strategies.

Keywords Endoplasmic reticulum � Mitochondria �
Oocyte aging � Oxidative stress � Reproductive aging

Introduction

It is widely known that aging reduces fecundity and re-

productive capacity in women [1–3]. The incidence of

aging-related female infertility has increased in industri-

alized countries, including Japan [4–6]. Increasing wom-

en’s higher education and social advancement are common

in these countries. These changes in women’s lifestyle

result in changes in female marriage and reproductive be-

havior. In this situation, women tend to postpone marriage

and childbirth. The mean age at which women marry has

risen from 25.9 years in 1990 to 29.2 years in 2012. In

addition, the mean age at which women deliver their first

child has risen from 27.0 years in 1990 to 30.1 years in

2011 in Japan (Ministry of Health, Labour and Welfare,

Japan. http://www.Mhlw.go.jp). Marriage at an older age

has led to reduction in female fecundity. Surprisingly,

although female fertility peaks at around 25 years of age,

the decrease in female fecundity starts after 30 years of age

[2, 7]. For example, women aged 35–39 years have 31 %

lower fecundity than women aged 20–24 years [8].

Numerous studies involving assisted reproductive tech-

nology (ART) clarify that advanced maternal age has a

remarkable negative impact on ART outcomes [9–11].

Despite recent progress in ART, the treatment outcomes of

ART have not improved because of increases in the treat-

ment cycles of advanced reproductive aged (generally,

35 years and older) women in Japan. Large-scale data

obtained from patient records in the Japanese national ART

registry show an increase in the treatment cycles of patients

aged C40 years. These data show that the percentage of
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treatment cycles administered to patients aged C40 years

was 31.2, 32.1, 33.4, and 35.7 %, respectively, from 2007

to 2010 [5]. Decreases in pregnancy rate per embryo

transfer and increases in miscarriage rate were significantly

correlated with maternal age and resulted in very low live

birth rates in advanced-age women. A similar trend

showing that the percentage of live births decreased pro-

gressively with maternal age has been reported in the

United States [12, 13]. The percentage of live births per

treatment cycle was 41.5 % in women younger than

35 years, 31.9 % in women aged 35–37 years, 22.1 % in

women aged 38–40 years, 12.4 % in women aged

41–42 years, 5 % in women aged 43 or 44 years, and 1 %

for women aged[44 years [14]. In contrast, as shown in

Fig. 1, the aging-related decline in ART results was

negated in patients who used oocytes obtained from heal-

thy young donors. Although the reproductive aging process

is assumed to decrease both the quantity and quality of the

oocytes held within the follicles present in the ovarian

cortex (i.e., ovarian reserve) [15] (Fig. 2), these data

strongly suggest that aging-related decline in fecundity is

strongly dependent on oocyte aging rather than a decrease

in ovarian reservation and changes in both endocrine

function and endometrial receptivity.

It is well established that oocyte quality is responsible

for fertilization and subsequent embryonic development

potential [16, 17]. Although low oocyte quality is not

clearly defined, an increased rate of chromosomal aberra-

tions in oocytes [18, 19] and cellular organelle dysfunction

[20, 21] are regarded as determinants of oocyte quality.

Thus, the concept that aged oocytes represent low-quality

oocytes is widely accepted. Major implications of oocyte

aging are low fertilization rate, poor embryonic

development, increased likelihood of spontaneous miscar-

riage, and abnormalities in offspring [16, 22]. However,

although the deterioration of oocyte quality along with

oocyte aging is well established, the mechanisms of oocyte

aging are not fully understood. Aneuploidy observed in

aged oocytes can result in miscarriages and birth defects. A

recent study in mice shows that aging-related aneuploidy is

caused by the deterioration of chromosomal cohesion that

occurs during the extended prophase I (meiosis I) arrest

[19]. In addition, the dysfunction of cellular organelles,

especially the endoplasmic reticulum (ER) and mitochon-

dria, is essential for the deterioration of oocyte quality

observed in aged oocytes.

In the present review, we have summarized (i) aging-

related changes in ER and mitochondrial function that are

responsible for oocyte quality, (ii) the contribution of ox-

idative stress to oocyte aging, and (iii) current and future

therapeutic strategies for countering oocyte aging.

Biological mechanisms of oocyte aging

Effects of oocyte aging on the ER

At fertilization, the sperm evokes drastic changes in in-

tracellular Ca2? ([Ca2?]i) in mammalian oocytes: a single,

relatively long-lasting (*5 min) rise in [Ca2?]i is seen,

followed by short repetitive transients of [Ca2?]i lasting

several hours until pronucleus (PN) formation [23, 24].

These changes in [Ca2?]i at fertilization are called Ca2?

oscillations. The Ca2? oscillations appear to be necessary

for early events following fertilization (e.g., resumption of

cell cycle, cortical granule exocytosis, recruitment of ma-

ternal mRNAs) [24, 25]. In addition, several studies have

Fig. 1 Percentage of transfers that resulted in live births for ART

cycles using fresh embryos from the patient’s own eggs and ART

cycles using fresh embryos from donor eggs, according to the age of

the women, in 2011. Reprinted with permission from the U.S. Centers

for Disease Control and Prevention (http://www.cdc.gov/art/

ART2011/PDFs/ART_2011_National_Summary_Report.pdf)
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Fig. 2 The reproductive aging process is assumed to result in

decreases in the quantity (solid line) and increases in poor-quality

oocytes held within the follicles present in the ovarian cortex.

Modified with permission from Ref. [15]
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shown that the oscillatory pattern of [Ca2?]i is essential for

normal embryonic development [26, 27]. For example,

manipulation of [Ca2?]i by using electroporation to induce

parthenogenic activation of oocytes shows that the ampli-

tude, number, and frequency of transient Ca2? fluctuations

influence oocyte activation, developmental performance,

morphology [26], and gene expression [27]. Overexpres-

sion of egg phospholipase C (PLC) b1 by microinjection of

a Plcb1 cRNA significantly perturbed the duration and

frequency of Ca2? transients and disrupted the character-

istic shape of the first transient at fertilization [28]. These

changes in Ca2? oscillations induce significant delays in

PN formation [28]. Taken together, these findings strongly

suggest that Ca2? oscillations following fertilization are an

important factor that determines normal development of

embryos.

The effect of maternal aging on Ca2? oscillations has

not been fully studied because of the lack of an appropriate

maternal-aging animal model. It is known that maternal-

aged oocytes and postovulatory-aged oocytes show com-

mon phenomena [22], such as low fertilization rates, poor

embryonic development, chromosomal abnormalities, and

increased miscarriage rates. Thus, instead of maternal-aged

oocytes, postovulatory-aged oocytes that do not fertilize

after ovulation for a prolonged time in the oviduct are often

used as models of poor-quality oocytes to investigate

mechanisms of oocyte aging [29, 30]. However, it should

be noted that the oocyte of postovulatory aging is clearly

distinguished from that of maternal aging that exists in the

ovaries of females who show a progressive decline in fe-

cundity towards menopause. We have demonstrated that

postovulatory-aged mouse oocytes (insemination at 20 h

after hCG injection) show significant alterations in the

pattern of Ca2? oscillations at fertilization [31]. Compared

with freshly ovulated oocytes (insemination at 14 h after

hCG injection), aged oocytes show significantly higher

frequencies and lower amplitudes of individual Ca2?

elevations. Furthermore, during exposure to high extra-

cellular [Ca2?]o, aged oocytes show sustained elevation of

[Ca2?]i and disruption of normal patterns of Ca2? oscilla-

tions. Unique experiments using the chelator Nitr-5, which

can load Ca2? into the cytoplasm, show that 80 % of in-

tracellular Ca2? is restored into the ER, and that this

restoration is significantly reduced in aged oocytes. We

have also reported that the size of Ca2? storage in the ER in

aged oocytes is decreased. Therefore, these aging-related

changes in Ca2? oscillations arise from alterations in Ca2?

handling in aged oocytes, particularly those in the ER.

These data also indicate that aged oocytes may have de-

creased intracellular ATP because ER Ca2? storage is

maintained by smooth ER Ca2?-ATPase (SERCA), the

activity of which depends on intracellular ATP levels. On

the other hand, inositol 1,4,5-triphosphate (InsP3)-induced

Ca2? release (IICR) from ER Ca2? channels via the in-

troduction of sperm-specific PLCf is an important

mechanism by which Ca2? oscillations are generated and

maintained. We [32] and another group [33] have reported

that Ca2? release from IICR-sensitive Ca2? stores is sig-

nificantly decreased, and Ca2? store size is significantly

reduced, in aged oocytes. These data strongly suggest that

aged oocytes have a diminished capacity for storing in-

tracellular Ca2? and regulating the normal pattern of Ca2?

oscillations. In addition, mRNA and protein levels of the

apoptotic regulatory protein Bal-2 show a prominent de-

crease in aged oocytes [21, 30, 34]. Under this condition,

abnormal Ca2? transients induce embryo fragmentation

and cell death.

In summary, abnormal Ca2? oscillations elicited by ER

dysfunction observed in aged oocytes may adversely affect

normal fertilization and subsequent embryonic

development.

Effects of oocyte aging on mitochondria

In all cells, mitochondria play a central role in energy

supply and apoptotic regulation. The main function of

mitochondria is production of ATP (phosphorylation of

ADP) by oxidative phosphorylation in the electron transfer

system. Most of the energy required for various cellular

activities is supplied by mitochondria directly or indirectly

in the form of ATP. Many stressors, such as oxidative

stress and DNA damage, induce apoptosis through anti-

apoptotic proteins, that is, the Bcl-2 family proteins, and

the apoptosis-inducing protein p53. These proteins change

the membrane potential of mitochondria, resulting in

leakage of cytochrome c from the respiratory chain of

mitochondria into the cytosol, and induce apoptosis.

Therefore, the concept that mitochondrial function reflects

oocyte quality is widely accepted [18, 20, 35, 36]. It has

been suggested that mitochondrial dysfunction is a major

factor in chromosomal anomalies during the first and sec-

ond meiotic divisions in oocytes and mitosis in embryos

and influences the developmental competence of oocytes

and pre-implantation embryos [18, 37, 38]. Many studies

using animal models and humans have shown that oocyte

aging induces loss of mitochondrial function. The fluores-

cent dye JC-1 (5,50,6,60-tetrachloro-1,10,3,30-tetraethyl-
benzimidazolylcarbocyanine iodide), which is used to

analyze inner mitochondrial membrane potential, has pro-

vided reliable estimates of mitochondrial activity [39].

Data from experiments using JC-1 in mouse and human

oocytes have clarified the relationship between mitochon-

dria activity and developmental competence for oocytes

and embryos [39].

It is well known that aged oocytes have decreased in-

tracellular ATP content in many mammalian species,
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including humans [40], rats, hamsters [41], pigs [42], and

mice [41, 43]. Intracellular ATP content may be the most

relevant factor in determining mitochondrial function,

fertilization-related events, and embryonic development. In

studies on human embryogenesis, a close relationship be-

tween intracellular ATP content in pre-embryos and the

developmental potency of the early cleavage stage of em-

bryos has been demonstrated [40]. Furthermore, the intra-

cellular ATP content of cleavage-stage human embryos

(8–10 cells) might be related to development speed be-

cause embryos that developed more slowly tended to have

a low intracellular ATP content [44]. Thus, higher ATP

levels have been correlated with embryo quality and lead to

an increase in successful pregnancies. In a post-ovulatory

aging model, we have demonstrated that Ca2? oscillations

at fertilization stimulate ATP production and read just in-

tracellular ATP levels in fresh mouse oocytes and that aged

oocytes fail to adequately read just their intracellular ATP

levels [43]. Interestingly, not only sperm-induced Ca2?

oscillations but also strontium- and thimerosal-inducible

Ca2? oscillations stimulate intracellular ATP production.

This phenomenon strongly suggests that Ca2? elevation is

essential for intracellular ATP production (probably via

Ca2?-sensitive dehydrogenases in mitochondria).

Oocytes have extremely large numbers of mitochondria

and mitochondrial DNA (mtDNA) (approximately 2 9 105

copies/cell) compared with other somatic cells (several

thousand copies/cell) [45]. mtDNA point mutations in hu-

man oocytes are associated with maternal age [46] and are

correlated with IVF outcome [47, 48]. Similarly, unfertil-

ized human oocytes from advanced-age women are more

likely to contain deleted mtDNA than oocytes from young

women [49]. Additionally, in both the mouse and hamster,

mtDNA numbers are significantly lower in old oocytes than

in young oocytes [41]. These data strongly suggest that

mutations, deletions, and the number of mtDNA are good

indicators of mitochondrial dysfunction that causes oocyte

aging. Importantly, mitochondrial function is closely asso-

ciated with maintenance of genomic stability because ATP

is necessary for motor protein activity during spindle for-

mation and for regulation of enzymes involved in chro-

mosome segregation [37]. Mitochondrial dysfunction is a

major factor involved in predisposition to chromosomal

nondisjunction during the first and second meiotic divisions

in oocytes and mitotic errors in embryos [19]. The incidence

of maternal age-related trisomy (e.g., Down’s syndrome)

could be explained by mitochondrial dysfunction.

In summary, aging-related mitochondrial dysfunction is

mainly responsible for low-quality oocytes characterized

by reduced ATP levels and increases in chromosomal ab-

normalities. Poor developmental competence of embryos

and increased miscarriage rates observed in advanced-age

women are attributable to mitochondrial dysfunction.

Contribution of oxidative stress to oocyte aging

The participation of oxidative stress in aging or aging-re-

lated diseases is widely accepted. Mitochondria produce

many reactive oxygen species (ROS) via oxidative phos-

phorylation during ATP production. When the ROS level

exceeds the antioxidant defense capacity, such as that pro-

vided by superoxide dismutase (SOD), oxidative stress is

induced. Oxidative stress damages many cellular compo-

nents, including mitochondria, lipids, proteins, enzymes,

and DNA, and is thought to be involved in aging and aging-

related diseases. In particular, mitochondria are the most

important target of oxidative stress because they are pivotal

in controlling cell survival and death. For example, disrup-

tion of mitochondrial functions induced by cumulative ox-

idative stress is associated with neurodegenerative diseases

such as Alzheimer’s disease and Parkinson’s disease [50].

In oocyte aging, oxidative stress may play a central role

in deterioration of oocyte quality [22, 51]. In both post-

ovulatory-aging and maternal-aging models, aging reduces

the developmental competency and fertilization rates of the

oocytes and is closely related to elevated ROS levels [30,

52, 53]. In the post-ovulatory-aging model, aged mouse

oocytes display significantly higher levels of lipid per-

oxidation in the oolemma than fresh mouse oocytes [52].

Moreover, exposure of fresh mouse oocytes to oxidative

stress changes the pattern of Ca2? oscillations to become

more similar to those of aged oocytes, and leads to reduced

fertilization rates and poor embryo development [52].

However, there is no direct evidence that shows par-

ticipation of oxidative stress in the aging process of human

oocytes. As indirect evidence, oxidative stress evaluated by

the 8-oxo-20-deoxyguanosine content of granulosa cells

obtained during ART cycles has shown a negative corre-

lation with fertilization rate and embryo quality [54].

Aging-related changes in the antioxidant defense system

have also been reported. When the gene expression profiles

of 5–6-week-old (young) mouse oocytes and 42–45-week-

old (aged) mouse oocytes were compared, a group of genes

that provide protection against oxidative stress were found

to be downregulated in the aged oocytes [55]. A unique

aging mouse model that induced repeated ovulation shows

poor embryonic development and decreases in some an-

tioxidant enzymes in the ovary. Expression of SOD1 and

SOD2, but not SOD3 and catalase, decreased with repeated

ovulation [56]. Although the development of zygotes to the

morula stage was not affected, the rate of development to

the blastocyst stage decreased with repeated ovulation.

These reports strongly suggest that impairment of the an-

tioxidant defense system is also important for the process

of oocyte aging.

In summary, equilibration of the production and con-

sumption of oxidants fails in aged oocytes, leading to the
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induction of oxidative stress. Mitochondrial dysfunction

induced by oxidative stress may play a central role in the

deterioration of quality seen in aged oocytes. Figure 3

shows a schematic summary of the molecular mechanisms

of poor embryonic development in aged oocytes.

Therapeutic strategies for oocyte aging

Infertility in advanced-age patients that is caused by aging-

related deterioration of oocyte quality is intractable and

effective therapies are currently lacking. Oxidative stress is

thought to be greatly responsible for oocyte aging pro-

cesses, including mitochondrial dysfunction and increases

in chromosomal aberrations. Many different therapeutic

strategies have been tried in animal models to improve

oocyte quality, with particular emphasis on demonstrating

the efficacy of antioxidants and improvement of mito-

chondrial function.

Supplementation with antioxidants

Antioxidants are thought to improve low-quality oocytes

by reducing oxidative stress. Recently, limited evidence

has suggested that antioxidants improve fertility in animal

models and ART cycles. In one mouse model, oral

administration of vitamins C and E counteracted the aging-

related negative effects on ovarian reserve (number of

ovarian oocytes and number of ovulated oocytes) and

oocyte quality (chromosomal aberration in metaphase II

oocytes and morphological apoptotic oocytes) [57]. It is

important to note that oral administration of antioxidants to

mice starting either at weaning (early onset administration)

or at the age of 32 weeks (late-onset administration) can

counteract the aging-related negative impact on ovarian

reserve and oocyte quality. Despite these positive effects of

oral antioxidant administration, caution is warranted in

human applications. Human doses of vitamin C

(104–198 g) and E (6–12 g) equivalent to those used in the

mouse studies greatly exceed the maximum permissible

doses for a 60-kg woman.

Melatonin is secreted from the pineal gland and acts as a

regulator of circadian rhythms in some biological func-

tions. Melatonin also protects cells, including oocytes,

from oxidative stress by acting as a free radical scavenger

and by stimulating antioxidant enzymes [58]. Because the

melatonin concentration in human preovulatory follicular

fluid is threefold higher than that in serum [59], melatonin

may improve oocyte quality and the reproductive outcome

of ART. Therefore, melatonin supplementation during

controlled ovarian hyperstimulation (COH) for women

undergoing ART has been attempted [60, 61]. Among the
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Fig. 3 Schematic illustration of putative mechanisms of poor

embryonic development observed in aged oocytes. Oocyte aging

results in increased mitochondrial oxidative stress that induces

mitochondrial dysfunction followed by low ATP production. A

decrease in intracellular ATP levels reduces the capacity for Ca2?

restoration by Ca2?-ATPase (Ca2? pump) in the endoplasmic

reticulum (ER) membrane. Simultaneously, decrease in Ca2? release

via the inositol 1,4,5-triphosphate (InsP3) receptor on the ER and

reduction in ER Ca2? stores occur during oocyte aging. The abnormal

Ca2? homeostasis in aged oocytes induces changes in Ca2? oscilla-

tion patterns characterized by both high frequency and low amplitude

of Ca2? transients. Low ATP levels involved in mitochondrial

dysfunction could result in poor embryonic development. Further-

more, the abnormal pattern of Ca2? oscillations may contribute to

oocyte aging. These mechanisms have mainly been studied using

post-ovulatory-age oocytes (from Refs. [31, 32, 43, 53])
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patients who failed to become pregnant with a low fertil-

ization rate (B50 %) in the previous in vitro fertilization-

embryo transfer (IVF-ET) cycle, melatonin supplementa-

tion (3 mg/day) markedly improved fertilization rates

compared to those for previous IVF-ET cycles and resulted

in high pregnancy rates [60]. However, meta-analysis of

randomized controlled trials with melatonin supplementa-

tion during COH for women undergoing ART could not

conclusively demonstrate beneficial clinical outcomes, in-

cluding those related to the number of oocytes retrieved,

clinical pregnancy rates, and miscarriage rates [62]. Me-

latonin supplementation may improve the clinical out-

comes of ART only in a subset of infertile patients.

Cochrane’s systematic review also concluded that oral

antioxidants, including combinations of N-acetyl-cysteine,

melatonin, L-arginine, vitamin E, myo-inositol, vitamin C,

vitamin D-calcium, and omega-3-polyunsaturated fatty

acids, are not associated with increased live birth rates (OR

1.25, 95 % CI 0.19–8.26, p = 0.82) or clinical pregnancy

rates (OR 1.30, 95 % CI 0.92–1.85, p = 0.14) compared to

those seen with placebo or no treatment [63].

Resveratrol is a polyphenolic compound found in red

wine and yeast, and is an activator of mammalian orthologs

of sirtuin 1 (SIRT1) in vitro, thereby mimicking some of

the molecular and functional effects of dietary restriction

[64, 65]. The protective effects of resveratrol against aging-

related diseases such as cardiovascular disease, ischemic

injury, diabetes, and carcinogenesis are well established

(reviewed in [66]). The molecular mechanisms of resver-

atrol’s anti-aging effects underlie its mitochondrial pro-

tective effects [65, 67], which have been attributed to the

induction of the mitochondrial antioxidant system and ac-

tivation of SIRT1 [68]. The human cell line MRC-5 cul-

tured in resveratrol-containing medium for 2 weeks

showed significant increases in Mn superoxide dismutase

(MnSOD) [69]. In addition, MnSOD protein levels and

citrate synthesis activity significantly increased after only

2 h of resveratrol treatment. Furthermore, in mouse

oocytes, resveratrol can reverse the adverse effects of

methylglyoxal (MG), a reactive dicarbonyl compound that

induces oxidative stress [70]. MG leads to increases in

DNA double-strand breaks, excess reactive oxygen, aber-

rant mitochondrial distribution, and high levels of lipid

peroxidation, and resveratrol can block these cytotoxic

changes. SIRT1 is a deacetylase that is activated by a va-

riety of stressors and targets transcriptional regulators, in-

cluding the following: p53; nuclear factor-kappa B (NF-

jB); heat-shock factor 1 (HSF1); forkhead transcription

factor (FOXO) 1, 3, and 4; and peroxisome proliferator-

activated receptor-c coactivator 1 (PGC-1a) (reviewed in

[71]). PGC-1a acts as the ‘‘master regulator’’ of mito-

chondrial biogenesis [65, 72], thermogenesis, and gluco-

neogenesis [71]. Thus, SIRT1 plays key roles in the

regulation of cell cycle, apoptosis, and metabolic processes

and modulation of life span [71]. Recently, the protective

effect of resveratrol against the reduction in fertility seen

with reproductive aging has been investigated [73].

Resveratrol was administered with drinking water to young

female mice for 6 or 12 months, and their fertility and

ovarian function were compared with those of control mice

[73]. The mice administered resveratrol for 12 months re-

tained reproductive functions, exhibiting larger litter sizes

and larger follicular oocyte pools. Furthermore, telomerase

activity, telomerase length, and expression of age-related

genes in the ovaries of mice administered resveratrol for

12 months were similar to those of young mice. Admin-

istration of resveratrol for 12 months also improved oocyte

quality, as evaluated by improvement in chromosomal

alignment on metaphase plates and decreased meiotic

spindle abnormalities. Taken together, these results suggest

that resveratrol could improve aging-related deterioration

of ovarian function and oocyte quality by induction of the

mitochondrial antioxidant system and activation of SIRT1.

At present, there is insufficient evidence to conclude that

antioxidants improve aging-related deterioration of oocyte

quality and reproductive outcomes in advanced-age pa-

tients. Resveratrol is a promising candidate therapeutic that

should be tested in clinical trials to more fully characterize

its effects on oocyte quality and reproductive benefits.

Calorie restriction

Nutrient-sensing pathways play fundamental roles in the

aging process. Calorie restriction (CR, typically ranging

from 10 to 50 %) increases longevity in organisms as di-

verse as yeast and humans [74], and has been reported to

prevent various aging-related diseases, including metabolic

diseases, neurodegenerative diseases, cardiovascular dis-

eases, and cancer (reviewed in [71, 74]). The mechanisms

by which CR increases longevity are becoming increas-

ingly clear. In mammals, CR reduces the activity of various

signal transduction pathways either directly or indirectly

through reduced levels of insulin/insulin-like growth fac-

tor-1 (IGF-1) and reduced activity of mammalian target of

rapamycin (mTOR) [74]. Insulin/IGF-1 and mTOR both

control cell growth and energy intake, and upstream acti-

vation of these pathways accelerates aging. Another im-

portant pathway involves modulation of key metabolic

sensors, the SIRTs [75], especially SIRT1, which is the

most extensively studied member of the SIRT family [65,

71]. SIRT1 is closely coupled to AMP-activated protein

kinase (AMPK) in a mutually enforcing mechanism that

adjusts cellular physiology in response to limited energy

sources [76]. Downstream of SIRT1 and AMPK, the

deacetylation of two transcriptional regulators, PGC-1a
[77] and FOXO [78], regulates mitochondrial function and
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stress resistance [79]. Taken together, these observations

suggest that these mechanisms underlie the ability of CR to

mediate increases in longevity.

Conventionally, CR has a negative impact on female

fertility because CR sometimes induces secondary amen-

orrhea associated with body weight loss. However, current

data from animal models indicate that moderate CR may

have beneficial effects on female fecundity [80–82]. In an

aged-mouse-model study, the effects of moderate CR on

ovarian function and oocyte quality, including aneuploidy

and mitochondrial function, were examined [80]. Twelve-

month-old (aged) female mice maintained at 40 % CR

from 3.5 to 11 months (CR-aged mice) did not show aging-

related declines in ovulated oocyte numbers compared to

ad libitum-fed age-matched controls. This result suggests

that CR may prevent the decline in ovarian reserves nor-

mally associated with aging. Furthermore, oocytes ob-

tained from CR-aged mice did not show aging-related

increases in aneuploidy, chromosomal misalignment on

metaphase plates, and meiotic spindle abnormalities.

Similarly, mitochondrial dysfunction (abnormal mito-

chondrial aggregation, impaired ATP production) was not

observed in these oocytes. Interestingly, PGC-1a-deficient
aged mice as well as CR-aged mice showed increases in

ovulated oocyte numbers and decreases in both chromo-

somal aberrations and abnormal mitochondrial aggrega-

tion. These results suggest that (a) the nutrient-sensing

pathways participate in the oocyte aging process as well as

other aging-related diseases (b) moderate CR prevents

mitochondrial dysfunction with aging, and (c) mitochon-

drial function may be important for maintaining normal

chromosomal structure. In contrast, a high-fat diet (HFD)

has a negative impact on oocyte quality and embryonic

development [83]. Female mice fed an HFD (36 % fat and

20 % protein) were compared with female mice fed a

control diet (13 % fat and 25 % protein). Embryos from

HFD mice demonstrated a significantly higher frequency of

degradation and delayed developmental progression. Fur-

thermore, fetuses and placentas from HFD mice were sig-

nificantly smaller than those fed the control diet. In

addition, oocyte quality in HFD mice significantly in-

creased not only in terms of spindle and chromosome

alignment defects but also in terms of mitochondrial ab-

normalities. Western-blot analysis of germinal vesicle

oocytes from control vs. HFD mice revealed increased

expression of PGC-1a and Drp-1 (dynamin-related protein

1, a large GTPase that mediates mitochondrial fission in

mammalian cells). These data strongly suggest that an

HFD, via nutrient-sensing pathways, has adverse effects on

oocyte quality and embryonic development.

In summary, modification of the nutrient-sensing path-

ways induced by moderate CR may have beneficial effects

on mitochondrial function and chromosomal aberration

associated with oocyte aging. Although additional studies

are necessary to clarify the downstream mechanisms that

mediate these beneficial effects, modification of the nutri-

ent-sensing pathways induced by moderate CR is a po-

tential therapeutic strategy for advanced-age patients.

Mitochondrial transfer

From the standpoint that mitochondrial function determines

oocyte quality and is responsible for embryonic develop-

ment and reproductive outcome, trials involving a fertility

procedure termed ooplasmic transfer were attempted in the

late 1990s [84]. The basis of ooplasmic transfer is im-

provement of poor oocyte quality by ooplasm transplanta-

tion from donors, containing healthy mitochondria and

other beneficial components, into recipients who had re-

peatedly failed to become pregnant following ART due to

poor embryonic development. These attempts at ooplasmic

transfer resulted in about 30 live births and the success rate

of this procedure was reported as ‘‘remarkable’’ and ‘‘higher

than expected’’. However, although ooplasmic transfer may

have been effective for these patients, who had repeatedly

failed ART outcomes due to the poor quality of their own

oocytes, the safety of this procedure was not fully con-

firmed. The same group that had attempted the ooplasmic

transfer reported contamination from donor mtDNA in the

healthy children who were born from the recipient oocytes

of the ooplasmic transfer [85, 86]. Thus, ooplasmic transfer

resulted in mitochondrial heteroplasmy, which is con-

tamination from two different maternal mtDNAs, among

the offspring. Although the long-term effects of mitochon-

drial heteroplasmy on health are not fully understood,

ethical and legal issues regarding ooplasmic transfer should

be considered. The US. Food and Drug Administration

views ooplasmic transfer as genetic manipulation of human

germ cells and prohibited its use as an ART in 2001 [87].

Despite the issue of mitochondrial heteroplasmy, ooplasmic

transfer could improve oocyte quality by enhancement of

mitochondrial functions such as ATP production, and could

result in improvements in reproductive outcomes.

To resolve mitochondrial heteroplasmy, the use of au-

tologous mitochondria from somatic cells has been pro-

posed instead of the use of donor ooplasm. Some reports

have shown that microinjection of mitochondria derived

from somatic cells into oocytes does indeed affect oocyte

quality. Although oocytes from female FVB mice have

inherently high rates of apoptosis in vitro, microinjection of

a small number of mitochondria derived from somatic

(granulosa) cells into these oocytes prevented apoptosis

[88]. The same report showed that the incidence of a

common mtDNA deletion in unfertilized human oocytes

was higher than that in fertilized oocytes. These results

suggest that transplantation of exogenous mitochondria
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may compensate for the mitochondrial function of poor-

quality oocytes and improve oocyte competency. Au-

tologous mitochondrial transfer may become a promising

new fertility treatment for patients who have repeatedly

unsuccessful ART outcomes, especially for advanced-age

patients. In order to establish autologous mitochondrial

transfer, autologous mitochondria appropriately suited for

oocytes are required. Although the generation of human

oogonial stem cells (OSCs), which are natural precursor of

human oocytes, from ovaries of reproductive-age women

has been established [89], human OSCs may be a potential

source of patient-matched autologous mitochondria [90].

AUGMENT (Autologous Germline Mitochondrial Energy

Transfer)-IVF has been proposed to enhance mitochondrial

function and improve human IVF outcomes [91]. Mi-

croinjection of mitochondria or cytoplasm from the pa-

tient’s own OSCs into the same patient’s oocytes at the

time of intracytoplasmic sperm injection provides suffi-

cient ATP for successful fertilization and embryonic de-

velopment. The advantage of this method is that sufficient

amounts of mitochondria with characteristics (e.g., bioen-

ergetic potential) extremely similar to those of oocyte

mitochondria can be obtained. The methodology of

AUGMET could clear the ethical and biological issues

surrounding ooplasmic transfer, but the safety and efficacy

of AUGMENT need to be confirmed in animal models and

preclinical studies before performing clinical trials.

In summary, autologous mitochondrial transfer may

enhance mitochondrial function and boost the ATP pro-

duction of aged oocytes, resulting in successful fertilization

and embryonic development and hence better pregnancy

outcomes. AUGMENT-IVF may become a powerful ART

for advanced-age women in the relatively near future.

Conclusions

We have reviewed the mechanisms of oocyte aging un-

derlying female reproductive aging and the proposed

therapeutic strategies for this intractable aging-related in-

fertility (Table 1). Because advanced-age women charac-

teristically have deteriorated mitochondrial function and

relative low ATP levels in their oocytes, improvement of

mitochondrial function is a fundamental strategy for aging-

related infertility. We believe that combination of supple-

mentation with antioxidants and mitochondrial nutrients

such as resveratrol along with CR is currently the best

available treatment option. In addition, autologous mito-

chondrial transfer represented by AUGMENT may provide

a new strategy when its efficacy and safety are confirmed.
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