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Abstract 

From fertilization until the onset of gastrulation the early mammalian embryo undergoes a 

dramatic series of changes that converts a single fertilised cell into a remarkably complex 

organism. Much attention has been given to the molecular changes occurring during this 

process, but here we will review what is known about the changes affecting the mitochondria 

and how they impact on the energy metabolism and apoptotic response of the embryo. We 

will also focus on understanding what quality control mechanisms ensure optimal 

mitochondrial activity in the embryo, and in this way provide an overview of the importance 

of the mitochondria in determining cell fitness during early mammalian development. 

 

Key Words 

Pre-implantation embryo, post-implantation embryo, mitochondria, oxidative 

phosphorylation, apoptosis, mtDNA, energy metabolism, cell fitness. 



 3 

1. Introduction 

The early stages of mammalian development comprise a fascinating series of changes that 

will convert in a robust and highly reproducible manner, the newly fertilized zygote into an 

embryo that is patterned across its three axes: anterior-posterior, left-right and dorso-ventral. 

These changes involve a substantial remodelling at all the cellular levels, from the 

transcriptional and epigenetic networks that control gene expression to the cytoskeletal 

organization that determines cell shape and the signalling pathways that govern cell 

interactions. The importance of these cellular aspects is comprehensively covered in other 

reviews in this issue, but here we would like to concentrate on one further set of changes that 

often go unnoticed but that are of fundamental importance in determining cell behaviour, the 

changes affecting the mitochondria.  

Mitochondria are cellular organelles that contain their own DNA and most likely originated 

from the endosymbiosis of an archaea and a α-proteobacteria and can be found in all 

eukaryotic organisms (reviewed in (Baum and Baum, 2014). The evolutionary conservation 

of mitochondria is explained by their key function in determining cell fitness, as the many 

roles that they perform, from energy generation to the apoptotic response, ultimately 

determine the ability of the cell to thrive in its environment. Consequently, stringent quality 

controls also exist to ensure optimal mitochondrial performance. In this review we will give 

an overview of what is known about both the mitochondrial changes and the fitness selection 

pressures which act upon mitochondria during the early stages of mouse development. We 

will focus on the period between fertilization and early post-implantation stages of 

development (in mouse 6.5 days post coitum, dpc), as this is the timeframe when the first cell 

fate decisions and patterning events occur, and therefore when mitochondrial activity is most 

likely to help shape the cellular changes occurring during the onset of differentiation, from 
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those that take place at the transcriptional and epigenetic level (Kojima et al., 2014), to those 

involving the acceleration of the proliferation rate that occurs upon exit of pluripotency 

(Snow, 1977). Finally, although there is a wealth of literature emerging on the roles of 

mitochondria in stem cells, here we will concentrate on those studies that directly analyse the 

embryo. 

2. Mitochondrial biogenesis and shape in the early embryo 

The biogenesis of the mitochondria in the embryo is a vastly coordinated process that begins 

even before fertilization. During oocyte maturation maternal mitochondria largely increase in 

numbers to compensate for the degradation of the paternal mitochondria that occurs shortly 

after fertilization (Jansen, 2000). The degradation of paternal mitochondria is mediated by 

ubiquitin labelling which targets these organelles for degradation within the proteasome or 

lysosomes (Sutovsky et al., 1999; Sutovsky et al., 2000), although it has also been suggested 

to be a passive process resulting from the post-fertilization elimination of sperm 

mitochondrial DNA (mtDNA) (Luo et al., 2013). This degradation is conserved as paternal 

mitochondria are undetectable by around the 8-cell stage in all mammalian embryos 

analysed, including human, rhesus monkeys, cows and mice (Cummins et al., 1997). 

Interestingly, leakages of paternal mitochondria and mtDNA can occur in the rare eventuality 

of an interspecies cross – in this case the parental mtDNA can even be detected in the 

neonates (Kaneda et al., 1995) or transmitted to the next generation (Gyllensten et al., 1991). 

This implies that some species-specific mechanism operates early in the embryogenesis to 

exclusively remove paternal mitochondria (reviewed by (Sato and Sato, 2013), but so far the 

molecular basis of this phenomenon remains uncharacterised.  
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A second interesting feature of the early mouse embryo is the total number of mitochondria 

remains constant in the embryo from fertilization until blastocyst formation. An implication 

of this finding is that as long as the segregation of mitochondria is equal between 

blastomeres, each cleavage from the zygote to the blastocyst halves the number of 

mitochondria per cell (Van Blerkom, 2009). Consequently late pre-implantation embryos 

from different mammalian species including mouse (Batten et al., 1987) pig (Spikings et al., 

2007), cattle (Stojkovic et al., 2001), monkey (Squirrell et al., 2003) and human (Wilding et 

al., 2001) contain reduced numbers of mitochondria per cell compared to the zygote. Given 

these observations it was proposed that the number and activity of the mitochondria in the 

oocyte correlates with the competence of this oocyte to generate an embryo after fertilization 

(reviewed in (Van Blerkom, 2011). Although no precise calculation of mitochondrial mass 

have been performed for early post-implantation embryos, mtDNA copy number (Wai et al., 

2010)  (also see bellow for a more detailed discussion) and the expression of regulators of 

mitochondrial biogenesis (Ren et al., 2017) both increase at these stages when compared to 

pre-implantation embryos, suggesting that mitochondrial mass increases upon implantation. 

Importantly, the progression through pre-implantation development can be predicted not only 

by the mitochondria numbers but also their distribution within the cell. While homogeneously 

distributed mitochondria are found in normal cleaving embryos, the mitochondria from 

developmentally arrested embryos aggregate in perinuclear regions and in the pericortical 

regions of the cytoplasm, a pattern that is likely to be indicative of an underlying aberrant 

cytoskeletal and microtubular organisation (Muggleton-Harris and Brown, 1988; Van 

Blerkom, 2009; Wilding et al., 2001). Another form of microzonation observed in mouse and 

human cleaving embryos is with respect to the membrane potential of the mitochondria 

(Δϕm). The Δϕm is a readout of mitochondrial activity and low mitochondrial activity in 
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early embryos correlates with poor developmental potential (Wilding et al., 2001). In human 

and mouse cleaving embryos, mitochondria with low Δϕm tend to aggregate in perinuclear 

regions, while highly polarized mitochondria localize in the periphery of the cytoplasm 

without neighbour cell contact (Van Blerkom et al., 2002). Furthermore, the disruption of this 

microzonation is detrimental to development, as a homogeneous distribution of mitochondria 

in the blastomeres (regardless of their polarization status) is also indicative of low 

development potential (Wilding et al., 2001). Further differences in Δϕm are observed at the 

blastocyst stage, with the trophectoderm (TE) mitochondria being highly polarised and the 

mitochondria of the inner cell mass (ICM) showing a lower Δϕm (Van Blerkom, 2009), but 

as will be discussed later this is due to the metabolic difference that exists between these cell 

types.  

A final particularity of the mitochondria of the pre-implantation embryo is their shape. 

Electron microscopy analysis of human and mouse early pre-implantation mitochondria 

revealed that these are rounded and with a low density of cristae, which are folds in the inner 

membrane of the mitochondria that harbour proteins required for oxidative phosphorylation 

(OXPHOS) such as the ATP synthase and cytochromes. In humans as the blastocyst hatches 

the mitochondria elongate and fuse to form networks full of cristae and in mouse this change 

takes place shortly after implantation (Shepard et al., 2000; Smith and Alcivar, 1993; Zhou et 

al., 2012) and our unpublished observations). This process is thought to reflect the 

progressive maturation of the mitochondria occurring during early development. 

3. Mitochondrial DNA and selection for optimal mitochondrial performance 

Mitochondrial DNA (mtDNA) is a multi-copy genome that can be found within the 

mitochondria of most eukaryotic cells, and encodes for vital components of their bioenergetic 
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machinery. Replication and transcription of mtDNA are tightly regulated, and synchronized 

with mitosis (Chatre and Ricchetti, 2013), but also "relaxed" (i.e. mtDNAs are chosen 

randomly for replication (Birky, 1994) and cells are able to vary the copy number to meet 

changes in OXPHOS energy requirements (Hood, 2001). Recent discoveries showed that 

both replication and transcription of mtDNA are far more complex than previously thought 

(Agaronyan et al., 2015; Reyes et al., 2013), and a detailed description is beyond the scope of 

this review (for detailed information see (Gustafsson et al., 2016)).  

During embryogenesis mtDNA transcription starts at the same time as the zygotic genome 

activation  (2 cell stage in mouse; 4/ 8 cell stage in human and morula stage in cattle (May-

Panloup et al., 2005)). mtDNA copy number is thought to be regulated by the energetic 

demands of the cell, with high-performing tissues like muscle, heart, liver and brain showing 

copy numbers of several thousand per cell (Kelly et al., 2012; Miller et al., 2003; Viscomi et 

al., 2009). Oocytes are the cells with the highest mtDNA copy number, with species specific 

variation (mouse: 160,000 (Wai et al., 2010); human: 750,000 (Cotterill et al., 2013)). 

MtDNA copy number is important for fertility; oocytes retrieved from patients with ovarian 

insufficiency contain, on average, threefold fewer copies of mtDNA (Folmes et al., 2016). 

While oocytes from mice are capable of developing to the blastocyst stage with as few as 

4,000 mtDNAs, the critical threshold for post-implantation development seems to be around 

50,000 mtDNAs (Wai et al., 2010). As is the case for mitochondria, mtDNA is strictly 

maternally inherited as paternal mitochondria that reach the ooplasm during fertilization are 

digested (Al Rawi et al., 2011), with sperm mtDNA already starting to degrade within the 

sperm cell (Luo et al., 2013). This mechanism ensures that the embryo starts with a set of 

identical mtDNAs, however, as discussed above, very rarely this system can fail, mainly 
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during interspecies fertilization (Gyllensten et al., 1991; Luo et al., 2013; Schwartz and 

Vissing, 2002; St John and Schatten, 2004). 

After fertilization and until the early blastocyst stage although the total number of mtDNAs 

of the embryo stays constant, the number of mtDNA copies per cell is decreased with each 

embryonic cell division (Thundathil et al., 2005). Nevertheless, the exact details of mtDNA 

replication and degradation during this time are species specific. In the mouse, a short period 

of mtDNA synthesis occurs shortly after fertilization and up to the two-cell stage (McConnell 

and Petrie, 2004), but as the mtDNA copy number of the embryo stays constant this synthesis 

must be accompanied by degradation (McConnell and Petrie, 2004). In pig and cattle mtDNA 

is diminished from the 2-cell to the morula stage, with a marked increase at the blastocyst 

stage (May-Panloup et al., 2005; Spikings et al., 2007). In humans there seems to be a 

reduction between oocytes and the 2 cell stage, with a sharp increase again at the blastocyst 

stage (Hashimoto et al., 2017). In cattle it was additionally found that embryos that are 

deprived of a considerable amount of their mtDNA at the 1-cell stage (shortly after 

fertilization) were able to develop into blastocysts with normal mtDNA copy number, 

showing that the embryo is able to increase mtDNA replication under these specific 

conditions (Chiaratti et al., 2009; Ferreira et al., 2010). The reasons for pre-implantation 

mtDNA synthesis and destruction are unclear, but destruction of paternal mtDNA (May-

Panloup et al., 2005; McConnell and Petrie, 2004), selection of the "fittest" mtDNAs and the 

bottleneck effect (see below) (Wai et al., 2010) have all been proposed as possible 

mechanisms.  

At the blastocyst stage a large scale increase in mtDNA replication and copy number occurs 

in TE cells as the mitochondria mature and increase OXPHOS activity. In contrast to this, 

cells from the ICM continue to dilute their mtDNA with each round of division until they 
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finally reach the "mtDNA set point", i.e. the lowest level of mtDNA prior to differentiation 

(Kelly et al., 2012). The number of mtDNAs per cell is below 300 at this time, with estimates 

as low as around 30 in embryonic stem cells (ESCs) (Facucho-Oliveira et al., 2007). This set-

point is currently understood to be a mitochondrial check-point that helps to segregate an 

even amount of mtDNA between all cells once replication has started. Moreover in cells with 

lower mtDNA copy number, mutated mtDNAs can be selected against, as their relative effect 

on cell fitness is higher (Wai et al., 2010). Most interestingly, the mtDNA copy number at 

this point could also help to define the cells differentiation potential, as both in induced 

pluripotent stem cells (iPSCs) and cancer cells their differentiation status is correlated with 

their mtDNA copy number, with lower copy numbers indicating lower levels of 

differentiation. Importantly, differentiation stage and mtDNA copy number need to be 

exactly orchestrated, both by reaching the mtDNA set point and by subsequent mtDNA 

replication to increase mtDNA copy number, to allow the cell to switch between 

differentiation stages (e.g. in iPS cells; reviewed in (John, 2016)).  

Later in development, after reaching the mitochondrial set-point, the cell lineage dictates the 

mtDNA copy number: stem cells retain a low mtDNA copy number, seemingly to keep their 

stemness and high proliferation potential (Folmes et al., 2016). Cells that initiate lineage 

commitment generally increase their mtDNA copy number until they reach the fully 

differentiated state with a cell specific mtDNA copy number, which mainly depends on the 

OXPHOS requirements of that specific cell type (Kelly et al., 2012). An important exception 

are mammalian erythrocytes, which lose both nuclear and mtDNA (Long, 2007). 

Germ cells show a more complex development. Mouse primordial germ cells (PGCs) are laid 

aside shortly after implantation, around day 6.5 in embryonic development (Hayashi et al., 

2007) and initially maintain a low mtDNA copy number. In the male germ line the mtDNA 
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copy number stays low, as each sperm cell contains only approximately 10-100 mtDNAs, and 

being that higher quality sperm cells have lower mtDNA copy numbers (Amaral et al., 2007; 

Wai et al., 2010). By the time of their specification, female PGCs contain between 100 and 

ca. 1,000 mtDNAs per cell, the exact number being debated (Cao et al., 2007; Cao et al., 

2009; Cree et al., 2008; Johnston et al., 2015; Wai et al., 2008). Female germ cells then 

increase their mtDNA copy number to around 5,000 in the primary oocytes (Cao et al., 2007) 

and to 160,000 in mature oocytes (Wai et al., 2010).  

Besides mtDNA copy number, an important part of mtDNA genetics is genomic integrity. 

Ideally, all copies of mtDNA within a cell are genetically identical (homoplasmy). However, 

the mutation rate of mtDNA is about 100 times higher than that of nuclear DNA (Khrapko et 

al., 1997). This is mainly caused by replication errors during cell division and constant 

turnover within cells, but also due to its location at the inner membrane where high 

concentrations of reactive oxygen species (ROS) are released during OXPHOS, damaging the 

DNA (Bratic and Larsson, 2013). While in somatic tissues damaged mtDNA may play an 

important part in aging (Bratic and Larsson, 2013), in the germ line such mutations can lead 

to (heritable) genetic diseases (Burgstaller et al., 2015). As mtDNA rarely recombines (Fan et 

al., 2012; Hagström et al., 2014) and is strictly maternally inherited in mammals (Luo et al., 

2013), at least two types of mechanisms protect the mtDNA from the accumulation of 

deleterious mutations (also known as Mueller’s ratchet)(Wallace and Chalkia, 2013). These 

are the mtDNA bottleneck and mutation specific mechanisms and both take place mainly at 

early stages of development.   

The mitochondrial genetic bottleneck is one of the most important mechanisms ensuring 

mtDNA genetic homogeneity (Johnston et al., 2015). Due to the high mutation rate, mutated 

and unmutated mtDNA are frequently present in both somatic cells and the germ line 
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(heteroplasmy) (Bratic and Larsson, 2013; Rebolledo-Jaramillo et al., 2014). Moreover, with 

strict maternal inheritance of mtDNA, and in the absence of recombination, deleterious 

mutations are likely to accumulate in the long run (Mueller’s ratchet) (Wallace and Chalkia, 

2013). The mitochondrial bottleneck counteracts this mechanism, as the low mtDNA copy 

number in PGCs represents only a small subset of the total mtDNA population of the entire 

embryo. This physical bottleneck, possibly intensified by replication of only a subset of 

mtDNAs within these cells, strongly increases heteroplasmy variance between PGCs and 

consequently the offspring (Johnston et al., 2015). Over generations, this random variance 

increase enhances the chance of a return to a homoplasmic (i.e. one type of mtDNA) state. 

In addition to the non-specifically acting bottleneck, mtDNA segregation is also influenced 

by several mutation-specific mechanisms. While the details of these mechanisms need to be 

elucidated, they function by either eliminating deleterious mutations, or else shifting cells 

toward homoplasmy irrespective of functionality. The following types, classified by mutation 

type (deleterious/ non deleterious) and the time they act during development can be found in 

the literature: (i) purifying selection against deleterious mutations in tRNA and protein 

coding regions, acting in the germ line (Fan et al., 2008; Stewart et al., 2008)) and during 

gestation (Freyer et al., 2012); (ii) biased segregation of different physiological mtDNA 

haplotypes acting in the germ line and during gestation (Burgstaller et al., 2014; Sharpley et 

al., 2012)); (iii) biased segregation of different physiological mtDNA haplotypes acting in the 

ICM, with selected cells contributing to the embryo proper (Lee et al., 2012). However, in 

spite of these mechanisms inheritable mtDNA based diseases are reported with prevalence 

rates of 1 in 300 in humans, showing both the importance and limitations of these 

mechanisms (Burgstaller et al., 2015).  
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Mitochondrial performance is not only influenced by the integrity of its own genome, but 

also by the nuclear genome. Encoding for important subunits of the respiratory chain, the 

mtDNA has to be compatible with the nuclear genes encoding the major part of the 

mitochondrion. As mtDNA is segregated with the female genome, the paternal half of the 

nuclear genome is "alien" to the mtDNA. It has therefore been proposed that the mtDNA has 

to be functionally flexible, with little functional difference between existing mtDNA 

haplotypes (Chinnery et al., 2014). Nevertheless, maternal transmission can cause 

accumulation of mutations that cause severe effects in males, but only mild effects in females 

("mother’s curse") (Ballard and Pichaud, 2014). Differences between mtDNA haplotypes are 

also shown in adaption e.g. to climate and altitude, along with incompatibilities between 

mtDNAs in heteroplasmic conditions and incompatibilities between nuclear and mtDNA 

genomes (reviewed in (Ballard and Pichaud, 2014; Wallace and Chalkia, 2013)). Moreover, 

mtDNA haplotypes were found to influence gene expression in ESCs (Kelly et al., 2013), and 

even modulate tumour formation and metastasis (Kenny and Germain, 2017).  

4. Mitochondrial metabolism in early embryogenesis 

4.1 Oxidative phosphorylation (OXPHOS) 

Above we have described the biogenesis of mitochondria and the replication of its DNA in 

the early embryo and what potential mechanisms select for mitochondrial fitness. Next we 

would like to turn the table around and concentrate on how the mitochondria determine the 

fitness of the cell during early embryogenesis. Specifically, we will focus on what is known 

about two primary mitochondrial roles, the regulation of OXPHOS and the execution of 

apoptosis. There are other important roles that mitochondria play in the cell, such as in 

calcium homeostasis, but much less is known about this regulation in early development and 

for this reason these roles will not be covered here. 
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Probably the best-known mitochondrial role is the generation of ATP via OXPHOS. In this 

process ATP is produced from inorganic phosphate and ADP using the proton motor force 

(proton gradient) generated by the electron transport chain (ETC) across the inner membrane 

of the mitochondria. To generate this proton gradient the mitochondria requires the 

consumption of oxygen as the final acceptor of electrons transported across the respiratory 

chain (Mitchell, 1961) and the oxidation of substrates generated by the Krebs cycle from 

metabolites coming from glycolysis, glutamate or fatty acid oxidation (Björntorp, 1966).  

The importance of OXPHOS in the early embryo is highlighted by the fact that the ATP 

produced in the late pre-implantation embryo derives mostly from oxidative metabolism 

(Brinster, 1973). However, prior to blastocyst formation the case is very different. In 

cleavage stage embryos the mitochondria are still structurally and functionally immature and 

for this reason the oxygen consumption rate is limited in all mammalian species analysed, 

including in human rabbit, rat, mouse, porcine and bovine embryos (Kurosawa et al., 2016; 

Leese, 2012). Due to this low oxygen consumption rate, cleavage embryos feed the 

substantial energy demands of the organelle remodelling that accompanies cleavage by an 

alternative pathway of ATP production – the adenosine salvage pathway – regulated by the 

activity of adenylate kinase and creatine kinase for AMP and ADP respectively (Scantland et 

al., 2014). The low oxygen consumption rates of cleavage stage embryos has led to them 

being referred to as quiescent (Cho et al., 2006; Spikings et al., 2007; Squirrell et al., 2003; 

Stojkovic et al., 2001; Wilding et al., 2001), also known as the “quiet embryo” hypothesis 

(Leese, 2012). A practical consequence of the low oxygen consumption rate of early pre-

implantation embryos is that these embryos benefit from low oxygen culture conditions 

(Gardner, 2016; Leese, 2012). As will be discussed later, this is likely because at the early 
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stages of development embryos are very sensitive to the oxidative stress that accompanies 

high oxygen consumption. 

After cleavage and accompanying the maturation of the mitochondrial cristae, the rate of 

oxidative metabolism increases and by the blastocyst stage this consumption rate has not only 

doubled, but accounts for 70% of the total oxygen consumed by the embryo (Manes and Lai, 

1995; Trimarchi et al., 2000).  Interestingly, at this stage the metabolic activity of the ICM 

and TE differs. Cells from the ICM are less oxidative and therefore their ATP production is 

lower compared to the cells from the TE, that produce about 80% of the ATP of the mouse 

blastocyst (Houghton, 2006). The high respiration and ATP generation at the blastocyst stage 

is most likely due to the energy required to power the Na+,K+ATPase activity needed for 

cavitation and for the protein synthesis that sustains the net embryo growth that starts at this 

stage of development (Donnay and Leese, 1999; Houghton et al., 2003).  

The substrates required to sustain OXPHOS in addition to oxygen also change during pre-

implantation development. From the zygote to the morula stage, pyruvate is the most 

important metabolite for Krebs cycle activity and pyruvate is required for the first cleavage 

division (Biggers et al., 1967; Whittingham, 1969; Whittingham and Biggers, 1967). After 

this division lactate can also sustain development (Brinster, 1965). At the blastocyst stage, 

although other substrates are also likely to be important, glucose consumption becomes 

predominant (Barbehenn et al., 1978; Houghton et al., 1996; Leese and Barton, 1984; 

Thompson et al., 1996) and the coupling of glycolysis to oxidative phosphorylation ensures 

embryo viability (Lane and Gardner, 1996).  

Upon implantation the oxidative capacity of the embryo changes again and reverts to 

cleavage stage levels (Houghton et al., 1996), as the embryo switches to a glycolytic 
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metabolism (Clough and Whittingham, 1983; Shepard et al., 1997). This switch in 

metabolism is required to sustain the increase in proliferation rate that occurs between pre- 

and post-implantation, from a mean 12-14 hour cell cycle time in the blastocyst (Barlow et 

al., 1972; MacQueen and Johnson, 1983) to a 6 hour cycle at 6.5 dpc (Snow, 1977). This is 

because glycolysis allows for a more rapid ATP generation than OXPHOS and feeds into 

pathways that produce the building blocks that sustain cell division, such as nucleotides, 

lipids and amino-acids. Regarding the molecular mechanisms controlling the switch to 

glycolysis, it has been suggested that the hypoxic environment that the embryo faces during 

implantation activates HIF-1alpha, which stimulates the expression of glycolytic genes and 

represses those involved in oxidative phosphorylation (Zhou et al., 2012). Finally, it is worth 

noting that the metabolic differences observed before and after implantation can also be 

captured in vitro by naive mouse and human ESCs, which resemble the pre-implantation 

metabolism, and epiblast stem cells and primed human ESCs, which have a metabolism that 

is similar to the post-implantation embryo (Takashima et al., 2014; Zhou et al., 2012).  

4.2. OXPHOS independent roles of mitochondrial metabolites 

Although the mitochondria are not mature organelles during early pre-implantation 

development, the metabolic activity associated with OXPHOS is also important for fine-

tuning embryogenesis independently of ATP generation at these stages. For example Krebs 

cycle metabolites such as α-ketoglutarate and acetyl-CoA are required for the epigenetic 

changes (demethylation and acetylation, respectively) occurring during genomic activation in 

the cleavage stage mouse (Aoki et al., 1997) and human embryo (Niakan and Eggan, 2013). 

Also pyruvate, O-glycosylation, and chaperones have been shown to transiently drive the 

nuclear localization of the metabolites and enzymes from the first half of the TCA cycle 
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(class I enzymes and metabolites) that regulate this zygotic genome activation (Nagaraj et al., 

2017), providing a mechanism by which mitochondrial metabolites can regulate gene 

expression. Finally, the importance of α-ketoglutarate in regulating gene expression has also 

been shown in mESCs, where high intracellular levels of α-ketoglutarate is required for 

pluripotency by promoting DNA demethylation (Carey et al., 2015).  

4.2. Impact of the mitochondria on the maintenance of the reducing/oxidizing (Redox) 

balance 

The increase in oxidative capacity that occurs during pre-implantation development involves 

an increased activity of the ETC whereby the oxidation of NADH and FADH culminates in 

the transfer of electrons to molecular oxygen and the generation of ATP. However, this 

process is not completely effective, as some electrons can “spill” and react with molecular 

oxygen generating ROS. It is for this reason that most of the ROS in the cell is produced in 

the mitochondria as by-products of the ETC, including the primary superoxide anion (O2
-) 

along with its derivates hydrogen peroxide (H2O2) and hydroxyl radical (OH) (Balaban et al., 

2005; Takahashi, 2012). The formation of ROS has beneficial roles for signalling and cell 

homeostasis, but if excessive it poses a hazard by causing oxidative stress (a skewed redox 

potential towards oxidized potential (Balaban et al., 2005)). This hazard of ROS is very 

evident in the in vitro cultured early mammalian embryo, where oxidative stress is the cause 

of mitochondrial dysfunction, DNA damage, developmental arrest and cell death (Qian et al., 

2016; Takahashi, 2012; Wu et al., 2017). These observations imply that during early 

development the reducing/oxidizing balance must be finely tuned and therefore as the activity 

of OXPHOS increases so must the defence mechanisms against ROS.  
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Cells rely on enzymatic and non-enzymatic antioxidants to maintain a Redox homeostasis. In 

the early embryo both enzymatic mitochondrial antioxidants, such as superoxide dismutases 

(SODs), and the non-enymatic tripeptide glutathione (γ-glutamyl-cysteinyl-glycine; GSH – 

oxidased glutathione; GSSG – reduced glutathione) supported by glutathione peroxidase 

(Gpx) appear to be important for maintain the Redox state. The synthesis of GSH increases 

after zygotic genome activation (Calvin et al., 1986; Nasr-Esfahani et al., 1992), and 90% of 

GSH is consumed by the blastocyst stage (Luberda, 2005). Perturbations of the GSH/GSSH 

balance cause apoptosis in mouse blastocysts (Ren et al., 2015) and correlate with loss of 

developmental potential in human embryos (Lee et al., 2010). The expression of SODs is also 

high in the early embryo (Donnay and Knoops, 2007; Guerin et al., 2001), suggesting that 

this anti-oxidant also plays a role. Together, these observations highlight the delicate Redox 

balance that exists in the early embryo and indicate that a variety of mechanisms must be at 

play to allow the embryo to adapt to the changing energy requirements and oxygen 

environment that occurs during early development. 

5. Mitochondrial control of apoptotic cell death during early embryogenesis 

5.1 Regulation of apoptotic response  

One of the most fascinating facets of the mitochondria is that it not only provides the energy 

for life, but it is also one of the most important mediators of the death of the cell.  This 

importance is clearly illustrated by the essential role that the mitochondria play in activating 

caspase proteases through the intrinsic or mitochondrial pathway of apoptosis (reviewed in 

(Tait and Green, 2013). There is not a wealth of knowledge regarding the regulation of 

mitochondrial apoptotic death during early mammalian development, primarily as much of 

the research in this field has concentrated on unraveling the mechanisms that govern 

pluripotency and differentiation. However, there is an acute need for apoptosis in 
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development, not only to remove damaged cells, but also to shape morphogenesis. For these 

reasons the observation made a number of years back that the apoptotic threshold 

dramatically changes during the early stages mammalian embryogenesis (Heyer et al., 2000), 

has broad implications for establishing the importance of the mitochondria in shaping pre- 

and early post-implantation development.  

The first conclusive evidence that the apoptotic response changes during early mammalian 

embryogenesis came from the observation that low doses of UV irradiation do not induce 

apoptosis in mouse pre-implantation embryos, but leads to a strong apoptotic response in the 

post-implantation epiblast (Heyer et al., 2000). Subsequently, it was proposed that the post-

implantation epiblast is primed for death, and therefore in a state that makes it hyper-

responsive to apoptotic signals (Laurent and Blasi, 2015; Pernaute et al., 2014). In agreement 

with this hypothesis, a range of cellular defects, including chromosome fragmentation or 

chromosome mis-segregation lead to apoptosis specifically during early post-implantation 

development (Brown and Baltimore, 2000; Dobles et al., 2000; Kalitsis et al., 2000), 

indicating that a checkpoint is acting at this stage to eliminate aberrant cells. The observation 

that hESCs are also hypersensitive to cell death signals and display a high “mitochondrial 

apoptotic priming” (Liu et al., 2013), suggests that the changes in apoptotic threshold may be 

conserved.  

The mitochondrial apoptotic pathway is finely balanced at the mitochondria by the 

interaction of pro- and anti-apoptotic factors of the BCL2 family. The binding of the anti-

apoptotic proteins (e.g BCL-2, BCL-XL or MCL-1) to their pro-apoptotic BCL2 family 

counterparts (e.g. BIM, BID, PUMA, NOXA or BAD) prevents the induction of apoptosis. 

However, when this balance is broken, BIM or BID bind to the apoptotic effector molecules 

BAX and BAK which induce outer mitochondrial membrane permeabilization (MOMP) and 
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caspase activation. There are at least two separate ways in which the balance of pro- and anti-

apoptotic factors is tilted to favor apoptosis in the post-implantation epiblast. The first is 

through microRNAs (miRNAs) of the miR-20, miR-92, and miR-302 families. These 

miRNAs target Bim and maintain it in a state that is poised for activation (Pernaute et al., 

2014). This allows for the signals that induce apoptosis to rapidly induce death by stabilising 

Bim RNA or protein. Furthermore, the expression of these miRNAs increases with the 

developmental progression of the epiblast, indicating that there is an increased requirement to 

dampen BIM activity in the post-implantation epiblast.  

The second mechanism by which apoptosis is facilitated post-implantation is likely via the 

transcriptional regulation of BCL2 family factors. During mouse post-implantation 

development low doses of UV irradiation induces p53 activation at 5.5 dpc and 6.5 dpc, but 

this irradiation only efficiently induces apoptosis at the later stage of development. One 

possible explanation for this difference is that 6.5 dpc embryos display lower transcriptional 

levels of expression of the anti-apoptotic BCL-XL and higher expression of the pro-apoptotic 

BAK and BIM than their 5.5 dpc counterparts (Laurent and Blasi, 2015). Therefore during 

post-implantation development changes in the transcriptional and post-transcriptional 

regulation of BCL2 family members help sensitize the epiblast to apoptotic stimuli and in this 

way set the low apoptotic threshold that can be found in the primed pluripotent state (Figure 

2). 

5.2. Importance of mitochondrial induced apoptosis in the early embryo 

The lowering of the apoptotic threshold occurring at early post-implantation stages has 

functional consequences, as a wave of apoptosis can be found to spread through the epiblast 

between 5.5 and 6.5 dpc (Manova et al., 1998; Spruce et al., 2010).  But what is the purpose 
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of this apoptosis and why do primed epiblast cells become hypersensitive to death? One 

obvious possibility relates to the fact that germ cell specification occurs shortly after cells 

transit to the primed epiblast state (Leitch et al., 2013). It is likely that one mechanism to 

quickly eliminate abnormal cells is by lowering the mitochondrial death threshold, as this 

would ensure that even cells with moderate levels of damage are removed before they can 

contribute to the germline. Other possibilities have also been suggested for this apoptosis, 

such as driving the formation of the cavity that lies inside the cup-shaped epiblast epithelia at 

6.5 dpc (Coucouvanis and Martin, 1995). However, this role seems unlikely as there is little 

correlation between apoptosis and the timing of cavitation during post-implantation 

development, and instead of death the apical constriction of polarised epiblast cells signaled 

by integrins appears to be required for this morphogenetic process (Bedzhov and Zernicka-

Goetz, 2014). One final possibility is that this apoptosis helps explain the intriguing 

observation that the initiation of gastrulation is governed by the attainment of either a 

threshold cell number or tissue mass of the epiblast (recently reviewed by (Kojima et al., 

2014).  It is possible that the culling of excess cells is part of the mechanism by which the 

embryo can coordinate growth and patterning to ensure that both occur with the appropriate 

developmental timing. 

6. Concluding remarks 

What all the data above reveals are the fundamental roles that the mitochondria play in the 

regulation of cell fitness during early embryonic development, from controlling the energy 

output and redox state to determining the cell’s apoptotic response. However, they also 

indicate not only how dynamically these roles change with developmental progression, but 

also how coordinated these changes are. A prime example is the changes affecting OXPHOS 

and apoptosis. For example, at the blastocyst stage oxidative phosphorylation is high and the 
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apoptotic response is muted. In contrast to this, upon implantation OXPHOS activity is 

decreased and the embryo becomes hypersensitive to death stimuli. What these observations 

suggest is that either the apoptotic machinery is controlled by the oxidative state of the cell 

or/and that both apoptosis and OXPHOS activity are regulated in parallel by the same signal 

(Green et al., 2014). Alternatively of course, it is possible that these two processes are not 

directly linked. Going forward into the future it will be important not only to unravel the 

mechanisms of this possible cross-regulation, but also to uncover how this regulation is wired 

into the networks that govern differentiation. Answering if in addition to environmental cues, 

cell identity determines mitochondrial activity, or if alternatively the mitochondria provide 

instructive signals for fate specification, and therefore coordinate environmental changes with 

patterning, will be fundamental to be able to understand how the early embryo develops. 

The second implication of the reviewed studies is that not only do the mitochondria control 

cell fitness, but also that there are a variety of fitness quality control mechanisms that act 

directly on the mitochondria to optimise cell fitness. For example, the mtDNA bottleneck and 

purifying selection of mtDNAs both contribute at the mtDNA level to optimise mitochondrial 

activity. Similarly, mitophagy contributes to mitochondrial selection by removing those 

mitochondria that are damaged, although little is known about mitophagy during early 

development. All these mechanisms are cell intrinsic, but the synchronicity of developmental 

progression coupled with the remarkable plasticity that early embryonic cells show (see other 

reviews in this issue), suggest that there must also be cell-to-cell mechanisms that 

communicate relative mitochondrial fitness levels. This communication could be either 

cooperative, to synchronise growth, or competitive, to eliminate less metabolically active 

cells. Uncovering the nature of these interactions will shed essential light into how the 

embryo ensures that coordination of growth during development.  
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Figure legends. 

Figure 1. Changes in the mitochondria and its mtDNA occurring during early mouse 

development. In the early embryo all mitochondria are maternally inherited due to the 

degradation of paternal mitochondria occurring after fertilization. From the zygote until the 

blastocyst the mitochondria are round with a low cristae density, but upon implantation they 

elongate and mature their cristae organization. mtDNA transcription is initiated at the 2-cell 

stage with zygotic genome activation. As occurs with mitochondrial numbers, the mtDNA 

copy number remains constant during pre-implantations stages and then replicates upon 

implantation. Two selection mechanisms, the bottleneck effect and the purifying selection, 

protect from the accumulation of deleterious mtDNA mutations (Mueller’s rachet) during 

early embryogenesis. During early development the metabolic rate of the embryo also 

changes. The glycolytic rate is limited in cleaving embryos, increasing with the glucose 

uptake as the embryo progresses to the blastocyst stage. Similarly, the oxygen consumption 

in cleaving embryos is low but at the blastocyst stage the oxidative rate doubles, primarily 

due to the requirements of the trophectoderm. Upon implantation the oxidative rate returns to 

cleavage stage levels as the embryo switches to a glycolytic metabolism. 
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Figure 2. Diagrammatic representation of the changes in the apoptotic response that occurs 

during early mammalian development. At pre-implantation stages the apoptotic threshold is 

high, but after implantation epiblast cells become hyper-sensitive to death stimuli due to the 

increased expression of the pro-apoptotic proteins BIM and BAK. During this process the 

expression of miRNAs that target Bim, such as those belonging to the miR-20, miR-92 and 

miR-302 families, also increases and this prevents apoptosis but allow a rapid response to 

death stimuli. 
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