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Abstract

Purpose of review—Mitochondria are cellular organelles that are required for energy 

production. Emerging evidence demonstrates their role in oocyte development and reproduction. 

In this review, we examine recent animal and clinical studies on the role of mitochondria in 

fertility. We also analyse the impact of assisted reproductive techniques (ARTs) on mitochondrial 

function and discuss the future clinical implications of mitochondrial nutrients and mitochondrial 

replacement.

Recent findings—Mitochondria affect all aspects of mammalian reproduction. They are 

essential for optimal oocyte maturation, fertilization and embryonic development. Mitochondrial 

dysfunction causes a decrease in oocyte quality and interferes with embryonic development. ART 

procedures affect mitochondrial function, while mitochondrial nutrients may increase 

mitochondrial performance in oocytes. New mitochondrial replacement procedures using 

mitochondria obtained from polar bodies or from the patient’s own oogonial stem cells are 

promising and may address concerns related to the induction of high-levels of heteroplasmy, 

which could potentially result in negative long-term health effects.

Summary—Optimal energy production is required for oocyte and embryo development, and 

mitochondrial abnormalities have devastating reproductive consequences. Improvement of oocyte 

mitochondrial function via intake of compounds that boost mitochondrial activity may have 

clinical benefits, and mitochondrial replacement could potentially be used for the prevention of 

mitochondrial diseases.
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INTRODUCTION

Mitochondria are energy factories of the cell separated from the cytoplasm by a double 

membrane. They synthesize ATP, which is the essential energy currency for many cellular 
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processes. Moreover, mitochondria have important roles in metabolism, calcium 

homeostasis, fatty acid oxidation and apoptosis.

Evolutionarily, mitochondria are the relics of bacteria that were in symbiosis with eukaryotic 

cells. Over millions of years of evolution, most of the bacterial genes have translocated to 

the nucleus, while mitochondria became a cellular organelle. Importantly, although 

mitochondrion is the only animal organelle containing DNA outside of the nucleus, most of 

the proteins essential for mitochondrial function are encoded by the nuclear genome [1–3].

Tissues have varying numbers of mitochondria and mitochondrial DNA (mtDNA) copy 

number, determined by their metabolic activity [1]. Human mtDNA is circular, 16.6 kB long 

and contains 37 genes. It encodes two ribosomal RNAs, 22 transport RNAs and 13 proteins. 

All proteins encoded by the mitochondrial genome are part of the electron transport chain 

(ETC) [4,5] (Table 1). Mitochondrial DNA is prone to mutations because it lacks protective 

histones and lays in close proximity of ETC, which is notorious for the generation of 

reactive oxygen species (ROS). Therefore, mtDNA accumulates mutations and deletions 

over time, which is believed to reduce the fitness of the organism [6]. In fact, mitochondrial 

dysfunction is associated with and possibly contributes to the pathogenesis of 

atherosclerosis, type 2 diabetes and neurodegenerative disorders [7▪].

In this review, we discuss the role of mitochondria in oocyte biology and reproduction. We 

also provide a summary of the recent studies which examine the impact of assisted 

reproductive techniques (ARTs) on mitochondrial function and discuss the future clinical 

implications of mitochondrial nutrients and mitochondrial replacement.

THE ROLE OF MITOCHONDRIA IN OOCYTE BIOLOGY

Mitochondria are inherited uniparentally, as sperm mitochondrial proteins are ubiquitinated 

and degraded via proteasomes and autophagy following their entry into the oocyte [8–10]. 

The reason for this phenomenon is unknown. However, it is thought that the sperm 

mitochondria are destroyed to protect the embryo from deleterious mutations that they carry 

as a result of exposure to high ROS levels during spermatogenesis [7▪,11]. It is also possible 

that the degradation of sperm mitochondria protects the offspring from the high levels of 

heteroplasmy that would have been observed if sperm mitochondria were retained in the 

oocyte [10].

There are about 100 000 mitochondria per fully-grown human oocyte. Mitochondria in 

mammalian oocytes are spherical with little cristae [2]. These mitochondria are 

transcriptionally and bioenergetically silent and this functional state seems to be 

evolutionarily conserved [12,13], especially in immature eggs, which have slow ATP 

production [14]. This quiescent state is believed to be important to keep the number of 

mitochondrial DNA mutations to minimum, as these mutations will then be passed down to 

the embryo [13]. After fertilization, oocyte mitochondria undergo structural changes and 

resemble their somatic counterparts by the time of blastocyst formation [7▪].

Thousands of mitochondria in oocytes are formed from a few hundred present in primordial 

germ cells (PGCs). Although mitochondrial replication starts in PGCs [15] and continues 
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during early oogenesis, a major increase in mitochondria numbers is observed during later 

stages of folliculogenesis [16]. Oocyte mitochondria are required to support early embryonic 

development for two reasons. First, glycolysis is limited during oocyte maturation and early 

preimplantation embryo development, until the blastocyst stage [17,18]. In addition, 

mitochondria replication is suppressed and mtDNA count does not change from metaphase 

II oocytes till hatched blastocyst stage [16,19,20]. Therefore, mitochondria derived from the 

oocyte are the major source of ATP during preimplantation embryonic development.

Mitochondria are dynamic structures: they move inside the cell and undergo fusion (two 

mitochondria join to form a single mitochondrion) and fission (a single mitochondrion 

divides into two mitochondria) [21,22]. They aggregate around the spindle during the first 

meiotic division, migrate to the oocyte cortex in contact with the spindle and then distribute 

asymmetrically during the division wherein almost all mitochondria remain in the oocyte 

[23] (Fig. 1). This is important because polar body will degenerate and mitochondria in the 

oocyte are essential energy suppliers to the developing embryo. During the second meiotic 

division, mitochondria aggregate around the spindle and then disperse to the cytoplasm [23]. 

ATP levels also peak during polar body extrusion, further emphasizing the role of 

mitochondria in meiosis [18]. The regulation of mitochondrial dynamics is important for 

oocyte maturation. Overexpression of mitochondrial fusion proteins leads to the formation 

of mitochondrial aggregates in oocyte cytoplasm and interferes with spindle organization 

and spatiotemporal endoplasmic reticulum (ER) distribution [24]. Moreover, oocyte-specific 

knockout of mitochondrial fission factor Drp1 impairs calcium signalling and intercellular 

communication, and leads to abnormalities in follicle development and ovulation [25].

Heteroplasmy is the presence of more than one mitochondrial DNA variant in the cell. Each 

individual carries one heteroplasmy on average [26▪▪]. It is impossible to predict the 

heteroplasmy level in the oocyte on the basis of the heteroplasmy level in a woman’s 

somatic tissue. Individual oocytes have various levels of heteroplasmy. As a result, allele 

frequency of different mtDNA variants changes in subsequent generations [27]. A number 

of mechanisms were proposed as a cause of this genetic drift, such as the drastic reduction of 

mtDNA number from oocytes to PGCs (mitochondrial bottleneck), assembly of 

homoplasmic mtDNA variants into segregation units and preferential amplification of a 

subgroup of mtDNAs during oogenesis or post-natal folliculogenesis [15,28,29]. Regardless 

of the mechanism of this phenomenon, it seems to be in place to protect the offspring from 

deleterious mutations, because in the opposite scenario, the accumulation of mitochondrial 

mutations can lead to devastating consequences, as oocyte mitochondria populate new 

embryos in each successive generation [7▪,29,30]. It was demonstrated that one in eight 

individuals carry disease-associated heteroplasmy [26▪▪]. The frequency of disease-

associated allele determines the phenotype. The nature of the mutation is also important, as 

mutations in the mtDNA region encoding tRNAs seem to be tolerated better than others [4].

MITOCHONDRIA AND REPRODUCTION

Mitochondria play important roles in reproduction, and transgenic mice with induced 

mtDNA mutations experience severe decline in fertility [31]. Subplasmalemmal 

mitochondria affect fertilization ability of human oocytes [32]. Mitochondria also regulate 
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calcium oscillations during fertilization, which are crucial for embryonic development [33]. 

The pattern of calcium oscillations changes when mitochondria function is inhibited [34]. 

Moreover, mitochondrial function and DNA content determines fertilization outcome of 

porcine oocytes [35,36]. Mitochondrial DNA content also correlates with the ability of the 

human oocytes to be fertilized. Unfertilized oocytes have lower mtDNA copy number and 

degenerated oocytes demonstrate even lower levels [37,38]. Fertilization failure observed in 

oocytes with low mtDNA number may indicate defective cytoplasmic maturation.

In pig oocytes, mitochondrial copy number and activity are important for parthenogenetic 

activation; however, mitochondrial copy number does not seem to be crucial for porcine 

oocyte maturation. On the contrary, pig oocytes with depleted mitochondrial membrane 

potential experience problems with maturation [39]. The same is true for mouse oocytes. In 

mice, mitochondrial activity is important for oocyte maturation and subsequent embryo 

development. However, alterations in mtDNA copy number do not seem to affect 

maturation, although they interfere with embryo development to the blastocyst stage 

following in-vitro fertilization (IVF) [40]. In another study, inhibition of oxidative 

phosphorylation in mouse oocytes severely reduces their development to hatched blastocyst 

stage [41]. It was also demonstrated that, although low mtDNA copy number in mouse 

oocytes could be enough to support fertilization and preimplantation development, these 

embryos do not do well after implantation. Threshold of mtDNA copy number in oocytes 

required for mouse embryonic development following implantation was determined to be 40 

000–50 000 by genetically manipulating mtDNA copy number at different stages of 

germline development through deletion of Tfam, an essential component of mitochondrial 

nucleoid [42]. In humans, higher ATP levels in oocytes correlate with better embryo 

development and implantation rates [41]. On the basis of these studies, it is possible to 

conclude that oocyte has much more mitochondria than is required for oocyte maturation. 

However, high numbers of mitochondria observed in oocytes are essential to support early 

embryonic development, especially considering that the mitochondrial replication is 

inhibited in preimplantation embryos.

Mitochondrial dysfunction in the oocytes of diabetic mothers may be the mechanism 

responsible for the occurrence of developmental defects and high rate of miscarriages. 

Oocytes from diabetic mice have altered mitochondria ultrastructure, function and mtDNA 

copy number, and demonstrate high frequency of spindle abnormalities [43,44]. Cumulus 

cells of type 1 diabetic mice also display increased apoptosis, abnormal mitochondria 

distribution and function [45]. Moreover, oocytes and cumulus cells from mice on high-fat 

diet demonstrate mitochondrial structural defects and increased spindle abnormalities 

[46,47]. Altered mitochondria number and function are also associated with male subfertility 

[1].

Age-related decline in fertility is largely due to decrease in oocyte quality. Embryos 

obtained using donor oocytes from young women demonstrate high implantation rates when 

transferred to older women [48]. It was shown that human euploid embryos are much more 

likely to develop to blastocysts and euploid oocytes almost always form euploid embryos 

[49,50]. However, oocyte aneuploidy rate increases with age and increased aneuploidy rate 

is believed to be the main mechanism responsible for the decrease in oocyte quality [51,52]. 
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It was demonstrated that mouse oocyte ATP production decreases with age [53]. Ageing 

mice and hamster oocytes have less ATP, and mtDNA copy number, and demonstrate 

ultrastructural mitochondrial abnormalities [54]. Aged mare oocytes also have lower 

mtDNA copy number [55]. Moreover, mitochondrial mutations increase with age [19]. In 

one recent study, authors examined the frequency of various mitochondrial alleles in 39 

healthy mother–child pairs. Interestingly, the number of heteroplasmies in children 

positively correlated with maternal age at conception. This points to the accumulation of 

mtDNA mutations in maternal oocytes with age [26▪▪]. Furthermore, mtDNA copy number 

is lower in unfertilized oocytes and uncleaved embryos of women more than 40 years old 

than younger women [56]. Interestingly, Wells et al. [57▪▪] recently reported that elevated 

mitochondrial DNA in human preimplantation embryos is associated with aneuploidy. 

Although definitive evidence is lacking, the aforementioned studies and others suggest that 

the mitochondrial abnormalities affect energy production, lead to spindle abnormalities, 

result in aneuploidy and affect developmental competence of the oocytes [58–60] (Fig. 1). 

The relationship between mitochondrial DNA content in human oocytes and embryos and 

how they affect developmental potential is a complex process and will require further 

investigation.

Emerging evidence demonstrates the effects of ARTs on mitochondria function and the role 

of mitochondria in determining IVF outcomes. Human oocytes with dark zona pellucida 

have lower fertilization, implantation and clinical pregnancy rates, and demonstrate 

mitochondrial abnormalities [61]. Vitrification decreases mouse oocyte mitochondrial 

membrane potential [62] and germinal vesicle stage oocytes obtained from vitrified mouse 

ovarian tissue have lower fertilization rates and poor developmental potential than fresh 

samples. This could be due to mitochondrial dysfunction observed in vitrified oocytes [63]. 

Prolonged in-vitro maturation (IVM) reduces developmental rate of bovine oocytes to 

blastocysts, despite increasing their mitochondrial activity [64]. Epidermal growth factor-

like peptides improve IVM outcomes in mouse cumulus oocyte complexes by inducing 

mitochondrial activity [65]. Mitochondrial copy number, membrane potential and ATP 

content are decreased in murine oocytes following controlled ovarian hyperstimulation 

(COH) [66]. It is possible that mitochondria of superovulated mouse oocytes have some 

defects, which impairs their embryonic development [67]. COH causes mitochondrial 

abnormalities in granulosa cells of Rhesus monkeys [68]. Growth hormone improves oocyte 

quality and increases the number of functional mitochondria when applied as part of a COH 

protocol in aged women with poor ovarian response [69]. The widespread use of ART 

necessitates extensive studies on the effects of these techniques on oocyte quality and 

mitochondrial function.

IMPROVEMENTS IN MITOCHONDRIAL PERFORMANCE AND CLINICAL 

IMPLICATIONS

As mitochondrial dysfunction negatively affects reproduction, an increase in mitochondrial 

number and/or improvement of mitochondrial function could potentially lead to improved 

fertility [7▪]. Mitochondrial nutrients are biological or chemical compounds that boost 

energy-producing capacity of mitochondria [14]. α Lipoic acid (ALA), a coenzyme 
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important in mitochondrial metabolism, is required for embryonic survival in mice [70]. 

Resveratrol has gained much attention recently as an antiageing compound that increases 

mitochondrial numbers and improves mitochondrial function [14,71,72]. It was 

demonstrated to improve mitochondrial performance and developmental capacity of porcine 

oocytes [73]. Supplementation of mouse oocyte media with L-carnitine, a small antioxidant 

molecule important in fatty acid β oxidation, improves meiotic spindle configuration and 

mitochondrial distribution following IVM of vitrified oocytes [74]. Coenzyme Q10 (CoQ10) 

is a lipid-soluble electron transporter in ETC. Tissue levels of CoQ10 decrease with age 

[6,75]. Dietary supplementation of CoQ10 could possibly decrease aneuploidy rate in human 

oocytes [76]. Although the use of mitochondrial nutrients to improve fertility is appealing, 

well designed clinical studies are required to test the clinical efficacy and potential benefits 

of these compounds.

Efforts were also made to transfer ‘healthy’ mitochondria from young oocytes to defective 

oocytes in women with repeated IVF failures. Small amounts of cytoplasm obtained from 

young oocytes were used for this purpose. However, concerns over the impact of 

mitochondrial heteroplasmy on the long-term health of the offspring led to the 

discontinuation of the procedure, despite the initial success [7▪,77,78]. There is an intricate 

communication between the nucleus and mitochondria. Therefore, the presence of the third 

parent genetic material could lead to devastating consequences. These concerns were 

corroborated with mice studies in which heteroplasmy was associated with cognitive 

abnormalities [79] and a phenotype resembling early-onset metabolic syndrome [80].

Mitochondrial mutations may result in numerous devastating diseases [4,81]. Although 

preimplantation genetic diagnosis can reduce mutant mtDNA transmission to the next 

generation, it cannot eliminate disease occurrence [27]. Therefore, mitochondrial 

replacement has gained a lot of attention in recent years as a method to prevent these 

diseases. Experimental studies attempted to use spindle chromosome transfer or pronuclear 

transfer (PNT) of oocytes harbouring mitochondrial mutations to healthy enucleated 

oocytes. However, these procedures still result in transfer of some donor mitochondria and 

theoretical concern of significant negative health effects of heteroplasmy still exists. Despite 

this, the Human Fertilization and Embryology Authority (HFEA) in the UK concluded that 

preclinical evidence is sufficient to proceed with experimental studies in humans and 

recently, the UK Parliament approved the use of this technique in humans, but a further vote 

is required in the House of Lords (http://www.parliament.uk/business/news/2015/february/

commons-debate-statutory-instrument-on-mitochondrial-donation/). However, in the USA, 

the Food and Drug Administration (FDA) decided to hold until further preclinical evidence 

is available [81].

In one recent study, authors proposed the use of polar bodies to eliminate the possibility of 

transfer of defective mitochondria. Polar bodies contain the same genetic material as their 

sister oocytes and have significantly less mitochondria. The experiments performed in mice 

are promising and either polar body 1 or polar body 2 transfer resulted in healthy offspring 

and, importantly, minimal mtDNA carryover [82▪▪] (Fig. 1). More studies are needed to 

explore the possibility of use of polar bodies in this regard, either alone or in combination 

with other techniques that may decrease the number of donor oocytes needed for 
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mitochondrial replacement procedures [82▪▪]. Another possibility is the use of oogonial stem 

cell (OSC) mitochondria for replacement. Termed AUGMENT (autologous germline 

mitochondrial energy transfer), this would have certain advantages: first, these would be 

tissue-matched mitochondria derived from germ cells; second, these mitochondria have very 

high bioenergetic potential and low number of mutations; and third, as these mitochondria 

will be isolated from the patient’s own cells, the possibility of the presence of the third-party 

genetic material will be eliminated [7▪,83].

CONCLUSION

Available evidence points to the important role of mitochondria in reproduction. Optimal 

mitochondrial function is required for the oocyte maturation, fertilization and embryonic 

development. Improvement of the mitochondrial function either through the use of small 

molecules or procedures involving mitochondrial transfers could lead to better fertility 

outcomes. Moreover, mitochondrial replacement procedures could open a new page in the 

treatment of mitochondrial diseases. We are entering a new era wherein boosting 

mitochondrial performance with exciting procedures could improve oocyte quality and 

reproductive performance in humans.
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KEY POINTS

• Mitochondria affect all aspects of mammalian reproduction, including oocyte 

maturation, fertilization and embryonic development.

• The use of ARTs may alter mitochondria function in mammalian oocytes and 

granulosa cells.

• The idea of the use of mitochondrial nutrients to boost mitochondrial 

performance and to increase oocyte quality is appealing, but well designed 

clinical studies are needed to test their efficacy.

• New mitochondrial replacement procedures using mitochondria obtained from 

polar bodies or from the patient’s own oogonial stem cells are promising and 

may address concerns related to the induction of high levels of heteroplasmy.
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FIGURE 1. 
Schematic representations of mitochondrial behaviour and mitochondrial function in oocytes 

during meiosis I. Mitochondria accumulate around meiotic spindle during meiosis I and 

remain in the oocyte following cell division. (a) Chromosomes distribute evenly when 

mitochondria function is optimal (white circles). (b) In cases of mitochondrial dysfunction 

(grey circles), meiotic nondisjunction occurs. This mechanism is thought to be responsible 

for the observed increase in aneuploidy rate in aged oocytes.
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Table 1

The list of human mtDNA genes

Protein encoding genes Complex I MT-ND1, MT-ND2, MT-ND3, MT-ND4. MT-ND4L, MT-ND5, MT-
ND6

Complex III MT-CYB

Complex IV MT-COl, MT-C02, M1T-C03

Complex V MT-ATP6, MT-ATP8

rRNA-encoding genes MT-RNR1, MT-RNR2

tRNA-encoding genes MT-TA, MT-TN, MT-TR, MT-TC, MT-TD, MT-TE, MT-TQ. MT-TG, MT-TH, MT-TI, MT- TLI, MT-TL2, MT-TK, MT-
TM MT-TF, MT-TP, MT-TSI, MT-TS2, MT-TT, MT-TW, MT-TY, MT-TV
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