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Stem cell metabolism: from embryonic development to 
stem cell differentiation
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Transitions through pluripotent stem cell states, differentiation, and reprogramming, involve substantial metabolic 
remodeling. These metabolic transitions are only just beginning to be understood, often relying on transcriptional data to 
infer metabolism, rather than actual metabolic outputs. Here, we consider the metabolism of the early embryo through 
development, and look at the nutrient milieu within the developing stem cell niche. We discuss what is known about the 
distinct metabolic states captured in vitro by the 2-cell-like, naïve, blastocyst-like, formative, and primed states of pluripotency. 
We explore the recently described metabolic surge event that occurs as pluripotency is lost and stem cells commit to 
differentiate. Finally, we explore the most recent understanding of germ layer-specific metabolic remodeling. To establish 
protocols for the safe and efficient differentiation of healthy cells for therapies, we must develop a better understanding of 
the dynamic continuum of metabolic states that span pluripotency and differentiation, and how to influence them.
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Introduction 
Metabolism is central to pluripotency and differentiation, with 
lasting impacts on derived cell identity through regulation of 
the epigenetic landscape (Donohoe and Bultman, 2012; Harvey 
et al., 2016; Harvey et al., 2019; Wu et al., 2019). Akin to the 
dynamic nutrient requirements of the developing embryo, 
discrete in vitro cell states have distinct metabolic profiles 
(Zhou et al., 2012; Cliff and Dalton, 2017), with nutrients 
capable of inducing and maintaining alternate cell states (Shyh-
Chang et al., 2013; Shiraki et al., 2014; Moussaieff et al., 2015; 
Lees et al., 2020). This places metabolism at the forefront of 
development and cell state decisions. The developing embryo, 
from which pluripotent stem cells originate, undergoes a series 
of dynamic metabolic transitions synchronized to its molecular 
development. It is only through understanding embryonic 
metabolism and development that we can derive and maintain 
different in vitro stem cell states for disease modeling and 
therapies.

Early embryo development
The fertilized oocyte is totipotent, with resultant blastomeres 
capable of generating all three primary germ layers, ectoderm, 

mesoderm, and endoderm, in addition to the extra embryonic 
tissues. Up to the 2-cell embryo, blastomeres remain totipotent 
(Garner and McLaren, 1974). In the mouse, a transporting 
epithelium is established around the 8-16-cell stage through a 
process known as compaction where cell definition is lost and 
the outer cells of the embryo form tight junctions, giving rise 
to the blastocyst. The blastocyst comprises the inner cell mass 
(ICM), which gives rise to the three primary germ layers and 
consequently the fetus, and the trophectoderm (TE), which 
gives rise to the extraembryonic and placental tissue. It is 
from the ICM cells that embryonic stem cells (ESCs) can be 
isolated, expanded in culture, and differentiated for downstream 
applications including disease modeling and cell therapies.

The molecular signature of mouse and human stem cells
Isolated mouse ESCs retain the in vivo pluripotency of their 
parent ICM cells indicated by a lack of lineage priming genes, 
and are able to contribute to chimeric animals and form 
teratocarcinomas composed of representatives of all three germ 
layers (Gardner, 1968; Evans and Kaufman, 1981). Mouse ESCs 
are proposed to be equivalent to the E3.5 – 4.5 ICM (Nichols 
and Smith, 2012), supported in culture by leukemia inhibitory 



REVIEW ARTICLE

Conditioning Medicine 2021 | www.conditionmed.org

Conditioning Medicine | 2021, 4(2):88-99

89

factory (LIF) activation of the Janus kinase/signal transducers 
and activators of transcriptions (JAK-STAT3) signaling pathway 
(Boeuf et al., 1997). Stimulation of extracellular signal-
regulated kinase (Erk) and glycogen synthase kinase 3-beta 
(GSK3β) pathways in mouse ESCs, transitions them towards 
the primed mouse ESC state. The primed state is a stable 
pluripotent state in culture, where cells are more permissive 
to differentiation signals, equivalent to the E6.5 epiblast, 
termed mouse epiblast stem cells (EpiSCs) (Tesar et al., 2007). 
Comprehensive reviews have covered the transcriptional and 
epigenetic differences between mouse EpiSCs derived from the 
post-implantation epiblast and mouse ESCs (Brons et al., 2007; 
Tesar et al., 2007). Mouse EpiSCs derived from pre-gastrula to 
late gastrula stages and from different tissues of origin display  
similar global transcriptional profiles (Kojima et al., 2014). This 
suggests that current culture conditions are woefully inadequate 
to sustain the complex continuum of pluripotent stem cell states. 
The human ESC state is analogous to the mouse EpiSC state, 
representing a primed stage of development. The primed state 
is replicated by human induced pluripotent stem cells (iPSCs; 
somatic cells that have been reprogrammed to a pluripotent 
state) and resemble primed human ESCs in their capacity for 
self-renewal, in vitro differentiation potential, and surprisingly, 
can contribute to viable chimeras in mice, where mouse EpiSCs 
rarely can (Okita et al., 2007).
     The in vitro naïve state in the mouse corresponds to the 
Nanog positive cells within the ICM at E3.5 during blastocyst 
formation (Silva et al., 2009). Naïve human ESCs have 
been isolated in culture from primed human ESCs using 
combinations of GSK and MEK/ERK inhibitors (2i), LIF and 
Activin (Hanna et al., 2010; Theunissen et al., 2014) among 
others (Gafni et al., 2013; Takashima et al., 2014; Ware et 
al., 2014; O'Reilly et al., 2019), with no consistent protocol 
identified for their generation. However, all these conditions fail 
to establish a human naïve state equivalent to the mouse as they 
do not incorporate efficiently into chimeras, although a modest 
increase in efficiency can be achieved by depleting cells of p53 
tumour suppressor protein (Bayerl et al., 2021). Indeed, the 
human naïve state requires a more complex suite of pathways to 
be simultaneously inhibited than other species, which has given 
rise to sophisticated reporter screening strategies to uncover its 
molecular basis (Theunissen et al., 2014; Bayerl et al., 2021). 
Measuring our success in obtaining embryonic-like stem cell 
states against valuable human embryos will continue to be a 
challenging but necessary process. This raises the question 
of what indicators are most appropriate, acknowledging that 
core transcription factors such as Oct4, Nanog, and Sox2 
are too robustly expressed across stem cell states to properly 
discriminate along the continuum (Davidson et al., 2015). 
Instead, changes to metabolism and the epigenome could 
potentially be employed as reliable outcome measures for bona 
fide embryonic-like stem cell states. Metabolism is central to 
pluripotency and responds rapidly to changes in culture, with 
lasting impacts on cell state through regulation of the epigenetic 
landscape (Donohoe and Bultman, 2012; Harvey et al., 2016; 
Harvey et al., 2019; Wu et al., 2019). Indeed, human naïve 
cells isolated directly from the ICM into culture establish a 
hypomethylated state relative to their parent ICM cells (Guo et 
al., 2016), indicating that current naïve culture conditions are 
insufficient for establishing a bona fide human naïve state in 
vitro.
     Relatively recently, several other embryonic stages have 
been modeled with in vitro cultures including 2-cell-like 
cells, formative or intermediate stem cells, and blastocyst-like 
structures. Two-cell-like cells occur spontaneously in mouse 
ESCs cultured in 2i/LIF conditions (Macfarlan et al., 2012; 
Rodriguez-Terrones et al., 2020) and display similar molecular 
and chromatin features as the totipotent 2-cell blastomeres 

of the mouse embryo. However, 2-cell-like cells are not truly 
totipotent nor do they contain the maternal RNAs and proteins 
of their in vivo counterparts (Genet and Torres-Padilla, 2020). 
While a promising tool to study this rare developmental stage, 
2-cell-like cells have not yet been isolated in the human and are 
not capable of self-renewal. Formative stem cells describe an 
intermediate state of pluripotency between the naïve and primed 
states (Smith, 2017). Significantly, and unlike mouse ESCs or 
EpiSCs, formative stem cells can give rise to primordial germ 
cells, and transcriptional and epigenetic analyses match them to 
the pre-gastrulation formative epiblast (Kinoshita et al., 2021; 
Wang et al., 2021).
     The earliest attempts to generate blastocyst-like structures 
were disorganized embryoid bodies made from the spontaneous 
differentiation of mouse ESCs (Doetschman et al., 1985). 
Bioengineering strategies were then employed attempting to 
replicate the structure of a blastocyst using 3D matrices (Poh et 
al., 2014) and micropatterned surfaces (Warmflash et al., 2014). 
The most recent advances have come through aggregating 
mouse ESCs, trophoblast stem cells, and/or extra-embryonic 
endoderm stem cells, harnessing the cross-talk between these 
stem cell types to drive embryo-like morphogenesis (Harrison 
et al., 2017; Sozen et al., 2018; Li et al., 2019; Zhang et al., 
2019). Blastocyst-like structures have since been derived from 
human naïve stem cells (Yu et al., 2021), and from both mouse 
and human reprogrammed somatic cells by either transitioning 
through a 2-cell-like state (Li et al., 2019) or exploiting the 
inherent heterogeneity of the reprogramming process (Liu 
et al., 2021b). These blastocyst-like structures, or blastoids, 
model the general architecture of the blastocyst including a 
blastocoel-like cavity and TE-like and ICM-like cells, and can 
undergo implantation in utero (Harrison et al., 2017; Sozen et 
al., 2018; Li et al., 2019; Zhang et al., 2019; Liu et al., 2021b; 
Yu et al., 2021). Single cell RNA sequencing of blastocyst-
like structures against human blastocysts has matched them to 
both pre-implantation (Yu et al., 2021) and post-implantation 
(Liu et al., 2021b) human embryonic states. However, while 
an amazing step towards being able to model mammalian 
embryo development in vitro, blastocyst-like structures are 
still in their infancy with reasonable questions surrounding 
their ability to make TE lineages (Zhao et al., 2021), their 
ability to model post-implantation events including primitive 
streak formation and gastrulation, the haphazard arrangement 
of tissues following implantation, a complete absence of any 
metabolic data, and the ethical question of whether the 14-
day termination rule of embryonic development will need 
to apply to these structures as they approach embryonic-like 
developmental competency. Physiological oxygen (5%) greatly 
enhances the formation efficiency of the blastocoel-like cavity 
in blastocyst-like structures (Sozen et al., 2018), consistent with 
the extensively documented impact of physiological oxygen 
on embryo development (Wale and Gardner, 2010), stem cell 
differentiation (Burridge et al., 2011), and reprogramming 
(Spyrou et al., 2019b). The implementation of physiological 
levels of other nutrients, amino acids, and carbohydrates, which 
have been shown to be beneficial in embryo development 
and in vitro stem cell differentiation studies (Zhu et al., 2012; 
Wu et al., 2013; Bardy et al., 2015; Ermisch et al., 2020), 
is likely to support other challenging aspects of blastocyst-
like development such as primitive streak formation and 
gastrulation. The utility of blastocyst-like structures as models 
of early human development will depend on our ability to 
pattern discrete developmental cell populations such as the 
TE at the earliest stages to subsequently achieve timely and 
organized development.

The epigenetic landscape of pluripotency
Epigenetic mechanisms are required during development to 
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silence pluripotent genes and activate lineage-specific genes 
in a dynamic and temporal manner (Chen and Dent, 2014; 
Sirard, 2019). Human ESCs exhibit a euchromatic (accessible) 
and highly dynamic chromatin landscape (Boland et al., 2014) 
corresponding to elevated global transcriptional activity (Efroni 
et al., 2008). The combination of repressive H3K27me3 and 
active H3K3me3 at specific developmental genes, termed 
bivalent methylation, establishes a primed epigenetic state 
poised for differentiation (Bernstein et al., 2006; Voigt et al., 

2013). Differentiation requires global changes in the epigenetic 
landscape, characterized by restricted gene expression, 
extensive regions of heterochromatin, H3K9me3 marks, and 
other repressive DNA methylation patterns (Hawkins et al., 
2010; Harvey et al., 2019).
     To establish and maintain this epigenetic landscape, 
epigenetic modifiers that regulate DNA methylation, histone 
modification, and chromatin organization are required. 
DNA methylation and demethylation are regulated by DNA 

Figure 1. Fertilization of the mammalian egg occurs at embryonic day (E) 0.5 in the oviduct, which resides at ~9% oxygen (Fischer and Bavister, 
1993). The cleavage stage embryo is surrounded by the zona pellucida (blue cloud), a glycoprotein coat that protects against polyspermy 
and premature hatching, and the cumulus cells, which generate pyruvate and lactate from glucose, creating a pyruvate- and lactate-rich 
environment for the cleavage stage embryo (Leese and Barton, 1985; Gardner et al., 1996). The metabolism of the cleavage stage embryo 
consists primarily of the aerobic oxidation of pyruvate and lactate (Gardner and Harvey, 2015). Zygotic/embryonic genome activation occurs in 
the mouse 2-cell embryo, and at the 4- and 8-cell stage in the human. Cleavage division to the 8-cell stage and the compaction of the morula 
occur in the uterus, which has a relatively higher glucose concentration (3.15 mM) than that of the oviduct (0.5 mM) (Gardner et al., 1996). The 
higher glucose concentration in the uterus, and the declining concentrations of pyruvate and lactate, coincide with the increased demand for 
ATP, which alleviates the block in glycolysis present in the cleavage stages, and signals the switch to a primarily glucose driven metabolism 
at the blastocyst stage. Blastocyst formation takes place in the uterus under ~5.3% oxygen (Maas et al., 1976) at E3.5 in the mouse and E5 in 
the human, when the trophectoderm (TE; yellow) cells expand to encompass the blastocoel cavity, and the inner cell mass (ICM; blue) cells 
begin random priming for epiblast (blue) and primitive endoderm linages (red) (Chazaud et al., 2006). Oxygen consumption increases 3-fold 
at the blastocyst stage, its highest during embryonic development (Houghton et al., 1996), in order to create the ATP required for blastocoel 
formation. The blastocyst comprises two discrete cell types, the ICM and the TE, each with distinct nutritional requirements and metabolism. 
In the mouse, the TE converts ~50% of consumed glucose to lactate, while the ICM is almost exclusively glycolytic, converting most consumed 
glucose to lactate (Hewitson and Leese, 1993a). Oxygen consumption by the TE cells increases after compaction, and mitochondria develop 
from spherical organelles into elongated morphologies with transverse cristae (Lees et al., 2017). Implantation occurs at E5 and E7 in 
the mouse and human respectively, at which time the oxygen concentration drops within the uterus to 3.7% (Maas et al., 1976). During 
implantation, synctiotrophoblasts invade the uterine wall, recorded at ~2.5% oxygen (Genbacev et al., 1997; Caniggia et al., 2000). Following 
implantation, the polar TE cells proliferate to form the extraembryonic ectoderm (yellow), which will contribute to the embryonic part of 
the placenta. Oxygen consumption by the egg cylinder stage embryo drops to pre-blastocyst levels (Houghton et al., 1996), and glycolysis 
becomes the primary metabolic pathway together with extensive pentose phosphate pathway use for proliferation (Clough and Whittingham, 
1983). Gastrulation occurs at E6.5 and E14 in the mouse and human respectively giving rise to the gastrula and the formation of the primitive 
streak and primordial germ cells (purple). In the mouse, in vitro derived ESCs from the E3.5 ICM are termed mouse ESCs, representing the 
naïve state of pluripotency and are maintained in culture by LIF/STAT3 signalling (Nichols and Smith, 2012). 2-cell-like cells (green) arise 
spontaneously in mouse ESC culture and represent the 2-cell blastomere stage of embryonic development. Mouse ESCs derived from the E6.5 
– 7.5 post-implantation epiblast are termed epiblast stem cells (EpiSCs). In the human, ESCs derived from the E3.5 – 4.5 ICM and maintained 
in vitro in 2i/LIF/Activin are termed naïve human ESCs, equivalent to mouse ESCs (Hanna et al., 2010; Theunissen et al., 2014). If human ESCs 
derived from the pre-implantation blastocyst are not maintained in naïve culture conditions, and instead are maintained in the standard hESC 
system (bFGF/TGFβ/Activin), they transition to the primed state, termed human ESCs, equivalent to mouse EpiSCs. Mouse epiblast-like cells, 
and human formative or intermediate stem cells are representative of the E5.5 mouse epiblast and can give rise to primordial germ cells in 
culture. Mouse 2-cell-like cells oxidise lactate and pyruvate like the 2-cell embryo. Mouse and human naïve ESCs have a bivalent metabolism, 
making use of glycolytic and mitochondrial glucose metabolism and glutamine for anaplerosis (Zhou et al., 2012; Carey et al., 2014; Vardhana 
et al., 2019). Formative stem cells exhibit a high level of de novo lipogenesis and a bivalent metabolism, while primed state human ESCs and 
mouse EpiSCs are reliant on glycolysis, the absence of which severely reduces cell viability and growth (Zhou et al., 2012). Mouse and human 
primed state ESCs display increased fatty acid (FA) synthesis compared to the naïve state, and a reduced capacity for fatty acid β-oxidation 
(Sperber et al., 2015b). The thickness and size of the text represents the relative contribution of the pathway to metabolism.
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methyltransferases and Ten-Eleven Translocation dioxygenases 
respectively (Wu and Zhang, 2014). Histone acetylation by 
histone acetyltransferases induces a euchromatic state and 
facilitates transcription while histone deacetylation, via histone 
deacetylases, is associated with transcriptional repression. 
Epigenetic modifiers also require specific metabolites as co-
factors, which has been comprehensively reviewed by Donohoe 
and Bultman (2012) and Harvey et al., (2016). Specifically, 
S-adenosylmethionine, generated through one carbon 
metabolism and essential for mouse (Shyh-Chang et al., 2013) 
and human (Shiraki et al., 2014) ESC pluripotency, acts as the 
methyl donor for DNA and histone methylation. Tricarboxylic 
acid (TCA) cycle products α-ketoglutarate and succinate 
regulate Ten-Eleven Translocation activity (Xiao et al., 2012), 
and class III histone deacetylases activity is regulated by 
NAD+-dependent mechanisms (Cantó et al., 2015). Therefore, 
metabolic activity has the capacity to modulate the epigenome 
through the availability of these epigenetic modifiers (Harvey et 
al., 2016; Tsogtbaatar et al., 2020).

Metabolism as a regulator of embryo development and stem 
cell pluripotency
The nutrient environment and metabolism of the embryo
Lessons learned from embryonic development highlight 
the significance of establishing an appropriate metabolic 
environment, as sub-optimal nutrient compositions can 
significantly impair embryo development (Gardner and Lane, 
1993; Gardner, 1998b; de Lima et al., 2020) and human birth 
rates (Meintjes et al., 2009; Waldenström et al., 2009). Prior 
to implantation, embryos develop within the reproductive 
tract as free-floating entities, reliant on nutrients and other 
signaling molecules contained within reproductive tract fluid 
for survival. The uterine and oviductal fluid in which the 
embryo and ICM cells develop, comprises a rich and complex 
mixture of proteins and metabolites (Leese, 1988) that changes 
throughout embryonic development to support the needs of the 
developing embryo (Gardner et al., 1996). One such dynamic 
nutrient is oxygen, which ranges from its highest point of 
~9% in the oviduct (Fischer and Bavister, 1993) to ~5.3% in 
the uterus at the time of implantation, and falls to 2.5% as the 
blastocyst implants into the uterine wall. In the oxygen rich 
oviduct, the cleavage stage embryo undergoes aerobic oxidation 
of pyruvate and lactate (Figure 1) (Leese and Barton, 1985; 
Gardner et al., 1996). It is in the oviduct that activation of the 
embryonic genome occurs, at the 2-cell stage in the mouse, and 
at the 4- and 8-cell stage in the human. The 8-cell embryo and 
compacting morula encounter a higher glucose environment in 
the uterus (Gardner et al., 1996), which begins the transition to 
glucose oxidation for rapid ATP production. From the morula 
to the blastocyst stage, aerobic glycolysis nearly doubles 
(Obeidat et al., 2019) reflecting the biosynthetic and energetic 
requirements at this stage of development (Gardner, 1998a; 
Gardner and Harvey, 2015). The mouse blastocyst ICM (E3.5 
– 4.5) is almost exclusively glycolytic as it begins proliferating 
and priming for epiblast and primitive endoderm lineages 
(Hewitson and Leese, 1993b; Houghton, 2006), while the TE 
cells convert approximately 50% of consumed glucose to lactate 
even in the presence of oxygen. In the uterine environment of 
~5.3% oxygen, oxygen consumption by the TE cells increases 
3-fold at the time of blastocyst formation, to provide the energy 
required as they expand to form and maintain the blastocoel 
cavity, as well as supplying the carbon moieties required for 
nucleic acid biosynthesis, and the reducing capacity for lipid 
synthesis (Gardner and Harvey, 2015). TE specification is 
uniquely controlled by glucose metabolism at this stage, not 
through characteristic ATP generation, but through the pentose 
phosphate pathway and hexosamine biosynthetic pathway 

control of transcription (Chi et al., 2020). Significantly, 
establishment of the TE during development is important as it 
allows a level of control over the internal environment of the 
blastocyst in which the ICM resides (Wicklow et al., 2014; 
Harvey, 2019).
     Blastocyst implantation takes place at E5.0 and E7.0 
in the mouse and human respectively, at which point the 
embryo resides in a low oxygen environment (~2.5%) until 
the syncytiotrophoblasts can invade the uterine wall to reach 
the spiral arterioles and promote maternal vascularisation 
(Genbacev et al., 1997; Caniggia et al., 2000). Oxygen 
consumption by the implanted embryo drops to pre-blastocyst 
levels (Houghton et al., 1996), and glycolysis becomes the 
primary metabolic pathway, together with extensive pentose 
phosphate pathway use to support proliferation (Clough and 
Whittingham, 1983). From E6.0 – 9.5, when the neural tube, 
neural crest, and brain vesicles are forming, mouse embryos are 
highly glycolytic, converting over 90% of consumed glucose 
to lactate (Clough and Whittingham, 1983). Glycolysis is 
important during the formation of the multi-layered gastrula 
from the ICM, as glucose phosphate isomerase-knockout mice 
develop abnormalities at E7.5 (Kelly and West, 1996). This 
exclusive reliance on anaerobic metabolism post-implantation 
indicates that in vivo development takes place in an anoxic  
environment (Rogers et al., 1982). The distinct and transient 
metabolic states exhibited by the developing embryo, and the 
consequences of perturbation, highlight how complex nutrient 
environments are required to maintain bona fide pluripotent 
states in vitro and support efficient differentiation.

Mitochondria in development
Mitochondria are the site of oxidative phosphorylation 
(OxPhos). Mitochondria are dynamic organelles that undergo 
fission and fusion events to produce fragmented and elongated 
mitochondrial phenotypes, respectively. These processes are 
tightly regulated by a group of highly conserved dynamin 
superfamily of large guanosine triphosphate hydrolases. 
These include mitofusin-1, mitofusin-2, and optical atrophy-1 
for mitochondrial fusion; and dynamin related protein-1, 
mitochondrial fission-1, mitochondrial fission factor, 
mitochondrial dynamic protein of 49 kDa and 51 kDa for 
mitochondrial fission (Chen et al., 2012; Mishra and Chan, 
2014). Throughout embryo development, mitochondria provide 
ATP for growth and maintain a signaling axis with the nucleus 
(Lees et al., 2017; Harvey, 2019). Mitochondrial morphology 
and localization is dynamic throughout development, reflecting 
the changing metabolic requirements of the embryo (Collins 
et al., 2002). Morphologies can range from round or spherical 
organelles, with electron sparse matrices and few peripheral 
arched cristae that have a relatively small inner mitochondrial 
membrane surface for the assembly of electron transport chain 
complexes, to long filamentous organelles with dense matrices, 
and many transverse cristae that maximize the surface area for 
OxPhos. Mitochondria form complexes with other organelles 
including smooth endoplasmic reticulum and vesicles in 
the post-ovulation oocyte to generate the necessary cellular 
components for fertilization (Motta et al., 2000). In response 
to increased bioenergetic demands by the cell, mitochondria 
undergo cristae and electron transport chain complex 
reorganization to maximize metabolic efficiency (Patten et al., 
2014; Picard et al., 2015; Jarosz et al., 2017; Ghosh et al., 2018; 
Liu et al., 2021a). Mitochondria are perinuclear in ICM cells 
(Motta et al., 2000), likely a response to their high proliferative 
demands (Lees et al., 2017), and are dispersed throughout the 
cytoplasm in somatic cells (St John et al., 2005; Folmes et al., 
2011). Mitochondrial dispersal occurs within 3–7 days of stem 
cell differentiation (St John et al., 2005; Facucho-Oliveira et al., 
2007; Mandal et al., 2011). However, reprogramming somatic 
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cells to a pluripotent state causes the mitochondria to reassume 
a perinuclear localization (Folmes et al., 2011) indicating a link 
between perinuclear localization and pluripotency (Lees et al., 
2017).

Mitochondria in pluripotent stem cells
In vitro pluripotent stem cell mitochondria poorly recapitulate 
in vivo mitochondrial morphologies, which has likely 
contributed to the difficulty in achieving complete pluripotency 
or totipotency in vitro given the critical role of mitochondrial 
dynamics in pluripotency and differentiation (Zhong et al., 
2019). While the 2-cell embryo has spherical electron dense 
mitochondria, 2-cell-like cell mitochondria more closely 
resemble blastocyst stage mitochondria (Sathananthan and 
Trounson, 2000; Lees et al., 2017) with elongated electron-
poor matrices (Rodriguez-Terrones et al., 2020). Incomplete 
reprogramming of the mitochondria may contribute to the 
reduced developmental potential of 2-cell-like cells, which 
fail to contribute to chimeras. Naïve ESC mitochondrial 
morphology is round and vacuolated with few cristae compared 
to primed ESCs (Ware et al., 2014; Bahat et al., 2018). 
However, naïve human ESCs do not attain a mitochondrial 
morphology equivalent to that of in vivo human or mouse ICM 
cells, typified by a round/elongated mitochondrial complement 
with some developed cristae (Sathananthan and Trounson, 
2000; Lees et al., 2017). Mitochondria of formative stem cells 
are small and round with sparse cristae, but with a high rate 
of oxygen consumption (Cornacchia et al., 2019) similar to 
the naïve state (Ware et al., 2014). On the other hand, primed 
state mitochondria have a sperical morphology with clear 
matrices and few arching cristae, which is in contrast to the 
elongated morphology found in the post-implantation blastocyst 
(Cho et al., 2006; Varum et al., 2011; Lees et al., 2019a). This 
chaotic picture, in which none of the in vitro mitochondrial 
morphologies completely recapitulate in vivo mitochondrial 
morphologies indicates that metabolic reprogramming 
(Harvey et al., 2018; Spyrou et al., 2019a), like molecular 
reprogramming, has not been faithfully accomplished.

Pluripotent stem cell metabolism
Just as the molecular signatures of 2-cell-like naïve, formative, 
and primed stem cell states differ, so too do their metabolic 
states and nutrient requirements (Figure 1). Similar to the 2-cell 
embryo, 2-cell-like cells rely on the oxidation of pyruvate and 
lactate for energy (Kaneko, 2016; Leese and Barton, 1984; 
Rodriguez-Terrones et al., 2020), and generally exhibit a 
quiescent metabolism with low levels of both glycolytic and 
mitochondrial OxPhos (Hu et al., 2020; Rodriguez-Terrones et 
al., 2020).
     Metabolism in mouse and human naïve ESCs is 
characterized by high rates of mitochondrial OxPhos concurrent 
with glycolysis, a flexible metabolic state termed bivalent 
metabolism (Zhou et al., 2012; Takashima et al., 2014; Sperber 
et al., 2015a; Gu et al., 2016; O'Reilly et al., 2019). Naïve 
mouse ESCs consume large amounts of glutamine, required 
to synthesize α-ketoglutarate for H3K27me3 demethylation 
(Carey et al., 2014; Zhang et al., 2016; Tischler et al., 2019) and 
maintain the general hypomethylated state characteristic of the 
pre-implantation embryonic ICM (Okae et al., 2014).
     Formative or intermediate stem cell metabolism has only 
recently come under examination. However, it is clear that 
discrete metabolic states can be induced between the naïve and 
primed states. In particular, de novo lipogenesis has emerged 
as a shared transcriptional signature of both the intermediate 
pluripotent state (Du et al., 2018; Wang et al., 2021) and the 
pre-implantation human epiblast in vivo (Cornacchia et al., 
2019). Interestingly, the addition of proline to mouse ESC 
culture is sufficient to promote the transition from mouse 

ESCs to an intermediate EpiSC state (Washington et al., 2010; 
Casalino et al., 2011). Conversely, a formative stem cell state 
can be induced from primed human ESCs through the addition 
of the metabolite NAD+, which induces a bivalent metabolism 
and increases pluripotency markers and self-renewal (Lees et 
al., 2020). Relative to the primed state, the NAD+-induced 
formative state doubles the uptake of glutamine and results in 
a global reduction in H3K27me3 (Lees et al., 2020), consistent 
with the shift towards the hypomethylated state observed in the 
late blastocyst ICM (Okae et al., 2014) and mouse and human 
naïve stem cells (Gafni et al., 2013; Takashima et al., 2014; 
Sperber et al., 2015a).
     Human ESC and iPSC primed state metabolism is 
characterized by a heavy dependency on glycolysis, with 
~50-70% of glucose being converted to lactate (Zhang et al., 
2011; Zhou et al., 2012; Harvey et al., 2015; Spyrou et al., 
2019a). This glycolytic dependency is seen in the mammalian 
blastocyst and other highly proliferative cells, including tumour 
cells (Warburg, 1956; Gott et al., 1990; Wu et al., 2007). The 
reliance of human ESCs on glycolysis is likely necessary to 
maintain cellular NAD+ levels for continuous glycolysis, and 
allow for rapid biomass generation to support proliferation 
(Lunt and Vander Heiden, 2011; Gardner and Harvey, 2015). 
Proliferation is also supported in the primed state through 
the uptake of large amounts of the amino acid tryptophan, 
which increases the production of N-formylkynurenine, an 
upstream metabolite in the kynurenine pathway, although this 
proliferative effect is independent of de novo NAD+ synthesis 
and glycolysis (Someya et al., 2021). Mitochondrial OxPhos 
occurs at relatively low levels in primed human ESCs compared 
to the naïve state and differentiated cells (Varum et al., 2011; 
Zhou et al., 2012), and human ESCs contain comparatively 
lower mitochondrial DNA copy numbers (Facucho-Oliveira et 
al., 2007; Armstrong et al., 2010) and mitochondrial mass (Cho 
et al., 2006; Varum et al., 2011). Despite their limited oxidative 
capacity, mouse and human primed state stem cells constantly 
undergo the maximum rate of mitochondrial activity available 
to them (Varum et al., 2011; Zhou et al., 2012). The reduced 
mitochondrial OxPhos and highly glycolytic metabolism of 
the primed state is in keeping with post-implantation embryo 
metabolism, which takes place in a low oxygen environment 
and is heavily reliant on aerobic glycolysis.

Metabolism during pluripotent stem cell differentiation and 
reprogramming
A metabolic surge event accompanies the exit  from 
pluripotency in vitro
Changes to metabolism and mitochondria precede lineage 
marker upregulation during pluripotent stem cell differentiation 
(Mandal et al., 2011; Zhou et al., 2012), suggesting that 
metabolism is a key initiator of the exit from pluripotency. 
Recent studies have described a key metabolic surge event that 
occurs within the first 24 hours of differentiation to ectoderm 
(Lees et al., 2018) and mesoderm (Richard et al., 2019), 
highlighting the driving role of metabolism in the initial stages 
of differentiation. Concurrent with the loss of pluripotency, there 
is a transient surge in glycolytic and mitochondrial metabolism, 
which dissipates by 48 hours of differentiation. It is as yet 
unclear whether the timing of this metabolic event is precisely 
orchestrated to facilitate differentiation, or if current culture 
conditions are simply unable to meet the dynamic metabolic 
requirements of differentiation. This metabolic surge includes 
increases in glucose uptake, glycolytic rate, mitochondrial 
oxygen consumption, mitochondrial superoxide production, and 
mitochondrial mass (Lees et al., 2018; Richard et al., 2019). It 
is understandable that this transitional metabolic event has been 
missed until now, given that metabolic analyses of stem cell 
differentiation are rare, and usually occur at 48-hour, 72-hour, 
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or weekly intervals (Cho et al., 2006; Prigione and Adjaye, 
2010; Varum et al., 2011; Mondragon-Teran et al., 2013). Just 
as distinct waves of transcriptional and proteomic remodeling 
take place during differentiation and reprogramming (Polo et 
al., 2012), this transient metabolic surge may be required to 
shift pluripotent stem cells out of the stable primed state (Enver 
et al., 2009) and begin metabolic remodeling for the new cell 
state.

Metabolic remodeling during germ layer specification
The switch from aerobic glycolysis in pluripotent stem cells to 
mitochondrial OxPhos during differentiation was long believed 
to be a universal event (Varum et al., 2011; Zhang et al., 2011; 
Gu et al., 2016; Cliff and Dalton, 2017). In vivo, the gastrula-
stage definitive endoderm, which gives rise to the fetal gut tube 
and all subsequent endodermal organs, develops elongated 
mitochondria with dense matrices and many transverse cristae 
likely to support a high rate of OxPhos (Solter et al., 1974; Tam 
et al., 1993). While mesoderm, which gives rise to muscle and 
connective tissues, develops spherical mitochondria during 
gastrulation (Tam et al., 1993). As pluripotent stem cells 
differentiate into mesoderm and endoderm in vitro over 1 – 
3 weeks, there is a metabolic remodeling from primed state 
aerobic glycolysis to mitochondrial OxPhos, which supports 
the differentiated cell state (Cliff et al., 2017; Benlamara et al., 
2019; Lu et al., 2019; Richard et al., 2019; Song et al., 2019). 
Differentiating mesodermal and endodermal mitochondria 
develop into a reticulated mature network (St John et al., 2005; 
Chung et al., 2007; Hoque et al., 2018) similar to that observed 
in cardiomyocytes, fibroblasts, or liver cells, which are capable 
of more efficient oxygen consumption compared to pluripotent 
stem cells (Varum et al., 2011; Lees et al., 2019b). Similarly, 
in vitro mesoderm and endoderm differentiation increases 
mitochondrial mass (St John et al., 2005) and mitochondrial 
DNA copy number (Facucho-Oliveira et al., 2007).
     However, this understanding of remodeling from glycolytic 
to oxidative has been based on metabolic studies of mesoderm 
and endoderm differentiations. Initial studies into ectoderm 
specification noted a surprising decrease in mitochondrial 
oxygen consumption, mitochondrial DNA copy number, and 
mitochondrial mass as pluripotent stem cells committed to a 
neural fate (Armstrong et al., 2010; Birket et al., 2011), which 
was at odds with the dogma around mesoderm and endoderm 
metabolic remodeling. In vivo, mitochondria of the post-
gastrulation mouse ectoderm are spherical, vacuolated, and 
have electron-poor matrices suggesting a limited capacity 
for mitochondrial OxPhos (Poelmann, 1981). Indeed, it was 
only relatively recently determined that pluripotent stem cell 
differentiation to ectoderm required the maintenance of a high 
level of glycolytic flux until the specification of the neural 
floor plate at day 10, and that this is regulated by MYC and 
MYCN (Cliff et al., 2017). Subsequent studies have shown 
increased glycolytic rates as human pluripotent stem cells 
differentiate into neural stem cells (Lees et al., 2018; Li et 
al., 2020). Specification of ectoderm over mesoderm and 
endoderm has also been associated with the suppression of 
cholesterol synthesis (Xu et al., 2021), reduced glutamine 
incorporation into TCA cycle metabolites (Lu et al., 2019), and 
the accumulation of the TCA cycle metabolite and epigenetic 
cofactor, α-ketoglutarate (Benlamara et al., 2019). Taken 
together these studies suggest a pivotal role for TCA cycle 
enzymes in determining ectoderm lineage specification through 
metabolic regulation and the regulation of epigenetic cofactor 
availability (Martínez-Reyes et al., 2016).

Metabolic remodeling during iPSC reprogramming
IPSCs represent the primed ESC state and consequently 
reprogramming of somatic cells is accompanied by the 
remodeling of metabolism from OxPhos to glycolysis (Prigione 

et al., 2010; Folmes et al., 2011; Panopoulos et al., 2011; 
Hansson et al., 2012; Son et al., 2013; Mathieu et al., 2014; 
O’Reilly et al., 2019). However, this remodeling is generally 
incomplete, including only a partial reversion of somatic 
mitochondria to an ESC-like morphology (Prigione et al., 
2010; Folmes et al., 2011), the partial retention of somatic 
cell metabolism, and an insensitivity to nutrient availability 
(Harvey et al., 2018; Spyrou et al., 2019a), which is atypical 
of the primed ESC state (Lees et al., 2015). How and when 
metabolism is restructured has largely been extrapolated from 
transcriptional studies (Polo et al., 2010; Prigione et al., 2010; 
Tonge et al., 2014) or by comparing somatic and reprogrammed 
pluripotent stem cell types (Varum et al., 2011). Metabolic 
reprogramming occurs within 24 hours (Hansson et al., 
2012), preceding the key events in transcriptional remodeling 
(Folmes et al., 2011; Polo et al., 2012), and before the first 
global transcriptional event at approximately 72 hours post-
reprogramming (Polo et al., 2012). During iPSC formation, a 
stoichiometric change in electron transport chain complexes 
occurs within the first 72 hours, while glycolytic proteins 
undergo a more gradual increase over two weeks (Hansson et 
al., 2012). Complex I and IV protein levels rapidly decrease 
within 72 hours of reprogramming while complexes II, III, and 
V gradually increase suggesting an orchestrated alteration in the 
efficiency of mitochondrial OxPhos. Interestingly, at the very 
early stages of metabolic reprogramming when metabolism 
is becoming more glycolytic, there is a transient surge in 
mitochondrial activity (Kida et al., 2015; Hawkins et al., 2016; 
Mathieu and Ruohola-Baker, 2017), which is strikingly similar 
to the transient metabolic surge observed as pluripotency is 
lost and stem cells commence differentiation (Lees et al., 
2018; Richard et al., 2019). Consequently, the optimization 
of reprogramming and differentiation will require a series 
of defined medium systems designed to support not only the 
developing transcriptional network, but also the developing 
metabolism.

Conclusions and future directions
Metabolic pathways do not exist in isolation. No cell resides 
in a binary state of either glycolysis or mitochondrial OxPhos. 
While the naïve state has a clear bivalent metabolism (Zhou et 
al., 2012), primed state pluripotent stem cells are an excellent 
example of a dominant glycolytic metabolism concomitant with 
an absolute requirement for mitochondrial OxPhos (Mandal 
et al., 2011; Lees et al., 2020). Indeed, it is not surprising 
that profound molecular transitions such as the onset of 
differentiation and reprogramming would require the combined 
efforts of multiple metabolic pathways, not simply to meet 
energy requirements, but to install the new epigenetic landscape 
through the synthesis of metabolic cofactors (Harvey et al., 
2016).
     To date, non-human embryo development has been employed 
as a suboptimal benchmark for human in vitro differentiation. 
The advent of human blastocyst-like structures obtainable from 
patient-specific cells (Liu et al., 2021b) will greatly assist the 
way we study development and disease. Nevertheless, these 
human models still require significant optimization and detailed 
metabolic profiling. Comprehensive human embryo data, which 
can be obtained non-invasively through metabolic analysis of 
conditioned medium and morphokinetic analysis of time-lapse 
imaging (Ferrick et al., 2020), can be employed to benchmark 
this next step of in vitro stem cell modeling.
     For the safe and efficient differentiation of healthy cells 
for therapies, we must develop a detailed understanding of the 
metabolic states that span pluripotency and differentiation, 
and how to influence them. Only a handful of studies have 
examined the metabolic changes that occur during in vitro 
lineage specification in detail, and there are even fewer in vivo 
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studies as a benchmark. We are only now starting to unravel 
the different metabolic trajectories of mesoderm, endoderm, 
and ectoderm specification, for which detailed metabolite 
flux analyses will be necessary. With the advent of single 
cell metabolic profiling techniques (Argüello et al., 2020; 
Hartmann et al., 2021), the stem cell field is poised to uncover 
the fundamental metabolic processes that maintain stem cell 
pluripotency and drive differentiation. These insights will not 
only facilitate directed differentiation, but through reverse 
engineering, facilitate the development of more effective 
reprogramming conditions. Single cell metabolomics will 
also help to establish in silico models for the prediction of 
metabolic perturbations for drug development and toxicity 
testing. Ongoing research into the metabolic determinants of 
pluripotency and differentiation will therefore help to ensure the 
full therapeutic potential of stem cells is realized.
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