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a  b  s  t  r  a  c  t

Mitochondria  is a powerhouse  organelle  involved  in ATP  synthesis,  calcium  signaling,  reactive  oxygen
species  (ROS)  by oxidative  stress  production,  cell  cycle  arrest  via apoptosis  and  sex  steroid  hormones
biosynthesis.  Improvement  of  sperm  parameters  such  as  motility,  capacitation,  acrosome  reaction,  and
oocyte  interaction,  involve  regulation  of  ROS  levels  by the  mitochondria.  In  human,  the  relation  between
the  quantitative  level  of mitochondrial  DNA (mtDNA),  oocyte  cytoplasm  maturation  and  fertilization
potential,  is  not  clear.  It has  been  hypothesized  that  oocytes  without  sufficient  wild  type mtDNA  and
therefore  able  to  generate  ATP,  would  not  normally  be ovulated.  This  is  reflected  in the  low  numbers
ertility potential
eproductive pathology

nfertility

of  mtDNA  observed  in degenerate  oocytes  obtained  through  super  ovulation  protocols  during  assisted
reproductive  technology  programs.  Different  theories  place  mitochondria  in  a  central  role  of oxidative
damage  to cells  and  tissues  related  to  infertility  declining  and aging.  Mitochondria-dependent  apo-
ptosis  seems  to be responsible  for the  pre  and post-natal  decline  in germ  cells,  embryo  development,
implantation  failure,  and  miscarriages.

©  2014  Published  by  Elsevier  Ltd.
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rganelle facts

Manages membrane potential, ATP, and oxidative metabolism.
(Hua et al., 2012; Vadnais et al., 2014).
Involved in abortive gametogenesis by playing a role in steroid
hormones biosynthesis, germ cells genome decays and aging
(George et al., 2011; Kasashima et al., 2014; Miller, 2013).
Related with oocyte maturation and developmental potential in
mammals. (Lee et al., 2014)
Linked with oocyte activation (Wakai et al., 2013).
Can mediate cell apoptosis and might be involved in implantation
failure and reactivation of diapause blastocysts (Fu et al., 2014;
Yang et al., 2014).
Please cite this article in press as: Benkhalifa M,  et al. Mitochondr
senescence. Int J Biochem Cell Biol (2014), http://dx.doi.org/10.1016/j

Via the oxidative stress can be the origin of abortion and abnormal
birth (Simmons, 2012; Tang et al., 2014).
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1. Introduction

Mitochondria participates in numerous processes in eukaryotic
cells. Among these, the production of ATP via oxidative phos-
phorylation (OXPHOS) is certainly the most extensively described.
Measuring between 0.5–1 �m in diameter by 7 �m long, this
organelle although it can present different shapes (spheres or
rods) it has a consistent architecture (Fig. 1). It is the only human
organelle containing a distinct genome. The mitochondrial DNA
(mtDNA) (Fig. 2) consists of a double-stranded molecule contain-
ing 37 genes encoding for 13 proteins, 2 rRNAs and 22 tRNAs.
The 13 proteins are the constituents of the electron chain trans-
port (ETC) complexes sub-units (Table 1). Depending on the cells,
2–10 molecules of mtDNA can be present in one mitochondria
and 100–1000 mitochondria per cell. It was originally thought
that mtDNA repair activity was  inexistent but multiple mtDNA
ia: Participation to infertility as source of energy and cause of
.biocel.2014.08.011

repair pathways have been revealed. These include base excision,
single-strand break, mismatch repairs, and possibly homologous
recombination. These pathways are similarly observed in the
nucleus.
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ig. 1. Schematic of the electron transfer chain (ETC) and the effect of oxidat
eactive oxygen species (ROS) over the mtDNA and consequently on the ATP produ
tress  on the gametes, embryos, pre-natal and post-natal stage of development. Str

Mitochondrial dysfunction has been associated with a large vari-
ty of disorders, such as, infertility, aging, and cancer diseases
Amaral et al., 2013b; Edeas and Weissig, 2013). In Functional
iology, the mitochondria play a fundamental role in oxida-
Please cite this article in press as: Benkhalifa M, et al. Mitochondr
senescence. Int J Biochem Cell Biol (2014), http://dx.doi.org/10.1016/j

ive metabolism by producing non-useful forms of adenosine
riphosphate (ATP). Moreover, it has an important role during apo-
tosis, calcium homeostasis, and many anabolic pathways such as

Human 
mtDNA
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ig. 2. Representation of the human mtDNA with respective gene locations.
cheme of the double-stranded molecule of mtDNA. In orange, the genes encod-
ng for the subunits of the complex I from the electron transfer chain (ETC); in pink,
he  gene encoding for the subunit of the complex III; genes coding for the subunits
f  complex IV are represented in green; in violet, the gene encoding for the protein
f  the complex V.
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ess.  Representation of the impact of oxidative stress on physiological balance of
by oxidative phosphorylation. List of risks and concerns of the impact of oxidative
l scheme of human mitochondria.

proteins, nucleotides, and steroids synthesis (Pfeiffer et al., 2013).
Different theories place mitochondria in a central role of cellular
events related to aging by the accumulation of ROS and oxida-
tive damage to cells and tissues. Mitochondrial defects are known
to cause physio-pathological disorders including infertility and
reproductive pathology. Different studies reported a clear relation
between the qualitative abnormalities of mtDNA and infertility
(Gabriel et al., 2012). Indeed, patients having specific mutations
or deletions of mtDNA were identified as oligoasthenospermia
(Lestienne et al., 1997).

Calcium oscillations are described as an essential step of oocyte
activation leading to the completion of meiosis (Kashir et al.,
2010). During oogenesis, oocytes with low levels of ATP produc-
tion due to low levels of mitochondria and mtDNA  may be unable
ia: Participation to infertility as source of energy and cause of
.biocel.2014.08.011

to maintain the Ca2+ wave pacemaker, activating the apoptotic
pathway. It has been hypothesized that oocytes without suffi-
cient wild type mtDNA, and therefore the capacity to generate

Table 1
Electron transport chain link between mtDNA genes and ETC complex proteins.

ETC complex Protein/encoding
gene

Complex I ND1; ND2;
ND3; ND4;
ND5; ND6

Complex III Cytochrome b
Complex IV CO1; CO2; CO3
Complex V ATPase 6;

ATPase 8
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TP, would not be ovulated (St John, 2002). This is reflected in
he low numbers of mtDNA observed in degenerate oocytes after
varian stimulation protocols (Duran et al., 2011). During early
mbryo development, unequal numbers of mitochondria and/or
tDNA molecules among blastomeres have been reported in pig

nd human embryos (El Shourbagy et al., 2006; Van Blerkom et al.,
000). This may  result in some blastomeres with reduced ATP-
enerating capacity and leading to embryo arrest or low blastocyst
evelopment and implantation potential. Moreover, mitochondria
ave become an interesting target for drug discovery and therapeu-
ics medicine (Edeas and Weissig, 2013). This review will focus on
he potential contribution of mitochondria to infertility and repro-
uctive pathology.

. Organelle function

Mitochondria is a powerhouse organelle involved in ATP synthe-
is, calcium signaling, reactive oxygen species (ROS) by oxidative
tress management and cell cycle arrest via apoptosis. In human
ells, the number of mitochondrial DNA copies varies in relation
ith the cell type. Mitochondrial genome is a circular double-

tranded DNA with main genes coding for ribosomal RNAs, transfer
NAs, and respiratory protein chains. Different theories place
itochondria in a central role of cellular events related to fertil-

ty declining (Buzadzic et al., 2014), aging (Kong et al., 2014), and
eproductive pathology in general (Mando et al., 2014). Due to the
roduction, accumulation, and damage of ROS to cells and tissues,
he mitochondrial disorders seem to be responsible for the pre
nd post-natal declining of germ cells quality (Perez et al., 2000),
mbryo development potential (Acton et al., 2004) and pregnancy
oss (Pang et al., 2013).

. Cell physiology

Normal function of mitochondria plays an essential role in
nabling reproductive capacity. To date, few studies have inves-
igated the role of promoting mitochondrial health in relation to
ertility in humans (Shaum and Polotsky, 2013). During spermato-
enesis there is a significant reduction of mitochondria number
er cell due to mtDNA replication arrest. Mitochondria may  sup-
ly sperm with energy for several purposes, including motility.

t is known that sperm is also responsible for reactive oxygen
pecies (ROS) production (Agarwal et al., 2014). It was  reported
hat regulation of ROS levels is involved in sperm capacitation,

otility acquisition, and acrosome reaction (Ramalho-Santos et al.,
009). In human sperm, there is clear evidence that alterations

n the mitochondrial genome can compromise spermatogenesis
fficiency (Amaral et al., 2013a). Another issue relates to protein
ynthesis, it is generally accepted that gene expression in mature
perm is restricted to the mitochondria. In fact, mammalian sperm
eem to be able to synthesize both mitochondria-encoded RNAs.

During oocyte maturation and early embryo stage, mitochon-
ria are distributed to different regions in the cytoplasm and
robably in response to localized energy needs. Mitochondria are
he most abundant and prominent organelle in the early embryo
Sathananthan and Trounson, 2000) and are thought to be exclu-
ively derived from the oocyte (Cummins, 2000). During oogenesis,
he oocyte cytoplasm diameter increases from 30 to 120 �m and
ccumulate a large number of metabolic substrates and mitochon-
ria changes. The oogonia contain nearly a dozen of mtDNA copies,
hereas the mature oocytes contain thousands. There is a clonal
Please cite this article in press as: Benkhalifa M,  et al. Mitochondr
senescence. Int J Biochem Cell Biol (2014), http://dx.doi.org/10.1016/j

xpansion from a very small number of selected mtDNA, allowing
he oocyte to transmit to the new individual homoplasmic pop-
lation of mtDNA (Van Blerkom et al., 2004). In human oocytes
ollected from IVF attempts, it was observed between 50,000 and
 PRESS
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100,000 copies of mtDNA. But there is a large variability in copies
numbers of mtDNA between oocytes of the same patient, includ-
ing those from the same cohort (Duran et al., 2011). However, it is
now established that the cohorts of oocytes with fertilization and
activation failures are significantly less rich in mtDNA than those
with a normal rate of fertilization and activation. The rate of mtDNA
can thus be considered (like the sperm, but in reverse) as a good
cytoplasmic maturation marker (Reynier et al., 2001). Oocyte mito-
chondrial dysfunction, expressed through declined cell respiration
and electron transport, may  contribute to diminished fertility, and
is the cause of development delay and arrest in human preimplant-
ation embryos (Thouas et al., 2004).

Oocyte mitochondria play a key role for the regulation of sperm-
triggered Ca2+ waves essential for zygote activation by acting as a
Ca2+ reservoir (Dumollard et al., 2003). The Ca2+ wave pacemaker
that is necessary for meiosis ending at fertilization is maintained
by mitochondrial uptake of Ca2+. Oocytes with low levels of ATP
production due to low levels of mitochondria and mtDNA may be
unable to maintain the Ca2+ wave pacemaker, resume meiosis after
fertilization. Indeed, failure to maintain the Ca2+ wave pacemaker
can be triggered by oocyte apoptosis (Tripathi and Chaube, 2012).

Following fertilization, only the mitochondria from the oocytes
are kept and serve as main early embryo mitochondria reservoir.
These maternally inherited mitochondria, initially dispersed in the
oocyte cytoplasm, are redistributed in the zygote. Significantly
different numbers of copies were also observed between arrested 2-
cell human embryos and those that developed further. The specific
elimination of paternal mitochondria in the oocyte and the absence
of replication of mtDNA in the fertilized egg are mechanisms, which
can explain the very low presence and transmission of paternal
mtDNA. The recognition and destruction of paternal mitochondria
is based on the ubiquitination process of mitochondrial membrane
protein (prohibitin) and initiates during spermatogenesis. When
sperm decondensation starts in the oocyte cytoplasm, the ubi-
quitinated sites of paternal mitochondrial membranes (protected
initially by disulfide bonds during epididymal transit) are exposed
and targeted by proteolytic enzymes from the oocyte cytoplasm
(Piko and Taylor, 1987). It has been reported, in 2013, that the uni-
parental inheritance of mtDNA results in a selection of asymmetric
mutations that only affects male genotype which will not overcome
natural selection, imposing a male-specific mitochondrial mutation
load (Wolff and Gemmell, 2013).

It has been shown that oocyte ATP reduction can harm the
kinetics of the embryo development, the blastulation rate and
the implantation ability. Thus, ATP content is a good indicator of
the vitality of the embryo (Brison and Leese, 1991). It has been
hypothesized that oocytes without sufficient wild type mtDNA
and therefore the capacity to generate ATP would not normally
be ovulated also the failure to regulate mtDNA replication and
mtDNA transmission during development is disadvantageous (St
John, 2014). The disproportionate quantity of mitochondria and/or
mtDNA molecules among blastomeres has been reported in the
pig and human (El Shourbagy et al., 2006; Van Blerkom et al.,
2000). This may  result in blastomeres with reduced ATP-generating
capacity. If this occurs early during development, blastomeres may
fragment, resulting in embryo arrest or less competent blastocysts
with fewer cell number. The production of ATP through glycolysis
is far less efficient than through OXPHOS. It is therefore vital that
sufficient mtDNA molecules are present at fertilization to main-
tain embryo survival until mtDNA replication (Margineantu et al.,
2002).

With a better understanding of the role of this organelle in 
ia: Participation to infertility as source of energy and cause of
.biocel.2014.08.011

zygotes, blastocysts and ultimately on the offspring. Mitochondria
distribution and number increasing assessment can be consid-
ered as a method to improve oocyte quality (Chappel, 2013).
Mitochondria-dependent apoptosis seems to be responsible for
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Table 2
Organelle pathology mutations related with mitochondria.

Localization Mutation/gene References

Sperm ATPase 6;
ATPase 8

Kumar et al., 2009

ND2; ND3;
ND5; CO II

Shamsi et al., 2008

CO III
(m.9588G > A)

Baklouti-Gargouri
et al., 2013

Unfertilized oocytes; 3
pro-nuclei zygote;
arrested embryos

ATPase 6
CO III
ND3

Hsieh et al., 2004
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Low fertilization oocyte
cohorts

�mtDNA5286 Yesodi et al., 2002

he pre- and post-natal decline in germ cells, embryo develop-
ent, implantation failure and miscarriages and mitochondria

onstitute a common link between aging and fertility loss (Amaral
t al., 2013b). It is possible that a sex-specific selective sieve in
itochondrial genome evolution is a contributing factor to sexual

imorphism in aging, commonly observed across species (Camus
t al., 2012).

. Organelle pathology

Mitochondria has a maternally inherited genome (mtDNA) and
he accumulation of multiple mtDNA rearrangements is associ-
ted with loss of sperm function (St John et al., 2001). Moreover,
NA variations and high rate of mutations in D-loop of mtDNA
as observed in maternal blood, a fact that may  have a direct or

ndirect role in inducing oocyte maturation defect, early embryo
ell death and repeated pregnancy loss (Seyedhassani et al., 2010;
anniarajan et al., 2011). Furthermore, there is evidence that
tDNA mutations can have a striking impact on the viability of

ametes and human embryos (Table 2). The effect of these muta-
ions on the ETC (electron chain transport) can range from a
ecrease in ATP production up to cell cycle arrest and apoptosis
Fig. 1). Indeed, mutations on the ATPase and nicotinamide adenine
inucleotide dehydrogenase (ND) group of genes were identi-
ed in sperm from oligo-asthenozoospermic patients, resulting

rom oxidative stress (Kumar et al., 2009). Nonetheless, inhibiting
itochondrial metabolic activity during oocyte maturation has a

egative impact on oocyte maturation and subsequent embryo
Please cite this article in press as: Benkhalifa M, et al. Mitochondr
senescence. Int J Biochem Cell Biol (2014), http://dx.doi.org/10.1016/j

evelopmental competence (Ge et al., 2012). Also, the possibility
hat defects in mitochondrial calcium regulation or bioenergetics
omeostasis could have negative downstream development conse-
uences, including imprinting disorders, can be considered in the

Fig. 3. .
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context of signaling pathways and cytoplasmic redox state (Van
Blerkom, 2011).

5. Future outlook

There is clear contribution of mitochondria to infertility and
reproductive pathology as source of energy and cause of senes-
cence (Fig. 3). In clinical setting and during infertility management
mitochondrial medicine should be considered during investigation
and for potential treatment such as mitochondria transfer or dis-
order diagnostic. More research is needed to evaluate the potential
of mitochondria mutation index as a diagnostic tool for patients
undergoing assisted reproductive technology treatments.
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