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Why Do Older Women Have Poor Implantation Rates?
A Possible Role of the Mitochondria
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Mitochondria are organelles responsible for oxidative phosphorylation, the main energy
source for all eukaryotic cells. In oocytes and embryos, it seems that mitochondria provide
sufficient energy for fecundation by supporting spindle formation during meiosis II, and for
implantation. Since mitochondria are inherited from mother to child, it is important that
oocyte mitochondria should be intact. Older women seem to have more mitochondrial DNA
mutations, which can be responsible for poor implantation and aneuploidy, two conditions
that occur more often in this group. In the present report we propose a new model to explain
why older women have poor implantation rates.
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Mitochondria are organelles which occupy a large
volume of the cytoplasm in eukaryotic cells. They
are responsible for oxidative phosphorylation, which
transforms adenosine diphosphate to adenosine
triphosphate (ATP), the main energy source for all eu-
karyotic cells. Mitochondria produce more than 90%
of the ATP in mammals (1). The morphology and
number of mitochondria vary among species. In hu-
mans, they represent 23% of the total cytoplasm of
preimplantation embryos (2).

The mitochondria also play a role in genetic in-
heritance. They carry a small DNA strand organized
circularly as a double helix (3) that is different from
nuclear DNA. Mitochondrial DNA (mtDNA) is in-
herited from mother to child by a process that does
not follow classic Mendelian laws (4). Morphological
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studies have shown that sperm-derived mitochondria
are destroyed either immediately after penetration
into the ooplasm or during early cleavage stages of
embryonic development. Nevertheless, molecular ge-
netic studies have confirmed that maternal mtDNA
predominates in mammals (5).

Alleles of organelle genes segregate during mito-
sis as well as meiosis, so the descendants of a single
cell by mitotic division are not necessarily genetically
identical in terms of organelle genes. Alleles can be
lost and mutant alleles can also be fixed (6).

The homogeneity of mtDNA (homoplasmy) within
individuals and matrilineages is another important
aspect that needs attention. Despite the large num-
ber of mitochondrial genomes in mammalian oocytes
(200,000), heteroplasmy (more than one kind of
mtDNA within the cell) in normal human populations
has rarely been observed (7). The most accepted ex-
planation for the widespread mtDNA homoplasmy is
that of a genetic bottleneck effect enabling only a lim-
ited amount of mtDNA from a female to be transmit-
ted and to colonize the progeny in the next generation
(5,7,8)

Although a large amount of information is available
on the effects of energy production on animal pro-
ductivity and health, limited information is available
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on how mitochondria affect oocytes and embryos (5).
Most cells in the body contain 103 to 104 copies of
mitochondrial DNA (9).

Oogonia are assumed to contain an average of 200
mitochondria distributed sparingly, each carrying five
copies of mtDNA. These mitochondria multiply expo-
nentially during oogenesis, yielding 105 undifferenti-
ated mitochondria in the mature oocyte, but they gen-
erate relatively low levels of ATP when compared to
those observed at the morula and blastocyst stage (5).
It may be possible that mitochondria multiply during
oogenesis, but wait to produce ATP until the oocyte is
fertilized. The embryo may need much more energy
for implantation and development than the oocyte
itself.

Mitochondria are usually excluded from meiotic
and mitotic spindles but locate peripherally, appar-
ently providing energy from centrosomal, cytoskele-
tal, and chromosomal activity during cell division.
This may be the reason why many authors have postu-
lated that the mitochondria have a determinant role
in oocyte maturity and subsequent fertilization rate
(9–11). The oxidative phosphorylation process is cru-
cial for embryo development, playing a role in blas-
tocyst differentiation, expansion, and hatching (12).

In spite of innovative techniques, maternal age
remains a limiting factor in achieving a pregnancy.
Only 5–30% of the embryos from women over 35
years of age implant after IVF. This group of women
has also the highest incidence of trisomic deliver-
ies, and therefore a link may exist between lower
implantation, higher aneuploidy, and maternal age
(13,14).

Why don’t the embryos of older women implant
as well as those of younger women? What is differ-
ent in the former? Why do older women have more
aneuploid babies? What is the relation between ane-
uploidy and poor implantation? In which way does
aneuploidy arrest development? What occurs inside
the oocyte or embryo? Is aneuploidy itself responsible
for poor implantation?

Some authors believe that a senescence process
within the oocyte may cause further malsegregation
of the chromosomes (15). Others believe that there
may be a preferential recruitment of normal oocytes
early in reproductive life, so that more abnormal (ane-
uploid) oocytes than normal ones would be available
for later recruitment (16–19).

In mammals, including humans, the mature ovu-
lated oocyte remains arrested in second meiotic
metaphase, with its condensed chromosomes lying
on the equator of the spindle (20). Chromosome

segregation appears to be controlled by the meiotic
spindle, but spindle components are largely supplied
by the ooplasm. Therefore, it has been suggested that
dysfunctional cytoplasmic factors are responsible for
structural abnormalities of this structure, which lead
to eventual chromosomal malsegregation and poor
implantation (21,22).

Ooplasmic factors are so important, that it was pro-
posed that oocytes from women with poor implanta-
tion rates or poor embryo cleavage should receive a
transfer of ooplasm isolated from oocytes of known
developmental capacity (23). This approach has been
successful in achieving a pregnancy, because the injec-
tion of fresh ooplasm appears to restore cytoplasmic
deficiencies (22,23). This technique has led to the birth
of nearly 30 babies worldwide (24).

In fact, it seems that the ooplasmic factors that im-
prove implantation rates could be the mitochondria.
This possibility has been confirmed by the experi-
ments of Hsieh (25) who described the association
between rearrangements of mtDNA, altered oxida-
tive phosphorylation, and poor fertilization rates. It
seems that mitochondrial dysfunction contributes to
oocyte senescence, as observed in other tissues such
as muscle and brain (11).

Wilding (26) has confirmed by confocal measure-
ments that the mitochondrial activity is reduced in
older women, concluding that the inherent mitochon-
drial activity can determine the potential of the oocyte
to form a top quality embryo. Lee (9) has also hypoth-
esized that the amount of mtDNA deletion may have
an effect on oocyte maturity with subsequent fertiliza-
tion. Mitochondrial DNA point mutations are known
to accumulate in an age-dependent fashion in somatic
tissues (10). Smith (5) has suggested that developmen-
tal arrest and abnormalities during preimplantation
development may result from inadequate capacity to
generate ATP at levels sufficient to support normal
chromosomal segregation or normal biosynthetic ac-
tivities within blastomeres.

The expression of oxidative phosphorylation genes
reflects the need for this process as energy genera-
tor at early stages of development, so that the mito-
chondrial activity of human embryos is related to the
rate of development (26). It may be possible that a
mechanism of natural selection may operate during
preimplantation development, eliminating abnormal
embryos (27). Since the mitochondria initiate apop-
tosis by opening an inner membrane channel, which
causes a collapse of the membrane potential and re-
lease of death-promoting factors (5), this natural se-
lection can be mediated by them.
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As the major site of oxidation reactions in the cell,
mitochondria are also the most important source of
reactive oxygen superoxides. These are very toxic
byproducts of respiration implicated in mtDNA mu-
tations and in the aging process. Normally super-
oxides are eliminated by transformation of O2 to

H2O2 by mitochondrial Mn++ superoxide dismu-
tase, which is later converted to water by glutathione
peroxidase (5).

Mitochondria also generate energy for spindle
formation. Meiotic spindles are composed of mi-
crotubules and are crucial for normal chromosome
alignment and separation of maternal chromosomes
during meiosis I and meiosis II.

Disruption of the meiotic spindle results in abnor-
mal chromosome alignment in embryos and may con-
tribute to aneuploidy (28,29). Battaglia (21) found
that the proportion of oocytes with abnormal meiotic
spindles was significantly higher in older women than
in younger women. Changes in spindle structure may
reflect cytoplasmic dysfunction or other damage to
the oocytes, like temperature stress (28). The micro-
tubule system of the human oocyte is highly suscepti-
ble to disruption by cryoprotectants and temperature
fluctuations (30).

The presence of a meiotic spindle predicts higher
fertilization and embryo development rates, so it
serves as a marker for oocyte quality, reproduc-
tive senescence, cytoplasmic maturation and/or pH,
and/or temperature stress during handling (28,29).

Are the mitochondria, in terms, responsible for the
process of fertilization? Possibly yes, first because they
provide the energy necessary for oocyte maturation
and fertilization and for embryo implantation, and
second because without the energy produced by the
mitochondria it would be impossible for the cell to
divide.

The mitochondria also seem to be responsible
for apoptosis, which performs a selection between
“good” and “bad” oocytes before maturation.

We suggest that in women with poor implanta-
tion rates the first pathological step is a mutation in
mtDNA. Once they have an error in their DNA, mito-
chondria cannot “work” normally. This abnormal mi-
tochondrial activity reduces the production of ATP in
the cell, which in turn reduces the implantation rates
by limiting cell division. As we know, the implanta-
tion process needs much energy and would therefore
be compromised by reduced ATP production.

Also the meiotic spindles, that are crucial for nor-
mal chromosomes segregation, may not be formed
normally because of the poor ATP levels and altered

spindles may result in aneuploid embryos, which im-
plant poorly.

Finally, abnormal or reduced mitochondrial activity
may cause an augmentation of reactive oxygen super-
oxides within the cell, resulting in oocyte damage that
can also reduce implantation rates (Fig. 1).

In summary, it seems that the mitochondrion is not
only an important organelle for reproduction—we
dare say that the mitochondrion is THE important or-
ganelle, which not only contributes to reproduction,
but also regulates the energy necessary for it and se-
lects oocytes for recruitment. May we say that the
mitochondria are responsible for natural selection?

Since the first ooplasm transplantation was per-
formed, we have thought about its clinical repercus-
sions. Barritt (24) demonstrated that children born
from this procedure have had a great heteroplasmy,
expressing both maternal and donor mtDNA.

Many diseases derived from mtDNA mutations
are currently recognized. Schon (31) has reviewed
diseases associated with defects in mtDNA. The
most prominent disorders associated with mtDNA
mutations include Kerns–Sayre syndrome (a fa-
tal multisystemic disorder), progressive external
ophthalmoplegia, MELAS syndrome (mitochon-
drial encephalomyopathy, lactic acidosis, and stroke-
like episodes), MERRF (myoclonus, epilepsy, with
ragged-red fibers), deafness, cardiomyopathies, non-
syndromic hearing loss (31,32), β-cell dysfunction,
and decreased insulin insensitivity (33).

There is a great diversity of phenotypes associated
with mtDNA mutations. According to Schon (31),

Fig. 1. Model proposed to explain a possible role of mitochondria
in women with poor implantation rates.
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“a particular clinical phenotype is, in essence, the
product of the interplay between the level of hetero-
plasmy and the distribution of mutant genomes, both
in space and in time.”

If our model is true, it will be necessary to determine
mitochondria “well-being.” This may be achieved by
determining mitochondrial ATP or free radical pro-
duction. McGinnis (2) has measured the energy com-
petence of mitochondria by using a specific medium
with Mitotracker RedTM. It has been demonstrated
that gross morphology alone could only predict, at
best, 23% of the embryos surviving continued culture,
and when combined with the number of cleavage di-
visions, this figure improves only slightly to 34% (34).

Another field for future research will be the inter-
action between mitochondria and nucleus. It seems
that this interaction plays an important role in oocyte
development and maturation (35). Of the 70 or so
proteins used in the process of oxidative phosphory-
lation, only 13 polypeptides are encoded by mtDNA,
whereas nuclear genes encode all other oxidative
phosphorylation proteins and all the mtDNA regu-
latory factors.

Therefore, mitochondrial biogenesis depends on
the coordinated expression of the nuclear and mito-
chondrial genetic systems (5).

Many aspects about mitochondria physiology re-
main obscure. For example, are maternal mitochon-
dria the only factors responsible for implantation?
It is known that the centrosome of the embryo in
most species is biparentally inherited, with the sperm
contributing the centriole and the egg contributing
the microtubule-organizing center (36), which means
that also the sperm may play a role in embryo
development.

And what about the poor implantation rates
achieved after ICSI? Why almost 35% of all ICSI em-
bryos do not develop? ICSI embryos have a lower de-
velopmental potential as measured by blastocyst for-
mation (37). This could be explained by the fact that
ICSI is able to “save” spermatozoa with genetic er-
rors. We may also hypothesize that ICSI embryos have
poor implantation rates because during sperm injec-
tion the meiotic spindles of the oocyte could be af-
fected. Until now, the effects of ICSI on chromosomes,
especially with respect to the 30–40% of oocytes that
fail to fertilize, are unknown (28,29).

We presume that it is too early to start experi-
ments with ooplasm transplantation in humans. At
the present time, there are no clinical data available
about children born after this procedure. We suggest
that these children should be followed closely for early

detection of eventual mitochondrial diseases. We also
suggest that women who are candidates for ooplasm
donation should be evaluated in terms of mitochon-
drial diseases in their families.

It is too soon to determine if mitochondria have, in
fact, all the mentioned functions in human reproduc-
tion as we presume in our model. Further experiments
are necessary to confirm our speculations.

Finally, since we do not know exactly what kind of
role the interaction between nucleus and mitochon-
dria plays, it would be advisable not to start human
cloning in humans until we do.
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16. Salamanca-Gómez F: Reduced ovarian complement, prema-
ture ovarian failure and Down syndrome. Am J Med Genet
2001;99:168–169

17. Van Montfrans JM, Lambalk CB, van Hooff MHA, van
Vugt JMG: Are elevated FSH concentrations in the pre-
conceptional period a risk factor for Down’s syndrome preg-
nancies? Hum Reprod 2001;16:1270–1273

18. Nasseri A, Mukherjee T, Grifo JA, Noyes N, Krey L, Coperman
AB: Elevated day 3 serum follicle stimulating hormone
and/or estradiol may predict fetal aneuploidy. Fertil Steril
1999;71:715–718

19. Freeman SB, Quanhe Y, Allran K, Taft LF, Sherman SL:
Women with a reduced ovarian complement may have an in-
creased risk for a child with Down Syndrome. Am J Hum Genet
2001;66:1680–1683

20. Winston N, Johnson M, Pickering S, Braude P: Parthogenetic
activation and development of fresh and aged human oocytes.
Fertil Steril 1991;56:904–912

21. Battaglia DE, Goodwin P, Klein NA: Influence of maternal age
on meiotic spindle assembly in oocytes from naturally cycling
women. Hum Reprod 1996;11:2217–2222

22. Takeuchi T, Gong J, Veeck LL, Rosenwaks Z, Palermo
GD: Preliminary findings in germinal vesicle transplanta-
tion of immature human oocytes. Hum Reprod 2001;16:730–
736

23. Cohen J, Scott R, Alikani M: Ooplasmic transfer in mature
human oocytes. Mol Hum Reprod 1998;4:269–280

24. Barritt JA, Brenner CA, Malter HE, Cohen J: Mitochondria in
human offspring derived from ooplasmic transplantation. Hum
Reprod 2001;16:513–516

25. Hsieh R, Tsai N, Au H, Chang S, Cheng Y, Tzeng C: Multi-
ple rearrangements of mitochondrial DNA and defective ox-
idative phosphorylation gene expression in unfertilized human
oocytes. Fertil Steril 2001;76:S8

26. Wilding MG, Dale B, De Placido G: Confocal measurements of
mitochondria activity during human pre-implantation embryo
development. Fertil Steril 2001;76:S205

27. Magli MC, Jones GM, Gras L, Gianaroli L, Korman I, Trounson
AO: Chromosome mosaicism in day 3 aneuploid embryos that
develop to morphologically normal blastocysts in vitro. Hum
Reprod 2000;15:1781–1786

28. Wang WH, Meng L, Hackett RJ, Odenbourg R, Keefe DL:
The spindle observation and its relation with fertilization after
intracytoplasmic sperm injection in living human oocytes. Fertil
Steril 2001;75:348–353

29. Wang WH, Meng L, Hackett RJ, Keefe DL: Development
ability of human oocytes with or without birefringent spin-
dles imaged by Polscope before insemination. Hum Reprod
2001;16:1464–1468

30. Pickering SJ, Braude PR, Johnson MH, Cant A, Currie J:
Transient cooling to room temperature can cause irreversible
disruption of meiotic spindle in the human oocyte. Fertil Steril
1990;54:702–708

31. Schon EA: Mitochondrial genetics and disease. TIBS
2000;25:555–560

32. Sevidei S: Mitochondrial encephalomyopathies: Gene muta-
tion. Neuromuscul Disord 2001;11:690–695

33. Han J, Lee S, Jun H, Park J, Kwak I, Cha K: Quantification
of mitochondrial DNA and mitochondrial tRNA mutation at
position 3243 in Korean gestational diabetes mellitus. Fertil
Steril 2001;76:S158

34. Jones GM, Trounson AO, Lolatgis N, Wood C: Factors affecting
the success of human blastocyst development and pregnancy
following in vitro fertilization and embryo transfer. Fertil Steril
1998;70:1022–1029

35. Liu H, Zhang J, Krey LC, Grifo JA: In-vitro development of
mouse zygotes following reconstruction by sequential trans-
fer of germinal vesicles and haploid pronuclei. Hum Reprod
2000;15:1997–2002

36. Cummins JM: Cytoplasmic inheritance and its implications for
animal biotechnology. Theriogenology 2001;55:1381–1399
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