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Mitochondrial genetics in
in vitro fertilization outcomes
Le rôle de la génétique mitochondriale dans les résultats cliniques
de la fécondation in vitro
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Résumé. Le bon fonctionnement des mitochondries est un déterminant majeur de l’issue d’une
fécondation in vitro (FIV), et le métabolisme mitochondrial, notamment, contribue à la qualité
de l’ovocyte et au développement de l’embryon. Pour autant, le rôle exact des mitochon-
dries dans la fertilité et l’infertilité demeure méconnu. Au-delà des mécanismes par lesquels
les mitochondries sont impliquées dans le développement précoce, de nombreuses équipes
cherchent à identifier des marqueurs mitochondriaux de la qualité ovocytaire et embryon-
naire, en vue d’améliorer le résultat des FIV. Nous aborderons ici ces deux aspects, à savoir
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les connaissances actuelles sur l’implication des mitochondries dans le développement des
gamètes et l’infertilité, et, par ailleurs, les marqueurs mitochondriaux déjà identifiés, ainsi
que les perspectives d’amélioration du fonctionnement mitochondrial dans le champ de la
reproduction.

Mots clés: activité mitochondriale, génome mitochondrial, développement de gamète, qualité
de l’embryon

Abstract. Mitochondrial activity has been identified as a key feature for successful IVF
outcomes, and mitochondrial metabolism is known to be a very important contributor in deter-
mining oocyte quality and embryo development. Despite this, the exact role of mitochondria
in (in)fertility has not been elucidated yet. In addition, aside from the basic biology uncovering
mitochondrial role in early development, many studies tried to identify mitochondrial mark-
ers able to predict the quality of oocytes and embryos, and use them to improve the clinical

practices in IVF. In this review, we will present the basic knowledge about the contribution
of mitochondria to gamete development and infertility. In addition, we will describe the most

d
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recent mitochondrial markers developed for the improvement of IVF outcomes, and show the
most promising techniques for improving mitochondrial activity in reproduction.

Key words : mitochondrial activity, mitochondrial genome, gamete development, embryo
quality

Mitochondrial biology

Mitochondria are often described
as the powerhouse of the cell, mean-
ing that these cytoplasmic organelles
are responsible for the production of
ATP through oxidative phosphoryla-
tion (OXPHOS). Despite this being
true, it became clear during the
years that mitochondria carry out sev-
eral functions, ranging from calcium
homeostasis to fatty acid metabolism

dria, still represents the predominant
activity, and the capacity to pro-
duce ATP through OXPHOS define
mitochondrial maturity. Mitochondria
are enclosed in a double membrane,
semi permeable to ions, with a com-
partment in between the two: the
intermembrane space. The compo-
nents of the OXPHOS chain are
anchored to the internal membrane,
and some of them possess transmem-
brane domains that allow the passage
and oxidative stress
organelles are also
a variety of signallin
regulate multiple biol
within the cell [1].
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he inner matrix to the intermembrane space, and creat-
ng a chemical imbalance that is then used by the ATPase
omplex (V) to synthesize ATP. The production of energy
s also associated with the creation of Reactive Oxygen
pecies (ROS), which include hydrogen peroxide (H2O2),
he superoxic anion (O2-) and hydroxyl radicals (OH-).
hese molecules have high reactivity to different biolog-
cal targets and can induce damage to DNA, lipids and
roteins, ultimately leading to cell death. Despite high
oncentrations are detrimental for cells, it has become
lear how the variation in the levels of ROS can trig-
er a variety of cellular responses and regulate numerous
mportant physiological processes [2].

Mature mitochondria are characterized by an elon-
ated shape and a high number of cristae, and in normal
onditions they are able to produce ATP to fulfil the cell’s
eed [3]. When they are not active (or less active), they
how a more globular shape with a reduced size and fewer
ristae, and they are defined immature. Mitochondrial
iogenesis is the process responsible for the production
f new mitochondria, while mitophagy is responsible for
heir degradation. The activity and homeostasis of these
rganelles is defined not only by the ratio between newly
ynthesized mitochondria and degraded ones, but also fis-
ion and fusion play an important role in their complex
egulation. In somatic cells, a high level of biogenesis and
usion forms networks of tubular mitochondria, and is nor-
ally observed in cells with a high demand of energy [4].
onversely, in cells with a reduced metabolism, or those

hat rely mainly on glycolysis for their energy needs, there
re both high levels of fission and increased mitophagy
5].

Mitochondria are thought to originate from the incor-
oration of a prokaryotic entity during evolution, and for
his reason they retain a part of their own DNA, the mito-
hondrial DNA. The mitochondrial genome has numerous
ifferences when compared to the nuclear genome: it is
ery small, around 16.5 kb, circular and does not con-
ain introns. In addition, it is not bound by histones and
oes not possess the extensive machinery for DNA repair
resent in the cell nucleus. Nevertheless, this minute DNA
s present in multiple copies within every single cell,
nd each of them contains 37 genes. These 37 genes
ncode for 13 proteins of the oxidative phosphorylation
omplexes, 2 ribosomal RNAs active within the mito-
hondria, and 22 tRNAs [6]. The multicopy nature of the
itochondrial genome gives rise to two different situa-

ions, named heteroplasmy and homoplasmy: in the case

f homoplasmy, all the copies of the mtDNA within a
ingle cell/tissue/individual will be exactly the same. If
genetic variant is present only in a proportion of the
tDNA molecules, there will be a coexistence of different

enomes, i.e. heteroplasmy. In this situation, a variant is
resent at a certain frequency in the population examined,
nd the relative proportion of mutated/wildtype molecules
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will greatly influence the pathogenic consequences of a
given mutation [7].

Despite possessing its own genome, mitochondria are
completely dependent on the nucleus for their survival
and activity. During evolution, in fact, many mitochon-
drial genes migrated from the mitochondrial to the nuclear
genome, that now encodes for the great majority of the
factors involved in OXPHOS. This is thought to be the
consequence of a higher mutation rate of the mitochon-
drial DNA, which forced the reduction of the organelles’
genome size in favour of the more “stable” nuclear
genome [8]. Despite the mtDNA lost the majority of the
genes necessary for their function, mtDNA is of funda-
mental importance, and mutations (both single nucleotide
variants and structural rearrangements) or reduction in the
number of copies of this genome have been associated to
a wide variety of diseases [9].

It has been long thought that mtDNA is inherited
exclusively from the maternal lineage, while the paternal
contribution is limited to fertilization and initial embryo
divisions, before its degradation during the 4-8 cell stage
[10]. Despite this dogma, it has been very recently shown
that this might not be true, or at least be partially incor-
rect. In a seminal paper published at the end of 2018, Luo
and colleagues observed in some families the biparental
inheritance of mtDNA. The authors analysed individu-
als with high heteroplasmy levels from different families.
What they found was a surprising co-segregation of both
maternal and paternal mtDNA, resulting in a high level
of heteroplasmy in the children. This was observed only
in some individuals of the family, while other relatives
showed a “classical” unimaternal inheritance [11]. One
previous report found a similar situation in one patients
[12], but the work of Luo represents the first to exten-
sively document this phenomenon, and might open the
way to a whole new field of investigation. Regardless of the
inheritance pattern, the mitochondrial genome undergoes
a so-called bottleneck during Primordial Germ Cell (PGC)
specification. During the bottleneck, only a few mtDNA
molecules will segregate to the fully-grown oocyte, and
these will be extensively amplified during oocyte growth
(figure 1) [13]. This occurs to reduce the levels of het-
eroplasmy, which otherwise will accumulate and amplify
through generations, and also to promote the variance
in a (normally) uniparentally inherited genome. In addi-
tion, the increase of homoplasmy ensured by the reduced
amount of transmitted mtDNA molecules will select out
detrimental mutations, which will not allow competent

oocytes to develop if their frequency is too high [8].

Mitochondria in development

Gamete development, for both females and males,
is a complicated process that relies on a fine genetic
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igure 1. Schematic representation of the mitochondrial germline
colored circles). During PGC specification, mitochondrial replica
eduction of the amount of mitochondria in the PGC. This reduction
f variants in the single PGCs and in the deriving oocytes. This
omoplasmic, or remain substantially unchanged in frequency in d
GC= Primordial Germ Cells.

egulation to generate haploid cells able to form a zygote
nd develop into a healthy human being. Oocyte and
perm development is greatly affected by the metabolic
apacity of the cells, and in the next section we will discuss
ow mitochondria can influence the capacity of oocytes
nd sperm to acquire developmental capacity and drive
he initial phases of development.

itochondria in oocyte developmental
ompetence

Studies of mitochondrial metabolism during oocyte
evelopment have been historically challenging, due to
he difficulty in obtaining human developing PGCs and
arly-stage human oocytes. For this reason, the main
nowledge about the metabolic events in the earliest
tages of oocyte development comes from animal models,
n particular murine, bovine and porcine. During mouse
ocyte maturation, the oocyte must produce all the tran-
cripts and mtDNA molecules that will be used during the

atest phases of development and early embryo division.
his high energetic requirement is met thanks to the collab-
ration between the oocyte and the surrounding cumulus
ells (CCs). CCs are responsible for the conversion of Glu-
ose into Pyruvate, which is transported into the oocyte
etabolised. Mitochondria in oocytes are generally in an

mmature state, with globular shapes and a reduced pres-

Médecine de la Reproduction, vol. 20, n◦ 4
eneck. The parental pool possesses a number of mtDNA variants
stops and the subsequent cellular divisions lead to a significant
mber is defined germline bottlenck, and it will modify the frequency
ive rise to situations where variants are lost, acquired, become

nt oocytes from the same cohort.

ence of cristae. Despite being present in an immature state,
they have been shown to participate in ATP production
[14]. As shown in both animal models and humans, higher
ATP levels are positively correlated with better reproduc-
tive outcomes [15], and oocyte that fail to fertilize are
characterized by a lower amount of ATP [16]. Moreover,
the inhibition of OXPHOS in mouse oocytes reduces the
blastocyst rates of the derived embryos [17].

Regarding mtDNA, it has been observed how fertilized
oocytes possess higher mtDNA copy number than oocytes
that fail to fertilize [18, 19]. Accordingly, oocytes from
older women or women with diminished ovarian reserve
express lower levels of mtDNA [20, 21].

Mitochondria in reproductive aging
One of the main problems that western society is fac-

ing nowadays is the progressive aging of first time mothers.
As already known for a long time, aging is associated
with infertility, and women over 40 years of age have a
limited capacity of achieving a live birth. The infertility

caused by advanced maternal age is mainly due to oocyte
quality, which rapidly decreases in women over 35 years
of age. General aging affects mitochondria, and also in
oocytes the same situation is observed: mitochondria from
aged individuals are swollen, present vacuolization and
structural alterations [22]. This is mirrored by mitochon-
drial membrane potential [23, 24] and ATP production
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igure 2. Schematic representation of the changes in mitochondria
mbryo development.

25], which also decrease with age in both humans and
ice. Mitochondrial dysfunction has also been speculated

o cause an increase in chromosomal aneuploidies and
ore dysfunctional meiotic spindles, and thus represent an

mportant player in causing the aged phenotype [26, 27].

itochondria and male factor infertility

Mitochondrial shape and activity changes throughout
he whole process of spermatogenesis: in spermatogonia
itochondria are present in a less active and “orthodox”

orm (as defined in [28]), while in spermatids mitochon-
ria are more condensed and active. In mature sperm, the
rogressive loss of cytoplasm during maturation decreases
he number of mitochondria: it was estimated that around
2-75 mitochondria are present in the mature sperm,
rganized in tubular structures and stored in the mid-
iece [29, 30]. The role of mitochondria in sperm has
een debated, since it is not clear what source of energy
s used for sperm motility, the most energy consuming
rocess. Nevertheless, mitochondria play an important
ole in sperm biology; the expression of proteins of the
lectron transport chain has in fact been correlated with

perm quality [31]. Also, a deregulation of the activity of
itochondrial enzymes has been associated to infertile
henotypes, in specific asthenozoospermia (AZS) [32-34].
n AZS patients, in addition, a lower expression of spe-
ific mtRNA and mitochondrial genes has been reported
35]. Regarding mtDNA, mutations and structural rear-
angements can alter cellular fitness and result in fertility

Médecine de la Reproduction, vol. 20, n◦ 4
ber per cell

ivity and mtDNA copy number levels during oocyte maturation and

issues, in both animal models and patients [36, 37]. Higher
mtDNA copy number has been seen in infertile men [38],
and in sperm with a reduced fertilization capacity [39].
Also, a higher prevalence of specific polymorphisms in
the MT-ATP6, MT-CYB, MT-ND4 and MT-TL1 genes was
detected in sperm of fertilization failure patients and infer-
tile Chinese men [40, 41]. However, the impact of these
variants on sperm quality still needs to be addressed by
functional experiments.

From all this evidences, it is clear how mitochondria
and their activity is involved in sperm maturation and func-
tion. Despite this, a clear understanding of the functional
contribution of mitochondria remains to be investigated.

Mitochondria in embryos

Metabolic activity in embryos has been extensively
debated. In the past, the mitochondrial contribution to
preimplantation embryo development has been neglected,
since it was thought that embryos relied mostly on glycol-
ysis for their development, and mitochondria are normally
present in a globular and immature state. Despite this,
more and more evidences advocated in favour of an
important role played by mitochondria [42]. During early

embryo cleavages, the levels of ATP and oxygen consumed
are substantially constant, with a small increase during the
last cleavages. From morula stage onwards, the metabolic
pattern of the embryos changes. Glucose becomes the
primary source of energy, with ATP production and oxy-
gen consumption also rising significantly at the blastocyst
stage, indicating active OXPHOS processes [43] (figure 2).
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Mitochondrial changes in shape and activity during
evelopment become very clear when comparing ICM
nd TE cells. The two different cell types in the blasto-
yst, in fact, have very different energy requirement, with
he ICM not requiring a high amount of energy, and the
E requiring higher number of ATP molecules to progress
hrough implantation and invasion. The mitochondria in
hese cells reflect exactly this situation, and in the ICM
t is observed a low Mitochondrial Membrane Potential
MMP), a low number of mtDNA copies, and an over-
ll low activity. On the contrary, mitochondria in TE cells
re highly polarized, with a higher number of mtDNA
opies, a higher MMP and a high production of ATP
44]. This was recently confirmed in humans by show-
ng how embryo oxygen consumption remains basically
onstant during the first cell divisions, while it significantly
ncreases from the morula stage onwards, with the highest
ncrease observed in TE cells [45].

Properly developing embryos have been shown to have
higher ooplasmic volume and, as a consequence, a

igher amount of mtDNA copies then arrested embryos
46]. mtDNA levels have not been strictly related to the
mplantation potential of embryos, but embryos with a
ower mtDNA levels had a reduced developmental capac-
ty after the implantation stage [16]. In addition, trough
he modulation of the mitochondrial transcription factor

(TFAM), it was estimated that a minimal number of
0000-50000 copies of mtDNA are required to support
mbryonic development in mice [47].

tDNA as a marker for IVF outcomes

The fundamental contribution of mitochondria to
amete and embryo development pushed researcher
owards the identification of mitochondrial features that
an be analysed in a non invasive way, and that will allow
o predict, select or intervene in the active improvement
f IVF outcomes. In this section, we will discuss the more
ecent advances in the field with a special focus on mito-
hondrial genetics.

Mutations in mitochondrial genes
Mitochondrial haplogroups have been investigated in

ifferent populations and linked to possible reproductive
ysfunction: in a Chinese Han population, the haplogroup

was found to be more present in couples with IVF

ailures, and other point mutations appeared at a higher
requency in the same group when compared to fertile
ontrols [48]. A different study on 200 Caucasian women,
n the contrary, found a lower incidence of haplogroup JT
n women with diminished ovarian reserve, and suggested
possible protective role of this set of variants [49]. Hap-

ogroups studies, however, need very large numbers for

Médecine de la Reproduction, vol. 20, n◦ 4
their intrinsic intra-individual variability, and up to now no
study reached numbers large enough to strongly associate
haplogroups to specific phenotypes.

mtDNA in polar bodies
Polar bodies have been extensively studied and used

for the prediction of the chromosomal content in oocytes.
Being an ideal source for genetic testing in oocytes,
mtDNA copy number in PBs have been investigated to
assess the correspondence with oocytes mtDNA levels: the
reports presented so far indicate a poor correspondence
between PBs and oocyte, in both mice and humans [50].
The lack of association is also observed while detecting
sequencing variants [51, 52], pointing towards the need
of identifying other non-invasive sources to investigate
oocyte mtDNA.

mtDNA in peripheral blood
Recently, the levels of mtDNA in peripheral blood

are being extensively investigated, since they represent
the ideal source for non-invasive sampling of material.
Lower amounts of mtDNA have been found in the blood
of women presenting POI [53], and decreased levels of
mtDNA have been associated to an unfavourable IVF out-
come [54]. Despite this, other studies failed to observe a
significant correlation between mitochondrial copy num-
ber in blood and gamete quality, limiting the predictive
potential of this analysis [55, 56]

mtDNA in cumulus cells
Cumulus cells (CC) represent an important by product

obtained after oocyte pick up, and they have been stud-
ied as a proxy to obtain information on embryo quality
in a non-invasive way. The content of mitochondrial DNA
in CC has been associated to embryo quality, but not to
oocyte developmental capacity or fertilizability [57]. In
the same study, the authors also observed an association
of mtDNA levels to smoking and BMI, with a high BMI and
smoking correlated to diminished levels of the mitochon-
drial genome (as reported also in [58]). The same French
group also reported a significantly a lower mtDNA content
and expression of PPARGC-1A in the CC of women with
diminished ovarian reserve, again pointing towards the
capacity of CC mtDNA to mirror the metabolic state and
help predicting ovarian fitness [59]. Despite this, different
studies found no association between metabolic activity
and mtDNA levels in follicular cells [56, 60]. In a study

on granulosa cells of 149 patients, Liu and colleagues
found a significantly lower mitochondrial activity and ATP
production in CC of older women, but didn’t detect dif-
ferences in the levels of mtDNA [56]. In addition, a study
on CC of patients with endometriosis also highlighted a
difference in the ATP production between the different
groups, with an impaired metabolism characterizing the
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ndometriosis group. But again, no difference was found
n the abundance of mtDNA [60].

Overall, despite cumulus cells might be promising
ndicators of a higher developmental capacity of oocytes,
heir effectiveness in clinical practices must be assessed
hrough rigorous prospective controlled clinical trials, with

thorough validation of the techniques used to analyse
hem.

mtDNA in cleavage-stage/blastocysts
mtDNA copy number in embryos and blastocyst rep-

esents one of the most studied topic in recent years. In
wo different studies analysing the mtDNA copy number
n single blastomeres and blastocyst biopsies, the authors
bserved a higher mitochondrial DNA count in embryos
hat fail to implant compared to embryo that did implant.
ne study [61] was based on a retrospective analysis,
hile the other [62] performed both a retrospective and
prospective study that showed an implantation rate of

4.3% in the embryos with normal or low mtDNA content,
hile zero out of 33 embryos with high levels did implant.
hese promising results have been challenged in a study
y Victor and colleagues, which criticised the normaliza-
ion method employed. They claimed, in fact, that Fragouli
nd colleagues did not take into account the differential
uclear content of aneuploid embryos. Victor then reanal-
sed the same dataset originally published by Fragouli, but
orrecting for the chromosomal content of the different
mbryos. What they found was a complete lack of associ-
tion between mtDNA levels and implantation potential
63]. Nevertheless, the group of Wells and Fragouli ret-
ospectively analysed the levels of mtDNA in euploid
mbryos, therefore not subject to the detection bias sug-
ested by Victor. Also in this group of embryos, the authors
ere able to show a very good negative prediction poten-

ial of their test, since above a certain threshold they had
ero euploid embryos implanting [64]. Finally, another
roup performed the evaluation of the predictive potential
f mtDNA in trophectoderm biopsies with qPCR. Their
xperimental design tried to avoid patient specific con-
ounding factors, by retrospectively analysing the mtDNA
mount of embryos that were transferred together and that
esulted in a singleton pregnancy. Again, the authors failed
o detect any predictive capacity of the analysis [65].

From these conflicting evidences it seems that up to
ow there are no clear evidences to support one of the
wo different theories, and more data are required to

ave conclusive answers on the clinical potential of this
nalysis.

Mutations in POLG
Mutations in the gene encoding for the DNA poly-

erase gamma (POLG), the only able to replicate the
itochondrial genome, have been associated with the

Médecine de la Reproduction, vol. 20, n◦ 4
generation of multiple deletions and a higher prevalence
of single nucleotide variants. These mutations normally
cause severe pathogenic phenotypes, and lead to a range
of neurological conditions [66]. More recently, specific
mutations in the POLG gene were correlated to the devel-
opment of premature ovarian insufficiency (POI)[67], but
a more robust analysis on a bigger number of samples
failed to confirm this link [68, 69]. Despite a lack of asso-
ciation, it is still possible that sub pathogenic variants in
this gene might influence the reproductive fitness, since
genome-wide association studies reported POLG as one
the 11 top candidates for determining the age of natural
menopause [70].

PGT-M for mitochondrial diseases

As described before, mtDNA mutations can give rise
to a wide variety of pathological phenotypes. As a conse-
quence, many efforts have been done in the last decade
to perform a Preimplantation Genetic Testing (PGT) for
mitochondrial mutations. This technique have been suc-
cessfully applied for the prevention of the transmission of
different mitochondrial mutations, such as the ones induc-
ing MELAS [71], Leigh syndrome, LHON [72, 73] and
NARP [74]. Despite the successes obtained in this field,
there is still an on-going debate regarding the segregation
of mtDNA molecules in the different cells of a blastocyst
[75-77]. It is very important, in fact, that each cell of an
embryo carries the same mtDNA content to allow an accu-
rate selection of a mutation-free embryo. A major point
of discussion regards the quantification methods used to
evaluate the heteroplasmy levels in the single cells, since
various groups used different techniques, such as ARMS-
qPCR [78] or semi-quantitative fluorescent PCR followed
by restriction enzyme digestion [79, 80]. Further studies
are needed to identify the most reliable technique for this
purpose, and standardize this type of analysis for a wide
clinical application.

Finally, it is important to notice that PGT can be per-
formed only in the case of heteroplasmic mutations; in the
case of pathogenic mutations present in homoplasmy, in
fact, a selection of a mutation-free embryo is not possible,
and the only option up to now is represented by mitochon-
drial replacement therapies, discussed in the following
chapter.
Increase mitochondrial activity
to improve reproductive fitness

Ooplasmic transfer
Transfer of cytoplasm from a healthy oocyte to a less

competent one has been tried already 30 years ago [81].

, octobre-novembre-décembre 2018 315
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his was performed with the clear purpose of transfer-
ing competent and active mitochondria able to fulfil the
nergy requirement of the oocyte and allow its matu-
ation. In the first trials performed, about 5-15% of the
oplasm from oocytes of young women was transferred to
ocytes from reproductively aged women [82]. This tech-
ique, despite conceptually promising, carried a several
ssues. First, transferred mitochondria induce a condition
f heteroplasmy, which is detrimental in several systems
83]. In addition, not only mitochondria are transferred,
ut also RNAs, proteins and structural complexes pro-
uced in the healthy oocyte are carried along, and this
ay cause unwanted reactions in the host cell. Ooplasm

ransfer was still used in patients, and babies were born.
owever, out of the few pregnancies obtained, aneuploi-
ies were present in a significant proportion and one child
as affected by metabolic syndrome at less than five years
f age [84, 85]. For the risks connected to this procedure
86], ooplasm transfer was abandoned in the clinics and
rohibited by the Food and Drug Administration in the
SA.

Mitochondrial injection
An alternative to ooplasmic transfer is represented

y the direct supplementation of the oocyte with iso-
ated mitochondria. This has been mainly developed in
ig models, where it has been shown how mitochondrial
njection in metabolic deficient oocyte could significantly
mprove the fertilization rate and embryonic development
87, 88]. The beneficial effect of mitochondria supple-
entation, however, was not observed in metabolically

ompetent oocytes, suggesting that a minimal thresh-
ld of active mitochondria should be reached to move
hough embryo development, but an artificial increase of
itochondria in good quality oocyte does not yield any

ffect.
Very recently, an attractive technique claimed to

erform “oocyte rejuvenation” through autologous mito-
hondrial injections. The mitochondria are isolated from
he “ovarian stem cells” present in the ovary, and since they
elong to young cells, they will be active and able to res-
ue compromised oocytes. The group that developed the
echnique reported a huge increase in clinical pregnan-
ies and live birth rates when the AGUMENT treatment
this is the name of the patented process) was performed
n patients with a history of repeated IVF failures (from
.2% to 25.7% for clinical pregnancy; from 1.3% to 18.1%

or live birth rates) [89]. Despite the attractiveness of the
ata, this technique received criticisms for both the exper-
mental design used to evaluate the efficacy, and also the
ack of safety testing. Finally, a recent prospective clinical
rial using AGUMENT in a more controlled setup failed
o identify any association between the treatment and an
mprovement of IVF outcomes [90].

Médecine de la Reproduction, vol. 20, n◦ 4
Chemical modulators
Another strategy to improve oocyte quality is

represented by the use of compounds to stimulate mito-
chondrial activity and protect the cells against oxidative
damage. The Coenzyme Q10 (CoQ) represents one of the
most studied supplements, because of its role in mito-
chondrial respiration and its antioxidant capacity. In mice,
it has been shown that dietary supplementation of CoQ
could rescue the aged phenotype of oocytes, both in terms
of mitochondrial activity and incidence of chromosomal
abnormalities [24]. A similar recovery of mitochondrial
activity was observed in obese mice supplemented with
CoQ, although no effect was seen in terms IVF outcomes
[91]. CoQ supplement was also analysed in patients,
where a single clinical trial evaluated the aneuploidy rates
in polar bodies of women who received a dietary sup-
plement of CoQ. Unfortunately, the trial was prematurely
terminated because of a detrimental effect of polar body
biopsy on embryo development [92]. Other chemicals
have been used to boost mitochondrial function in oocytes
for different purposes: resveratrol, for example, has been
used in the treatment of oocytes to improve their devel-
opmental competence, both as a supplement during IVM
of fresh cycles [93], and as an adjuvant during vitrifica-
tion/warming [94]. In these studies, resveratrol treatment
increased the developmental competence of the oocytes,
and increased ATP production, membrane potential and
mtDNA levels. More clinical trials are currently ongoing,
and only when the results will become available it will be
possible to know the real effectiveness of these promising
treatments.

Mitochondrial transfer
The most novel and appealing technique to manipulate

the mitochondrial composition of a cell is represented by
Mitochondrial Replacement Therapy (MRT) [95]. This pro-
cedure allows the transfer of the nucleus of an oocyte into
a second enucleated oocyte that will further develop into
a blastocyst, and will display the cytoplasm of the recipi-
ent oocyte and the nuclear content of the donor. Nuclear
transfer (NT) is currently performed either by transferring
pronuclei, metaphase spindles or polar bodies (followed
by intracytoplasmic sperm injection), and it is developed
to prevent the transmission of mitochondrial diseases [96].
This technique has proven to be feasible and the first three-
parent-baby is recently born in Mexico [97]. In the United
Kingdom, the fertility regulators already gave the green

light for the start of the application of these techniques
to prevent severe mitochondrial diseases, and many more
three-parent children are expected in the coming years.
Nevertheless, the efficacy and the safety of the technique
still has to be investigated in depth [98], and the new-
borns will have to be extensively followed up to assess the
long-term effects of these procedures.
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MitoTALEN
Another fascinating approach to eliminate detrimen-

al mutations and improve reproductive success in IVF
s represented by genome editing strategies, where very
romising results have been reached with mitochondria-
argeted nucleases. Both transcription activator-like effec-
or nucleases (TALENs) and zinc finger nucleases (ZFNs)
ave been successfully applied for the degradation of
athogenic mitochondrial DNA molecules, causing a sig-
ificant shift of the heteroplasmic levels in somatic cell
ultures [99, 100] and in the germ line [101]. These sys-
ems have been proven to be more effective, at the present
oment, than CRISPR/Cas9 based approaches, which are

imited by the difficulties in importing RNAs into mito-
hondria [102].

onclusions

In conclusion, mitochondrial function and mitochon-
rial genetics are emerging as crucial factors for a correct
amete maturation and embryo development. For these
eason, and for the concomitant innovations brought by
ext Generation Sequencing technologies, the study of
itochondrial DNA became a very promising tool to
redict pregnancy outcomes. Despite this, prospective
andomized clinical trials must be performed before the
ide implementation of such analyses in the clinical prac-

ice, and the moment these tests should be considered as
xperimental.

iens d’intérêt : Les auteurs déclarent n’avoir aucun lien d’intérêt
n rapport avec cet article.
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Médecine de la Reproduction, vol. 20, n◦ 4
45. Hashimoto S, Morimoto N, Yamanaka M, et al. Quantitative
and qualitative changes of mitochondria in human preimplantation
embryos. J Assist Reprod Genet 2017 ; 34 : 573-80.

46. Murakoshi Y, Sueoka K, Takahashi K, et al. Embryo developmen-
tal capability and pregnancy outcome are related to the mitochondrial
DNA copy number and ooplasmic volume. J Assist Reprod Genet
2013 ; 30 : 1367-75.

47. Wai T, Ao A, Zhang X, et al. The role of mitochondrial DNA copy
number in mammalian fertility. Biol Reprod 2010 ; 83 : 52-62.

48. Mao G, Lu P, Huang X-H, et al. The analysis of mitochondrial
DNA haplogroups and variants for in vitro fertilization failure in a
Han Chinese population. Mitochondrial DNA Part A 2016 ; 27 : 2993-
3000.

49. May-Panloup P, Desquiret V, Morinière C, et al. Mitochondrial
macro-haplogroup JT may play a protective role in ovarian ageing.
Mitochondrion 2014 ; 18 : 1-6.

50. Steuerwald N, Barritt JA, Adler R, et al. Quantification of mtDNA
in single oocytes, polar bodies and subcellular components by real-
time rapid cycle fluorescence monitored PCR. Zygote 2000 ; 8 :
209-15.

51. Gigarel N, Hesters L, Samuels DC, et al. Poor correlations in the
levels of pathogenic mitochondrial DNA mutations in polar bod-
ies versus oocytes and blastomeres in humans. Am J Hum Genet
2011 ; 88 : 494-8.

52. De Fanti S, Vicario S, Lang M, et al. Intra-individual purifying
selection on mitochondrial DNA variants during human oogenesis.
Hum Reprod 2017 ; 32 : 1100-7.

53. Bonomi M, Somigliana E, Cacciatore C, et al. Blood cell mito-
chondrial DNA content and premature ovarian aging. PLoS One
2012 ; 7 : 4-8.

54. Busnelli A, Lattuada D, Rossetti R, et al. Mitochondrial DNA copy
number in peripheral blood: a potential non-invasive biomarker for
female subfertility. J Assist Reprod Genet 2018 ; 35 : 1987-94.

55. Ogino M, Tsubamoto H, Sakata K, et al. Mitochondrial DNA
copy number in cumulus cells is a strong predictor of obtaining good-
quality embryos after IVF. J Assist Reprod Genet 2016 ; 33 : 367-71.

56. Liu Y, Han M, Li X, et al. Age-related changes in the mitochondria
of human mural granulosa cells. Hum Reprod 2017 ; 32 : 2465-73.

57. Desquiret-Dumas V, Clément A, Seegers V, et al. The mitochon-
drial DNA content of cumulus granulosa cells is linked to embryo
quality. Hum Reprod 2017 ; 32 : 607-14.

58. Gorshinova VK, Tsvirkun DV, Sukhanova IA, et al. Cumulus cell
mitochondrial activity in relation to body mass index in women
undergoing assisted reproductive therapy. BBA Clin 2017 ; 7 : 141-6.

59. Boucret L, Chao de la Barca JM, Moriniere C, et al. Relationship
between diminished ovarian reserve and mitochondrial biogenesis in
cumulus cells. Hum Reprod 2015 ; 30 : 1653-64.

60. Hsu AL, Townsend PM, Oehninger S, Castora FJ. Endometrio-
sis may be associated with mitochondrial dysfunction in cumulus
cells from subjects undergoing in vitro fertilization-intracytoplasmic

sperm injection, as reflected by decreased adenosine triphosphate
production. Fertil Steril 2015 ; 103 : 347-52.e1.

61. Diez-Juan A, Rubio C, Marin C, et al. Mitochondrial DNA content
as a viability score in human euploid embryos: less is better. Fertil
Steril 2015 ; 104 : 534-541.e1.

62. Fragouli E, Spath K, Alfarawati S, et al. Altered levels of mitochon-
drial DNA are associated with female age, aneuploidy, and provide

, octobre-novembre-décembre 2018



Journal Identification = MTE Article Identification = 0727 Date: February 19, 2019 Time: 3:20 pm

a
G

6
o
i
2

6
q
a
2

6
c
e

6
m
c

6
n
m
2

6
m

6
m
e
S

7
l
i

7
f
a
p

7
t
a

7
m
o

7
v
t
2

7
t
2

7
m
t

7
r
p
c

7
r
g

n independent measure of embryonic implantation potential. PLoS
enet 2015 ; 11 : e1005241.

3. Victor AR, Brake AJ, Tyndall JC, et al. Accurate quantitation
f mitochondrial DNA reveals uniform levels in human blastocysts
rrespective of ploidy, age, or implantation potential. Fertil Steril
017 ; 107 : 34-42e3.

4. Ravichandran K, McCaffrey C, Grifo J, et al. Mitochondrial DNA
uantification as a tool for embryo viability assessment: retrospective
nalysis of data from single euploid blastocyst transfers. Hum Reprod
017 ; 32 : 1282-92.

5. Treff NR, Zhan Y, Tao X, et al. Levels of trophectoderm mito-
hondrial DNA do not predict the reproductive potential of sibling
mbryos. Hum Reprod 2017 ; 32 : 954-62.

6. Luoma P, Melberg A, Rinne JO, et al. Parkinsonism, premature
enopause and mitochondrial DNA polymerase gamma mutations:

linical and molecular genetic study. Lancet 2004 ; 364 : 875-82.

7. Pagnamenta AT, Taanman J-W, Wilson CJ, et al. Domi-
ant inheritance of premature ovarian failure associated with
utant mitochondrial DNA polymerase gamma. Hum Reprod
006 ; 21 : 2467-73.

8. Duncan AJ, Knight JA, Costello H, Conway GS, Rahman S. POLG
utations and age at menopause. Hum Reprod 2012 ; 27 : 2243-4.

9. Tong Z-B, Sullivan SD, Lawless LM, et al. Five mutations of
itochondrial DNA polymerase-gamma (POLG) are not a prevalent

tiology for spontaneous 46.XX primary ovarian insufficiency. Fertil
teril 2010 ; 94 : 2932-4.

0. Stolk L, Perry JRB, Chasman DI, et al. Meta-analyses identify 13
oci associated with age at menopause and highlight DNA repair and
mmune pathways. Nat Genet 2012 ; 44 : 260-8.

1. Heindryckx B, Neupane J, Vandewoestyne M, et al. Mutation-
ree baby born from a mitochondrial encephalopathy, lactic acidosis
nd stroke-like syndrome carrier after blastocyst trophectoderm
reimplantation genetic diagnosis. Mitochondrion 2014 ; 18 : 12-7.

2. Sallevelt SCEH, Dreesen JCFM, Drüsedau M, et al. Preimplan-
ation genetic diagnosis in mitochondrial DNA disorders: challenge
nd success. J Med Genet 2013 ; 50 : 125-32.

3. Sallevelt SCEH, Dreesen JCFM, Drüsedau M, et al. PGD for the
.14487 T&gt;C mitochondrial DNA mutation resulted in the birth
f a healthy boy. Hum Reprod 2017 ; 32 : 698-703.

4. Steffann J, Frydman N, Gigarel N, et al. Analysis of mtDNA
ariant segregation during early human embryonic development: a
ool for successful NARP preimplantation diagnosis. J Med Genet
005 ; 43 : 244-7.

5. Mitalipov S, Amato P, Parry S, Falk MJ. Limitations of preimplan-
ation genetic diagnosis for mitochondrial DNA diseases. Cell Rep
014 ; 7 : 935-7.

6. Steffann J, Gigarel N, Samuels DC, et al. Data from artificial
odels of mitochondrial DNA disorders are not always applicable

o humans. Cell Rep 2014 ; 7 : 933-4.
7. Vandewoestyne M, Heindryckx B, De Gheselle S, et al. Poor cor-
elation between polar bodies and blastomere mutation load in a
atient with m.3243A&gt;G tRNALeu(UUR) point mutation. Mito-
hondrion 2012 ; 12 : 477-9.

8. Lee H-S, Ma H, Juanes RC, et al. Rapid mitochondrial DNA seg-
egation in primate preimplantation embryos precedes somatic and
ermline bottleneck. Cell Rep 2012 ; 1 : 506-15.
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