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Abstract

Purpose The number of women attempting to conceive

between the ages of 36 and 44 has increased significantly in

the last decade. While it is well established that women’s

reproductive success dramatically declines with age, the

underlying physiological changes responsible for this

phenomenon are not well understood. With assisted

reproductive technologies, it is clear that oocyte quality is

a likely cause since women over 40 undergoing in vitro

fertilization (IVF) with oocytes donated by younger

women have success rates comparable to young patients.

Apart from oocyte donation, there is no known interven-

tion to improve the pregnancy outcome of older patients.

The aim of this paper was the review the relevant data

on the potential role of mitochondria in reproductive

aging.

Method Review of current literature on the subject.

Results We present the current evidence that associate

mitochondrial dysfunction with age related decrease in

female reproductive outcome.

Conclusions The aging process is complex, driven by a

multitude of factors thought to modulate cellular and organism

life span. Although the factors responsible for diminished

oocyte quality remain to be elucidated, the present review

focusesonthepotential roleof impairedmitochondrial function.

Keywords Reproductive aging . Oocyte . Embryo .

Aneuploidy .Mitochondria . Mitochondrial DNA

Capsule We describe the fundamental importance of mitochondria in

the oocyte and their potential role in reproductive senescence
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Introduction

Current societal trends have resulted in women delaying

pregnancy to the later part of their childbearing years.

Between 1991 and 2001 in the United States, the

percentage of first births for women 35–39 years of age

increased by 36% and that for women 40–44 years of age

increased by 70% [1]. This trend is even more apparent

among patients who attend infertility clinics since these

couples tend to be older than couples who conceive

spontaneously [2]. It is well known that fertility decreases

with age and that pregnancy rates for women over the age

of 35 are significantly lower both naturally and with

assisted reproduction, compared to those in women under

the age of 35.

The Centers for Disease Control (CDC) in Atlanta reports

results for 90% of the infertility clinics in the USA. For the

year 2005, the average live-birth rate for ART fresh embryo

transfer procedures was 34%. The live birth rate sharply

declinedwith age, from 43% amongwomen aged <35 years to

6% among women aged >42 years [3]. The decline in live

birth rate reflects a decline in response to ovarian stimula-

tion, reduced embryo quality and pregnancy rate, as well as

an increased incidence of miscarriages and fetal aneuploidy.

To date there is no known intervention to improve the

pregnancy outcome of older patients.

One of the main reasons for the poor performance of

embryos from older patients is an increased rate of

chromosomal aberrations [4]. For example, the estimated

incidence of trisomy 21 at age 25 is 1/1500, at age 40 is 1/

60, and at age 49 is 1/11 [5]. However, including both sex

chromosomes, there are 23 other chromosomes that could

contribute to the rate of trisomy and aneuploidy during

embryo development. Sher et al. performed oocyte and

embryo numeric karyotyping using the recently developed

technique of comparative genomic hybridization (CGH)

[6]. This method enables determination of the number of

copies of all the chromosomes. Their findings indicated that

the incidence of oocyte aneuploidy for women at a mean

age of 27.0±2.5 years was 65% and would presumably be

even higher in older women. In this study, euploid embryos

were far more likely to survive and develop to blastocyst

stage by day 5 than were aneuploid embryos (93% vs.21%).

In addition, oocytes with proper chromosomal number

almost always retained correct ploidy after fertilization, as

87% of the euploid oocytes developed into euploid

embryos. These findings show that embryo ploidy is

linearly propagated after fertilization and underscores the

immense importance of oocyte euploidy in early embryo

survival. These reproductive changes associated with aging

are also accompanied by a decreased ovarian reserve [7],

thought to be due to increased follicle atresia as a result of

programmed cell death. When ovarian reserve reaches its

nadir with menopause, approximately at age 50, infertility

is absolute.

Oogenesis, energy and mitochondria

Oogenesis as well as the formation of the ovarian follicles

starts in fetal life. It involves a transition of the primordial

germ cells into dividing oogonia that produce the primary

oocytes. Both the oocyte and the primordial follicle may

reside within the ovary for as long as 50 years before

growth and development into mature oocytes. Immature

oocytes in the ovarian cortex are diploid, containing 46

chromosomes arrested in prophase of the first meiotic

division. After follicle growth and maturation, the onset of

the LH surge or the hCG trigger in ART leads to

resumption of meiosis in the oocyte. During this process

the chromosomes condense, align in pairs and then separate

via pull of the chromosomes by the spindle fibers resulting

in a mature oocyte that contains 23 chromosomes. The

other set of chromosomes are isolated outside the oolema in

the first polar body. The second meiotic division commen-

ces with the penetration of a viable sperm. The oocyte then

extrudes 23 sister chromatids resulting in a second polar

body and a fertilized zygote having a normal diploid

complement of 46 chromosomes. The process of pulling

chromosomes outside the egg to form the first and second

polar bodies requires a significant amount of energy, which

is provided by ATP from oxidative phosphorylation in the

mitochondria. Perhaps reflecting these unique metabolic

demands, oocyte mitochondria are immature, with round or

pear-like shapes, possess few cristae and have an electron

dense matrix (Fig. 1). Unlike their fully differentiated

counterparts, which are polyploid, each mitochondrion in

the oocyte is thought to contain only one to two mtDNA

nucleoids.

The oocyte has by far, the largest number of mitochon-

dria, and mtDNA copies, of any cell, (approximately 2x105

copies) [8], at least an order of magnitude more than

somatic cells like muscle and neurons that have high energy

requirements. Data from mtDNA segregation in pedigrees

affected by mtDNA mutations show that a complete switch

of the mtDNA may occur in a single generation, leading

researchers to postulate the bottleneck theory of mitochon-

drial inheritance [9]. According to this theory, the primor-

dial germ cell contains only a few copies of a founder

mitochondrial genome enclosed in immature mitochondria

that replicate and eventually populate the new organism. It

was originally thought that the bottleneck resulted in

selection of mitochondria with the best mtDNA while

eliminating possibly mutated mtDNA, and resulting in a

more homogenous mtDNA population in primordial germ

cells. However, a recent study [10] showed that selection of
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mitochondria and mtDNA in the oocyte is a random

process that does not screen for the intact wild type

mitochondrial genome. Therefore, mitochondria with ab-

normal mtDNA are just as likely to be inherited by the

offspring as normal mitochondria. During the process of

mitochondrial replication and expansion, oocytes will

dramatically amplify their population of mitochondria,

thereby supplying each gamete with a large copy number

of both normal and abnormal mtDNA. The selection of

mtDNA nucleoids preferentially amplified during replica-

tion, or the so called genetic bottleneck, appears to occur

during oocyte growth and not during primordial germ cell

expansion as originally thought. From longitudinal devel-

opmental murine studies performed in Eric Shoubridge’s

laboratory [11] it was determined that mtDNA replication is

initiated during primordial germ cell formation, which in

mice contain ~200 mitochondrial genomes. This number

steadily increases so by the time the primordial follicles

form during oogenesis, each oocyte contains about ten

thousand mtDNA copies. At this stage TFAM positive

mtDNA nucleoids were often observed near the Balbiani

body, a structure around which organelles often cluster in

immature oocytes of various species including mammals

[12] (Fig. 2). Shortly after formation of primordial follicles,

the Balbiani body disappears, and mitochondria continue to

replicate, so by the time the oocyte is fully grown, it

contains over 100.000 mtDNA copies. There is a large

inter-oocyte variability in mtDNA content [13]. However,

the relationship between mtDNA copy number and the

mitochondrial dowry is still unclear. Data from transmission

electron microscopy and extrapolated predictions of actual

mitochondrial numbers do not always correlate with

mtDNA copy number estimates (reviewed in [14]), ques-

tioning whether each organelle truly contains only a single/

double nucleoid.

In somatic cells replication and transcription of the

mtDNA is independent of the cell cycle and occurs in

organelles residing near the nucleus ([15]). This process is

also regulated by metabolic demands and the differentiation

status of cells ([16]). Mitochondrial replication is controlled

by several nuclear encoded transcription factors which

stabilize (TFAM) and unwind mtDNA (Peo1/SSbp1), and

its integrity is maintained by mtDNA polymerase Polga/b

(reviewed in [17]). These factors are mainly involved with

modulation of mtDNA copy number rather than mitochon-

drial function. There are additional factors that coordinate

the metabolic demands of the cell with mitochondrial

biogenesis. These involve nuclear-encoded transcription

factors PGC-1 (PPARγ coactivator-1 α/β), Nrf-1/2, as well

as sensors such as AMPK (AMP-activated kinase) that

respond to cellular caloric status, obesity and diabetes

(reviewed in [18]). Expression of TFAM and Nrf1 in

oocytes has been shown to be affected by obesity in the

mother [19] .MtDNA copy number and embryo develop-

mental competence have been a subject of study for many

years. The total number of mtDNA copies in the developing

embryo does not change from fertilization until the

blastocyst stage, despite numerous cell divisions, resulting

in a progressively diluted mtDNA content in each of the

blastomeres [20]. With progressive development, mitochon-

dria mature and regain their classical shape with well-

defined cristae and elongated shape (reviewed in [14]).

Fig. 2 Breakdown of Balbiani body (arrow) observed in neonatal

(day 4) murine oocyte. Golgi apparatus is surrounding centrally

located vesicles,which are components of Balbiani body

Fig. 1 Mitochondrial

morphology in oocytes of

primordial follicles. a Primordial

follicle of neonatal (day 4)

murine ovary. Oocytes of

primordial follicle, showing

clustering of mitochondria in a

half/moon shape around

nucleus. b Magnified image of

mitochondrial ultrastructure

with loosely defined cristae and

round or pear like mitochondrial

shape
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An association between low mtDNA copy number and

ability of the oocyte to become fertilized has been described

[21]. In addition, oocytes of women with ovarian insuffi-

ciency have been reported to contain a lower mtDNA copy

number than women with a normal ovarian profile [22].

Based on this evidence, and the fact that impairment of

fertilization and embryo development are associated with

insufficient energy production, it is tempting to speculate

that the failure of the oocyte to sufficiently increase the

number of mitochondria during maturation would lead to a

poor embryo outcome. This in turn would mean that there

is a certain threshold amount of functional mitochondria

required for normal development. To establish whether

such a threshold exists, a mouse line with a germline-

specific deletion of Tfam, which has on average only 11%

of mtDNA copy number of controls, was used to study

reproductive performance [23]. Interestingly, this dramatic

reduction of mtDNA did not compromise ovulation and

fertilization, but post-implantation development was im-

peded when embryos started with fewer than 50,000

mtDNA copies. The above results are an interesting

extension of the finding from crosses of mice heterozygous

for mutant Tfam, where homozygous mutant pups died at

midgestation, due to depletion of mtDNA [24]. A similar

outcome was observed in PolgA deficient animals [25],

which also caused death at mid-gestation due to mitochon-

drial depletion. Embryonic lethality has been observed even

earlier due to disruption of Nrf-1 [26] and Nrf-2 [27].

Evidently, normal preimplantation development is rather

resistant to the decreases in mtDNA content. Also, while

disruption of nuclear genes governing mitochondrial activ-

ity is useful for understanding the regulatory pathways, it

does not necessarily reflect the actual changes that occur

with aging.

Energy Production in the oocyte

Oocytes mostly rely on energy (e.g. ATP) produced by

mitochondria via oxidative phosphorylation (OXPHOS), a

process that relies on the oxidation of nutrients to

phosphorylated ADP [28]. OXPHOS involves the action

of the mitochondrial respiratory chain consisting of four

complexes located on the inner mitochondrial membrane.

Complexes I and II oxidize products of the tricarboxylic

acid cycle (TCA) or Krebs cycle, nicotinamide dinucleotide

(NADH) and flavine adenine dinucleotide (FADH2), and

then transfers the electrons to ubiquinone, also known as

coenzyme Q10 (CoQ10). CoQ10 transfers the electrons to

complex III. Complex III reduces cytochrome c and

transfers the electrons to complex IV with reduction of

O2 to produce H2O. The energy produced by the transfer of

electrons along the respiratory chain is used to eject protons

to the space between the inner and outer mitochondrial

membranes. The process of proton transfer to intermem-

brane space is the result of the action of complexes I, III, IV

and CoQ10 [29]. The accumulation of protons creates a

gradient composed both of a charge and pH imbalance.

Complex V, ATP synthase, provides a channel for the

entrance of protons back into the mitochondrial matrix and

this influx of protons supplies the energy needed for the

phosphorylation of ADP to ATP. In addition to catabolism

of nutrients and provision of energy, mitochondria play an

important role in cell survival and steroid biosynthesis.

Although mitochondria produce ROS, they also participate

in ROS detoxification through a specific ROS-detoxifying

enzymatic pathway. Mitochondria also play an essential

role in thermogenesis and apoptosis [8].

Mitochondrial function in the mature egg and early

embryo

Mitochondria are already active in the immature egg in

which a low but steady ATP production from metabolism of

pyruvate [30] is required to meet the demand of a slow

respiratory rate. The mammalian egg and early embryo are

dependent on mitochondrial OXPHOS for their supply of

energy since the alternative energetic process of glycolysis

is blocked due to suppression of the regulatory glycolytic

enzyme, phosphofructokinase [31]. However, as oocytes

proceed through their maturation, they become able to

utilize beta-oxidation of lipids [32], an ATP producing

process that also occurs in the mitochondria. There is an

increased rate of ATP consumption in the mature oocyte

that is essential for its ability to undergo normal fertiliza-

tion. The processes that follow the fertilization of the egg,

cortical granule exocytosis, and chromosome disjunction

for second polar body extrusion all increase the energy

demand even more. Therefore, it is possible that an age

related decrease in mitochondrial function impairs the

process of oocyte maturation, especially nuclear spindle

activity and chromosomal segregation [4, 33]. The outcome

of these changes is the increased rate of aneuploidy,

especially trisomy that is observed in older women.

Supporting data for this hypothesis includes the observation

that mitochondrial mutations in follicular cells increase with

age, leading to impaired follicular oxidative phosphoryla-

tion and ATP production in older women [34]. Further-

more, it has been demonstrated that the potential for

embryo implantation is correlated with the ATP content of

the embryo [35]. Wilding et al., [36] measured changes in

mitochondrial inner membrane potential (Δ<m) of 2–3 day

old fresh human embryos. The Δ<m is highly correlated

with mitochondrial capacity to produce ATP. They found a

strong correlation between low Δ<m and a state of chaotic
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mosaics in which there was random segregation of

chromosomes between the blastomeres. The embryos that

had chaotic mosaicism were significantly slower in their

rate of cleavage and significantly more common among the

older group of patients.

Due to the lack of mitochondrial replication until the

blastocyst stage [37], the initial population of mitochondria

in the oocyte must be split into each of the blastomeres of

the developing embryo and the metabolic activity of the

shrinking population of mitochondria per cell must escalate

to meet the increasing demands of cellular activity. This in

turn would require recruitment of some quiescent mito-

chondria into an active subset leading to an overall increase

in the ratio of high to low ΔΨm. Many mitochondrial

functions, including protein import, ATP generation and

lipid biogenesis, depend on the maintenance of ΔΨm [38]

and had been previously shown to be elevated in embryos

with compromised development [39].

The oocyte maintains cytoplasm connections with the

cumulus cells that surround it. These connections allow for

transport of nutrients to support the metabolic needs of the

oocyte and are disrupted when the oocyte matures.

Therefore, mitochondrial dysfunction in the oocyte might

only be expressed after the onset of oocyte maturation [40].

In order to prove that mitochondrial dysfunction can have

negative impact on oocyte quality, mitochondrial damage

was induced by photosensitized rhodamine-123 fluoro-

phore, which resulted in a decrease in mitochondrial

potential, ATP production, and an increase in production

of reactive singlet oxygen intermediate [41]. This caused

compromised meiotic spindle configuration, chromosomal

misalignment and eventually caused oocyte death. However,

transfer of the photosensitized nucleus to an intact ooplasm

containing healthy mitochondria resulted in successful matu-

ration, fertilization and delivery of healthy offspring [42].

When young and aged murine oocytes were compared, it

appeared that a shorter duration of photosensitization was

required to completely inhibit the development past blasto-

cyst stage in aged oocytes [43]. Similarly, maturation arrest,

aberrant spindles and an increase in polyploidy were

observed with exposure of maturing mouse oocytes to

diazepam that reduces ATP production in the mitochondria

by binding to its benzodiazepine receptor [44]. Therefore, it

is reasonable to suggest that the documented relationship

between maternal age and chromosomal abnormalities in

human embryos is likely a result of diminished mitochon-

drial activity in the oocyte.

Mitochondrial biogenesis and clearance

Constant maintenance of a healthy mitochondrial pool is

necessary for normal aging and depends on a precisely

coordinated balance of mitochondrial biogenesis and

selective cellular degradation. While too few mitochondria

impede generation of energy, too many mitochondria also

compromise cellular function [45]. Morphometric analyses

of human oocytes showed an increase in mitochondrial

numerical density, size, and volume fraction with increasing

age [28]. This increase in mitochondrial size and number

could either suggest a compensatory expansion in order to

correct for decreased energy production experienced by

aging oocytes, or alternatively, impaired mitochondrial

clearance, or both. In response to increased metabolic

needs, mitochondrial biogenesis is triggered by PPARg

coactivator1 (PGC-1α/β), which in turn triggers expression

of genes regulating mitochondrial fusion (Mfn2) and

metabolism (AMPK). These gene targets have been shown

to be decreased in muscle of diabetic patients [46] and are

directly linked with age-related insulin resistance [47]. In

addition, mitochondria have developed a surveillance

mechanism to ensure efficient removal of damaged, mis-

folded or aggregated mitochondrial proteins. Under con-

ditions of cellular stress or aging, the activity of

mitochondrial chaperons and proteases, needed for efficient

ATP-dependent removal of damaged proteins is compro-

mised, leading to the formation of intra-mitochondrial

protein aggregates (reviewed in [48]). Once these aggre-

gates reach a critical threshold, defective mitochondria must

either fuse with healthy mitochondria, or they are recycled

by mitophagy. Mitochondrial fusion, which involves dock-

ing, fusion and mixing of inner mitochondrial matrix

components is regulated by Mitofusin 1,2 and OpaI [18].

This process results in maintenance of mtDNA integrity

and repair [49]. If the process of fusion fails, dysfunctional

mitochondria need to be cleared by an autophagocytic

process called mitophagy. Mitophagy is a molecularly

controlled process designed for selective removal of

damaged mitochondria via lysosomal degradation [50].

Clearance of damaged organelles and unnecessary protein

complexes is required for proper cell survival. Excessive

loss of mitochondria via mitophagy has been linked to a

variety of neurodegenerative diseases [51]. On the other

hand, ineffective mitophagy can lead to accumulation of

damaged organelles, contributing to a global cellular meta-

bolic dysfunction. The aging process is known to impair

mitochondrial turnover via both reduced biogenesis and

inefficient clearance [52]. It should be noted that the process

of mitophagy, being energy dependent, relies on proper

functioning of a certain minimal number of mitochondria.

Aging and mtDNA mutations

Senescence is often associated with loss of mitochondrial

function as a result of the accumulation of mtDNA
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mutations and deletions. This process of cumulative DNA

damage is attributed to the continuous exposure to ROS

generated through normal metabolism by the mitochondria

themselves [53, 54].

Resting follicles maintain a low level of mitochondrial

oxidative phosphorylation. This process may occur for up

to 40 years prior to follicle maturation and ovulation. The

decades long constant exposure of the mtDNA to ROS

produced as a by-product of the OXPHOS system together

with the lack of protection from histone proteins, and the

lack of non-coding introns, make the mtDNA much more

prone to functional mutations [55]. Maintaining and

repairing damaged mtDNA relies upon the same enzymes

that maintain the nuclear genome. These enzymes are,

however, not suitable for the repair of mtDNA, making it

less effective. This mechanism was suggested by a recent

publication demonstrating that the high rate of mutation in

mtDNA may in fact be the result of the faulty action of the

DNA repair mechanism on the mtDNA [56]. The “common

deletion” of 4977 base pairs, almost a third of the whole

mtDNA genome is one of the more frequent mtDNA

deletions. There are several theories regarding the

formation of the common mtDNA deletions and all of

them point to the unique structure of the mtDNA, with

two coding strands having identical replication initiation

sites at the two ends of the deleted section [56]. This

deletion is common in unfertilized eggs and eggs from

older patients [57, 58]. Since the mtDNA contains genes

encoding proteins of the respiratory chain, a significant

loss of this DNA will ultimately result in dysfunctional

OXPHOS that may be detected by the absence of

cytochrome c oxidase activity.

The presentation of mitochondrial dysfunction secondary

to mtDNA deletions is tissue specific and has been linked

to many pathologies such as diabetes, heart failure,

neurodegenerative diseases and even cancer [59]. Since

mitochondria are maternally inherited, mitochondrial ab-

normalities due to ageing could theoretically result in

pathology in the offspring. However, as mtDNA mutations

effect only a subset of organells, usually 60% or more of

the mtDNA copies need to contain deletions before

significant biochemical defect would be apparent. Since

the accumulation of mutations in mtDNA is often blamed

for the reproductive decline with age, some studies have

tried to determine the connection between mtDNA muta-

tions and reproductive performance. For example, poly-

morphism in mitochondrial ATP synthase 8 (mtAtp8),

characterized by distortion in mitochondrial shape and an

increase in H2O2 production was associated with reduced

litter size [60]. A very promising approach for studying

mitochondrial mutations is the use of the mtDNA-mutator

mice, which have a proofreading-deficient PolgA [61].

Unlike mutant animals that completely lack Polg activity

and die mid-gestation, these animals exhibit a large increase

in mtDNA point mutations and deletions, reduced life span,

and signs of premature aging, including failure to produce

offspring when females are older than 20 weeks of age. It

would be interesting to determine in this model if the

frequency of mitochondrial mutations in oocytes also

increases with age and if mutational load is elevated in

the offspring of older dams.

Since mitochondria in oocytes from older women are

thought to contain increased mtDNA mutations, deletions

and dysfunction, and since mitochondria are maternally

inherited, researchers began searching for adult phenotypic

expression of mitochondrial abnormalities [62]. Aegesen et

al. [63] compared the incidence of Down’s syndrome (DS)

among infants of age-matched mothers based on the age of

the grandmother when the mother was born. They found

that advanced grand-maternal age at the birth of the mother

was associated with an increased risk of Down's syndrome.

This observation was verified by Malini et al. [64] in India

where delivery of newborns with Down’s syndrome (DS) is

common since prenatal screening is unusual. Young

mothers (18 to 29 years) born to women over age 30 years

produced 91% of the children with DS. Logistic regression

of this case–control study revealed that the age of the

grandmother was the most significant of all the variables

studied for DS birth. For every year of age of the maternal

grandmother over age 30, the risk (odds) of birth of a DS

baby increased by 30%!

In addition, offspring of older mothers (≥ 40 years of

age) were observed to have a significantly higher rate of

male infertility due to asthenozoospermia [65] and female

subfertility associated with oligomenorrhea and amenor-

rhea, likely representing polycystic ovary syndrome

(PCOS) [66], both conditions associated with mitochondrial

dysfunction [67, 68]. Diabetes, Alzheimer's disease and the

metabolic syndrome are examples of other common

problems that are now regarded as diseases with mitochon-

drial involvement.

Possible role of mitochondria in the Barker Hypothesis

The developmental origins of health and disease (DOHaD)

was originally conceptualized by Barker and Osmond in

1986 [69] based on the observation of a geographical

correlation between adult coronary heart disease and infant

mortality. This and several other geographical studies led to

the hypothesis that undernutrition in utero and during

infancy affected developmental plasticity resulting in

permanent physiologic, metabolic, and morphologic

changes in the infant to allow adaptation to an unfavorable

environment. This adjustment in physiology and metabo-

lism teleologically might enhance survival under times of
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stress but later, under more favorable conditions, may lead

to adult disease. A pivotal study done in 1989 [70]

confirmed a significant decrease in hazard ratios for death

from CHD with increasing birth weight, and with increas-

ing infant weight at 1 year of age. Therefore, the DOHaD

hypothesis is likely correct but the molecular mechanisms

responsible for DOHaD have not been not delineated. It is

possible, that not only the intrauterine environment, but

also the status of mitochondria inherited from the mother

could contribute to DOHaD. With maternal ageing, mito-

chondrial dysfunction, inherited from the mother, could

contribute to the onset of metabolic syndrome including

obesity, insulin resistance, abnormal lipid profile and an

increased risk of CHD later in life [71].

Previous attempts to improve embryo development

Cytoplasmic transfer between oocytes was initially devel-

oped in order to treat infertility patients exhibiting

persistent poor embryonic development and recurrent

implantation failure after IVF. The technique was based

on the assumption that the ooplasm of eggs, particularly

from older women, could be rescued by the introduction of

cytoplasm from eggs of younger donors. The procedure

involved microinjection of 5–15% of the ooplasm from a

young presumably fertile donor oocyte into a putative

defective recipient oocyte [72]. This treatment was based

on results of earlier animal experiments involving mouse

embryos from strains that experience a developmental

block. Injection of cytoplasm from an oocyte of a non-

blocking into a blocking strain increased cleavage rates of

the recipient embryos compared with non-injected controls,

suggesting the presence of an ooplasmic factor capable of

rescuing the developmental block [73]. Transfer of ooplasm

from healthy fertile donors into oocytes of patients with

repeated embryonic developmental failure has been used

clinically, resulting with the birth of several children

worldwide [72–75]. Despite the fact that several cytoplas-

mic components are injected it is commonly believed that

the beneficial effects are derived from the mitochondria. To

investigate whether mitochondrial dysfunction is a factor in

ooplasmic insufficiency, bovine oocytes were exposed to

ethidium bromide, an inhibitor of mitochondrial DNA

replication and transcription, during in-vitro maturation

(IVM). Exposure of immature oocytes to ethidium bromide

for 24 h during IVM hampered meiotic resumption and the

migration of cortical granules. However, a shorter treatment

with ethidium bromide during the last 4 h of IVM led to

partial arrest of preimplantation development without

affecting oocyte maturation. Ooplasm transfer was then

performed to rescue the oocytes with impaired develop-

ment. In spite of this developmental hindrance, transfer of

normal ooplasm into ethidium bromide-treated oocytes

resulted in a complete rescue of embryonic development

and the birth of heteroplasmic calves [76].

Children born following cytoplasmic transfer have

demonstrated persistent mitochondrial heteroplasmy [77].

The long term health effect of induced mitochondrial

heteroplasmy in these children is as yet unknown, although

we have demonstrated that a mouse model of persistent

neutral heteroplasmy resulted in a phenotype which is

consistent with early onset of the metabolic syndrome [78].

Clinical Implications and Potential Treatment

We have reviewed evidence that dysfunction of oocyte

mitochondria is a possible mechanism involved in poor

developmental competence of oocytes in older infertility

patients. The meiotic spindle, crucial for normal chromo-

some segregation, may not be formed properly in the

absence of appropriate mitochondrial activity. This hypoth-

esis is based on findings of abnormal spindles and

chromosomal scattering in oocytes deficient in the pyruvate

metabolising enzyme, Pdha1 [40]. Altered spindles may

result in aneuploid embryos, leading to failed implantation

or early miscarriage. Abnormal mitochondrial activity

reduces the production of ATP, which in turn may interfere

not only with efficient chromosomal disjunction, but may

also limit cell division and embryo development. Mito-

chondrial function also plays a major role in the initiation

and control of apoptosis of oocytes and embryos.

Since mitochondria are transmitted through the oocyte to

the next generation, we hypothesize that the offspring of

older women are more likely to inherit a greater proportion

of abnormal mitochondria leading in some cases to

pathophysiologic conditions such as insulin resistance or

full blown metabolic syndrome. In this regard, maternal

aging and mitochondrial dysfunction may be contributors to

the “Barker hypothesis” or the developmental origins of

health and disease (DOHaD).

Can the aging process in reproductive function be

altered? We believe the observations presented in this

review point to the conclusion that a mechanism that will

increase mitochondrial function and energy production

should have a positive impact on pregnancy outcome in

older women. In this regard, supplementing the diets of

older women with mitochondrial nutrients may potentially

be beneficial. Mitochondrial nutrients are naturally occur-

ring chemicals that have been used successfully to treat

conditions associated with diminished energy production

from mitochondria, and appear to be very safe for both

mother and fetus. Supplementation with mitochondrial

nutrients, by increasing energy for chromosomal disjunc-

tion, may be able to reduce the risk of trisomy and other
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types of chromosomal aneuploidies related to oocyte aging.

This strategy may lead to improvement in oocyte and

embryo quality, and subsequently, a healthy pregnancy

outcome for older women.

Mitochondrial nutrients

α Lipoic acid (ALA) ALA or thioctic acid is a coenzyme

involved in mitochondrial metabolism. ALA is found in

virtually all plant and animal species and is a natural part

of our diet. ALA readily crosses the blood–brain barrier

and is accepted by human cells as a mitochondrial

substrate. The reduced form of ALA, dihydrolipoic acid,

is a powerful mitochondrial antioxidant formed by

nicotinamide adenine dinucleotide (NADH)-dependent

mitochondrial dihydrolipoamide dehydrogenase [79].

ALA was shown to be essential for normal embryonic

development in mice[80].

Coenzyme Q10 CoQ10 is a lipid soluble electron transporter,

that transports electrons from complexes I and II to complex

III in the mitochondrial respiratory chain and is essential for

the stability of complex III [81]. It also participates in the

transport of protons in the mitochondria to maintain the

membrane potential and drive ATP formation through ATP

synthetase [82]. CoQ10 is a major cellular antioxidant [83].

CoQ10 is naturally present in the fetal circulation [84] and in

breast milk [85]. There is a gradual, age relate decline in the

tissue levels of CoQ10 [86] and with certain drugs such as

statins which block its synthesis [87]. Mutations of genes

involved in coQ10 synthesis may lead to CoQ10 Deficiency,

characterized by clinical disorders involving mitochondrial

dysfunction in the nervous system, skeletal muscles and

endocrine glands [88].

One study examined the use of CoQ10 in the in vitro

culture of bovine embryos and found a superior rate of

early embryo cleavage, blastocyst formation, percentage of

expanding blastocysts and a larger inner cell mass. These

changes were associated with an increased ATP content in

the group of embryos cultured with CoQ10. Other inves-

tigators have demonstrated an increased ATP production in

lymphocytes supplemented with CoQ10 [89].

Resveratrol Resveratrol is a polyphenol that belongs to the

stilbene family of phytoalexins, which are defense mole-

cules produced by plants in response to infection. Grapes,

red wine and peanuts are the richest dietary sources of

resveratrol [90]. Resveratrol has receivedmedia and scientific

attention recently due to its widely reported ability to delay

aging and prevent age related diseases. In addition, resveratrol

is one of the chemicals present in red wine that has been

implicated in the so called “French Paradox”.

The known mechanisms by which resveratrol induce its

health promoting effects are through potent antioxidant

capabilities, the activation of SIRT1, and as an aryl

hydrocarbon receptor antagonist [91]. Mice treated with

resveratrol lived longer and displayed enhanced insulin

sensitivity and increased mitochondrial number, similar to

calorie restricted animals [92]. Transgenic mice over-

expressing SIRT1, display most of the beneficial metabolic

effects of resveratrol, suggesting that this gene is its main

mediator [93].

Conclusion

The aging process is complex and includes genetic

predisposition, impaired mitochondrial function, genomic

instability, oxidative stress, caloric intake and subsequent

metabolic activity, and the activity of several cell-signaling

systems. Mitochondrial abnormalities or mutations are

believed to contribute to reproductive aging and also to

age-related pathologies such as insulin resistance and type

II diabetes, lipid abnormalities, and hypertension. Mito-

chondria in the offspring are exclusively inherited from the

mother, while paternal mitochondria are actively targeted

and destroyed by ubiquitination. It is possible that

mitochondrial problems can contribute to poor reproductive

outcome. In addition, inheritance of dysfunctional maternal

mitochondria by the next generation could increase the risk

of developing adult diseases later in life. The molecular

factors responsible for oocyte mitochondrial abnormalities

and diminished oocyte quality remain to be elucidated. If

mitochondrial abnormalities occur in oocytes of older

mothers, as our review suggests, inherited mitochondrial

dysfunction in the offspring may partially explain the

epidemic of obesity, insulin resistance and type 2 diabetes

afflicting our modern society.

Disclosure YB, TY, AJ, NE and RFC have nothing to disclose.
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