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Abstract 

The search for reliable biomarkers of blastocyst competence in IVF has historically emphasized 
morphological features of the trophectoderm and inner cell mass. However, parallel studies on 
mitochondrial biology have revealed a unique “oocyte–blastocyst mitochondrial dichotomy,” in 
which mitochondria shift functionally and structurally between fertilization and implantation. 
Contrary to the prevailing view that early embryonic mitochondria primarily drive ATP synthesis, 
evidence suggests that oocyte and preimplantation blastocyst mitochondria operate in a constrained 
metabolic state, with limited oxidative phosphorylation capacity due to anoxic conditions and 
immature cristae structure. Instead, these mitochondria appear to play a more critical role in 
biosynthetic precursor generation, redox regulation, and the metabolic programming of embryonic 
stem cells. We revisited this dichotomy using metabolomic profiling of spent blastocyst culture 
media, leading to the development of a non-invasive pre-implantation metabolic test for blastocyst 
competence (PMT-BC). Shotgun metabolomics revealed key biomarker patterns, not limited to 
classical substrates of glycolysis or oxidative metabolism, but including conjugated TCA 
intermediates, amino acid derivatives, and notably heme-associated metabolites. The detection of 
heme-a and heme-c derivatives aligns with their established roles in cytochrome function, oxidative 
signalling, and pluripotent stem cell activation. Importantly, inhibition of heme synthesis blocks the 
transition of naïve to primed pluripotent states, underscoring the developmental importance of these 
metabolites. Together, these findings highlight that oocyte-specific mitochondrial forms and their 
metabolic outputs are central to early embryogenesis, implantation potential, and stem cell priming. 
By integrating metabolomic biomarker discovery with mitochondrial biology, this work advances 
both embryo selection strategies in IVF and our understanding of the metabolic foundations of 
embryonic stem cell activation. 

Keywords: oocyte-blastocyst mitochondria; embryomic stem cell activation; priming 2C ESCs 
differentiation; mitochondrial TCA metabolites; Heme synthesis; pre-implantation embryo selection; 
IVF 
 

Introduction 

Many advances in medical technology result when different research and innovation areas 
coincide. Here the search for biomarkers of blastocyst-embryo competence has developed parallel, 
but independent, to studies on mitochondrial biology and specifically that of the subcellular organelle 
anatomy of oocytes and blastocysts. 

The search for morphological markers of development and hence competence of the IVF 
blastocyst -embryo to successfully implant, has relied on the gross tissue and, cell to cell structures. 
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The form and function of trophectoderm and inner cell mass which are responsible for implantation 
and the triggering of pluripotent stem cells to form the true embryo. 

However, subcellularly and equally as remarkable as the oocyte haploid nucleus, which fuses 
with the sperm haploid nucleus, and the new diploid genome replicating; are the oocyte 
mitochondria. Many thousands of them, more than any other single cell, and their micro-anatomy is 
unique [1–4] (Figures 1 and 2). 

 

 

The mitochondrial dichotomy refers to the marked shift in mitochondrial function, morphology, 
and metabolic role between the fertilized oocyte and the implanting blastocyst. This difference 
reflects the unique energetic and developmental requirements of early human embryogenesis [4,5] 
(Table 1). 
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The importance of these unique oocyte blastocyst mitochondria were recognised and formed the 
basis of the fertility therapeutics company OVA Sciences and Autologous Germline Mitochondrial 
Energy Transfer (AUGMENT). The concept is based on the fact that oocytes from older women, or 
those with reduced ovarian reserve, often show mitochondrial dysfunction [6,7]. The presumed 
mechanism was impaired energy production and this may reduce fertilization, blastocyst formation, 
and implantation rates [8]. 

On this bases of these assumptions there was an immediate rush to therapeutic interventions 
such as AUGMENT. This Involved isolating putative oogonial stem cells from the patient’s ovarian 
tissue [9], extracting mitochondria, and injecting them into her oocytes at the time of ICSI [10] and 
thus increase healthy mitochondrial copy number using the patient’s own genetic material. Early 
reports claimed improved pregnancy rates [11] . However, this has not been validated [12,13] and the 
focus on mitochondrial ATP production as the rationale has proved a false distraction [8]. 

The common preconception is that mitochondria just, and uniquely, produce ATP. Furthermore, 
given all the cellular functions occurring after fertilization, the assumption is that all these 
mitochondria are only required to produce the ATP that drives DNA synthesis, mitosis and gene 
expression. 

The first falsehood is that ATP is only synthesised by Oxidative Phosphorylation (OXPHOS) in 
the mitochondria and driven by ATP synthase coupled H+ ion channels. ATP is also generated by the 
glycolytic and purine salvage pathways [14] (Figure 3). One might question whether the ATP 
produced by these pathways is sufficient to maintain a cells integrity and function. However red 
blood cells, which survive and function for 90days, not only do not contain a nucleus they also do 
not contain any Mitochondria. Apart from stores and recycling ADP+Pi pathways they rely entirely 
on the Embden-Meyerhof pathway [15] (see Figure 3). 
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The second falsehood is that oocyte and preimplantation blastocyst mitochondria are actively 
generating ATP: The electron transport chain (ETC) relies entirely on electron transfer driving proton 
pump channel complexes straddling the mitochondrial inner membrane, hence infolded cristae, and 
consuming atomic oxygen, at the final stage to make H20 and converting ADP to ATP. However: 

A) The fallopian tubes and uterine cavity are effectively anoxic with low oxygen tensions, p02 

ranging from <10 to 35mmHg, and furthermore, oxygen at such low concentrations is unlikely 
to diffuse effectively across the zona pellucida [16,17]. 

B) The mitochondria of Oocyte and preimplantation blastocyst are characteristically lacking in 
cristae (see Figure 1) [18,19] 

C) Biochemically it has been shown the ETC is blocked and poorly functioning in the oocyte and 
pre-implantation blastocyst at Complex I and at complex iii to complex iv, with low levels of 
heme -proteins such as cytochrome C oxidase, which are critical [20,21]. 

Indeed, the mitochondria of the oocyte and preimplantation blastocyst are structural distinct 
from forms found in any other cells (see Figure 2). Thus, all mitochondria are not the same and 
specific mitochondria phenotype match their desired metabolic function within a cell (see Figure 1). 

Consistent with their structure would be the direction of the TCA cycle to form the raw materials 
required for DNA replication, lipid membrane formation, amino acid formation and sterol and heme 
molecules; and not simply generating FADH and NADH substrate for the electron transport chain 
proton pumps found on cristae (see Figure 4). 

Therefore only the mitochondria seen in mature ova would need to be selected and not those of 
other cells, even putative ovarian stem cells, in order to restore metabolic competence in maternal 
aged oocytes [7]. 
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Why Revisit the Oocyte–Blastocyst Mitochondrial Dichotomy? 

From these and our own metabolomic studies of spent blastocyst media we developed the 
concept of the Blastocyst metabolomic battery (Figure 5). 

 

Once free of the ovarian follicle and maternal granulosa and blood supply, the oocyte has to rely 
on its internal supplies of resources. Upon fertilisation these resources are mobilised and, with 
anabolic and catabolic pathways active, consumed rapidly with some metabolites being excreted, 
shed or over spilling from the blastocyst. In the case of IVF, into the Spent Culture Media (SBM) 
[22,23]. 

Approaching IVF success improvement from a different, non-invasive, angle we and others have 
been pursuing proteomic and metabolomic biomarker assessment of IVF Blastocyst-embryo SBM 
[24–27]. Not knowing what the metabolites of such pathways maybe, and with no pre conceived 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 17 September 2025 doi:10.20944/preprints202509.1532.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202509.1532.v1
http://creativecommons.org/licenses/by/4.0/


 6 of 14 

 

hypothesis to follow; this is based on a more shotgun approach to biomarker discovery [25]. This 
approach is only now possible due to developments in mass, nuclear magnetic resonance and Raman 
spectroscopies [28,29]. These “Omics” technologies allow the rapid and sensitive resolution of 
thousands of metabolite molecules without knowing precisely what every resolved (e.g. mass) peak 
are. Using advanced computing the challenge of associating the relative intensities of these many 
molecules with outcomes is made significantly faster by advanced computing Ai and Machine 
Learning [30]. This allowed us to identify mass spectrometry characterised mass peak biomarkers of 
significance to implantation and viability [25]. 

On hindsight the signature of these blastocyst metabolic activity was not going to be the, 
predominantly, classically understood substrates of anaerobic respiration such as glucose, pyruvate, 
lactate, NADH, FADH and ATP. Indeed this transpired during our studies of metabolites identified 
in the development of our pre-implantation metabolic test for blastocyst competence, PMT-BC [25]. 
However, what has been found advances our understanding of oocyte-blastocyst mitochondrial 
metabolism, its importance in form and function, and signally during this very early stage of 
embryonic stem cell developmental biology to form the true embryo. 

Analysis of the mass spectral peaks found to be important markers in the PMT-BC algorithm 
includes key TCA substrates (e.g. succinate and fumarate) and amino acids (e.g. b-alanine) but 
conjugated as esters to long chain aliphatic (lipid) groups. Functionally these would be insert into, 
and held as, inert stores within cellular membranes and lipid rich granules (see Figure 6). 

 

Furthermore, particularly associated with viability are the appearance of peaks corresponding 
to mass spectra of protoporphyrin IX and heme-c & heme-a variously conjugated with oxygen (O2), 
nitric oxide (NO) and Copper (Cu) (see Figure 7). 

Significantly heme-b, heme-o, and heme-d were not detected in the SBM mass spectra (Figure 8). 
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Protoporphyrin IX is the precursor caging structure for iron held in either the ferrous Fe-2 or 
ferric Fe-3 , ionic forms – the heme’: Heme-a is a specialized form of heme found within the respiratory 
enzyme cytochrome oxidase of mitochondria. Heme c is found in a large group of heme prosthetic 
containing proteins termed generically cytochromes c (cyt c). These are a diverse family of proteins 
essential for electron transport in photosynthesis and respiration, The functional prosthetic Heme-c 
itself can be fine-tuned over a wider range of oxidation-reduction potentials than heme-b. Heme-b 
being the form found in haemoglobin and myoglobin. Heme C also plays an important role in 
apoptosis where just a few molecules of cytoplasmic cytochrome c, which must still contain heme-c, 
leads to programmed cell death [31,32]. Hem-o, is an intermediate in heme-a synthesis and a cofactor 
for terminal oxidases in the electron transport chain, primarily found in bacteria like Escherichia coli 
and some archaea and eukaryotes. Heme-d is only found in bacteria and in specific enzyme 
pathways, such as nitrate reduction [33]. 
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Synthesised by and interplay between the mitochondrial matrix pathways and the cellular 
cytosol, heme’ a & c are critical as the core functional moieties in large carrier heme-protein complexes 
of the electron transport chain, i.e. cytochrome oxidase, reductase and cytochrome c. Unlike in blood 
haemoglobins and muscle myoglobin (heme-b containing), these particular heme proteins trap 
oxygen, oxygen species and oxygen radicals between the porphyrin (heme) caged Fe+3 and Cu+1 metal 
ions. Passing electrons to and from the ETC proton pump complexes, straddling the mitochondrial 
inner membrane, generates the reservoir of H+ ions between the mitochondrial inner and outer lipid 
bilayers. Passing back down the H+ ion concentration gradient drives mitochondrial ATP synthetase 
and effects Oxidative Phosphorylation (OXPHOS); cytochrome c splitting O2 to monomeric O-2 
radicals which combine with these H+ ions to form H20 [34] (see Figure 4a). 

Thus, synthesis of the precursor non-protein key organic components, that are the functional 
moieties of the ETC proteins of mitochondrial oxidative OXPHOS, coupled with micronutrients Cu, 
Fe and Mn [35], only activates at the time (and spatial alignment) of implantation and ICM stem cell 
growth & differentiation; when huge excess ATP synthesis is needed. This is both logical and 
developmentally, a key spatial-temporal event window mechanism. 

Moreover, heme is involved in a considerable number of other metabolic systems [36,37]. Recent 
studies on activation of pluripotent embryonic stem cells has shown that development of the naïve 
stem cells is completely blocked by Heme synthesis inhibition [38]. Indeed, free heme(s) have been 
shown to signal activation, or priming of what would be the blastocyst ICM naïve embryonic 
pluripotent stem cells; and free inter cellular succinate drives primed naïve embryonic stem cells into 
the next stage of stem cell development [39]. Thus, early mammalian embryonic development is tied 
directly to mitochondrial biochemistry and ordered metabolomics of these specialist oocyte 
morphological mitochondria (see Figure 9). 

 

Two main states of pluripotent stem cells have been described: the naïve embryonic stem cells 
(ESCs), resembling the inner cell mass (ICM) of the pre-implantation blastocyst-embryo, and the 
primed ESCs, mirroring the epiblast and hypoblast of the post- implantation stage (see Figure 9). 
While these cells represent closely timed stages in embryo development, they display dramatic 
differences, such as developmental potential, epigenetic landscape, X- chromosome inactivation 
patterns [40–43], but critically also metabolic activity [39,44,45]. Embryomic stem cell culture is 
known to be very heterogenous in terms of pluripotent/epigenetic marker expression [46] and a small 
population of mouse ESCs, grown in naïve in vitro conditions, displays features of the two- cell-type 
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stage embryo (2C- like population or 2CLCs) exhibiting extended potential [39,47]. This subset also 
displays the expression of 2C- specific genes such as the Zscan4 cluster, the retro- transposable 
element MuERVL and/or the master regulator DUX [39,47–49], concomitant with a disappearance of 
chromocenters and loss of the core pluripotency protein OCT4 [39,47]. 

Thus, shotgun analysis for biomarker metabolites that indicate IVF Embryo- blastocyst viable 
implantation potential has coincided with advancing studies on pluripotent naïve embryonic stem 
cell activation. Amongst our key biomarker ratios are heme and succinate ester lipid precursor 
metabolites (see Figures 6 and 7) that have been implicated in ICM ESCs activation [39]. 

Conclusions 

Mitochondrial augmentation in IVF has continued and now refers to a group of experimental 
assisted reproduction techniques aimed at improving oocyte and embryo competence by increasing 
the quantity or functional quality of mitochondria in the oocyte, [11,50,51], (see Table 2). 

 

However, the mitochondria harvested need to be the specialist oocyte differentiated forms, and 
in most cases will be of donor oocyte origin. Pioneered in the late 1990s [50] cytoplasm from young 
women’ donor oocytes (containing healthy, oocyte specific differentiated, mitochondria) is injected 
into the patient’s oocyte. This led to increased pregnancy rates, but raised ethical and safety concerns 
because it results in three-parent genetic mitochondrial heteroplasmy. The FDA halted its use in the 
US due to germline modification implications. However, specifically to prevent inheritance of 
mitochondrial genetic disorders, now the entire doner oocyte cell has its nucleus removed and 
replaced by the parental nucleus so that the mitochondrial entire genetic makeup is that of the donor 
alone [51–56]. 

Specific case by case permission is required currently but has been successful and garnered 
international news headlines [57–59]. 

Like the common misconception that a “genetic” test is all we need, the simple assumption that 
all Mitochondria are the same, i.e. a power house only producing ATP, is a gross simplification that 
it is not just wrong, but damagingly wrong: 

The interplay of any one genetic mutation effecting the complex multigene activation and built 
in redundancy/backup processes of living organisms is generally small. We all carry genetic 
mutations-variants but the phenomic’ magnitude of their individual effects are usually small, and 
only clearly manifest in a minority, although a significant minority, of disorders. So for complex 
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diseases and disorders multiple genetic features must co-exist and single genetic tests can only give 
an association, or range in probability of the disorder manifesting. Thus, PGT-A is a single genetic 
test (but of gross chromosomal replication errors) and its value is limited to a defined group of 
advanced maternal age IVF patients and/or repeat miscarriage [60]. 

In the case of metabolomics and mitochondrial transfer it would strongly suggest the opposite. 
Instead of just applying the technique to a very limited minority, with known mitochondrial disease 
inheritance; donor oocyte specific mitochondrial transfer or enucleated Ova from young donors being 
utilised in IVF of older women, may well solve a significant number of failed IVF cases. However, 
this is by definition heteroplasmy, three genetic contributors. Only metabolomic competence 
selection of blastocysts (or if possible ova) can even attempt to solve the IVF success rate problem for 
all, by selection of the metabolomic (mitochondrial) fittest for IVF-transfer (Figure 10). 
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