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Abstract 
 

The metabolic and epigenetic landscapes of the 
pre-implantation embryo change and evolve rapidly as 
the embryo travels through the reproductive tract. The 
maternal and paternal genomes combine, rapid cell 
division is initiated, potency is re-established and 
eventually differentiation begins, all in the absence of a 
vascular supply delivering oxygen, nutrients and a 
functional waste removal system. In recent years, it has 
become clear that environmental challenges to the 
developing embryo, including maternal diet, stress and 
inflammation, alter its long-term trajectory, although the 
exact signaling molecules, which are recognised by the 
embryo, and the mechanisms by which these signals are 
translated into long-term outcomes, remain elusive. 
Recently, it has become apparent that energy or fuel-
sensing metabolic pathways interact with important 
epigenetic regulators of chromatin structure, to regulate 
gene expression. While this has not yet been explored in 
the pre-implantation embryo, the interaction between 
these two key cellular systems, - metaboloepigenetics - 
is a plausible mechanism by which gene-environment 
interactions occur, and by which the embryo’s trajectory 
is established. This review explores the metabolic and 
epigenetic plasticity of the early embryo, and how the 
two systems intertwine to propagate the next generation. 
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Metabolism: powering pre-implantation embryo 
development 

 
Metabolism in the pre-implantation embryo is 

the co-ordination of energy intake, production and use, 
which allows the embryo to sustain the rapid cell 
division in a highly unique a vascular environment, 
required for propagation of the species. In animal cells, 
mitochondria are the organelles, which have evolved to 
most effectively produce energy, and their activity has 
been heavily studied in pre-implantation embryos in 
many species. The embryo’s requirements for energy 
substrates change rapidly as development proceeds, 
favoring oxidative phosphorylation in the early stages, 
and glycolysis closer to implantation. 

The ability for the embryo to undergo 

pronuclear formation, syngamy, embryonic genome 
activation, successive mitoses, compaction, lineage 
differentiation and blastocoel development are based on 
the intrinsic capacity of the embryo to regulate the 
temporal and spatial distribution and consumption of 
energy. Decades of elegant work in several species have 
explored the energetic requirements of the pre-
implantation embryo, both in vivo, and under varied in 
vitro conditions. The early cleavage embryo is almost 
entirely dependent on oxidation of substrates including 
pyruvate (Gardner and Leese, 1988; Butcher et al., 
1998), lactate (Lane and Gardner, 2000) and amino 
acids (Gardner and Lane, 1993; Van Winkle, 2001) to 
sustain the production of ATP. A primary function of 
this pyruvate-to-lactate conversion is thought to be the 
regeneration of NAD+ for subsequent use in glycolysis, 
which, although normally occurring under anaerobic 
conditions, occurs in the presence of oxygen in the 
reproductive tract (Krisher and Prather, 2012). During 
this period of mitotic cell division, the embryo has been 
proposed to have a “quiet” metabolism (Leese, 2002; 
Baumann et al., 2007), partially because although DNA 
replication and cell division are occurring, cellular 
volume decreases with each division (Turner et al., 
1994), maintaining a moderate requirement for energy, 
and in turn, oxygen. In contrast, evidence in human 
embryos suggested that embryos which resulted in a 
clinical pregnancy had higher glucose consumption than 
those that did not (Gardner et al., 2011). Perhaps it is 
the fine balance between energy consumption and 
utilization, which determines the long term embryo’s 
viability. 

With an increased requirement for protein 
synthesis and transcription, and the necessity of 
blastocoel formation, there is an up-regulation from the 
“quiet” metabolic homeostasis, to a dramatically higher 
level, which is associated with a switch away from 
oxidative phosphorylation towards glycolysis (Leese, 
1995), with the embryo demonstrating a significant 
capacity for aerobic glycolysis (Gardner and Leese, 
1988). The mechanisms by which this switch occurs 
remain unclear, but it appears to be regulated by the 
presence of glucose, increasing the expression of 
glucose transporters (reviewed in Purcell and Moley, 
2009). This dramatic increase in the metabolic capacity 
of the embryo is likely necessary to power the Na,K-
ATPase, initially pumping fluid into the intracellular
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spaces, and later into the extracellular spaces, forming 
the blastocoel cavity (Biggers et al., 1977; Borland et 
al., 1977a, b). Ion transport systems for Na+, Cl-, K+, 
Ca2+ and Mg2+ concentrate ions within the blastocoel, 
further supporting the water movement necessary for 
formation of the fluid-filled cavity (Borland et al., 
1977a, b). 

It has been proposed that this switch from 
oxidative phosphorylation to glycolysis prepares the 
embryo for the hypoxia it will face from the time of 
implantation until remodeling of the spiral arterioles of 
the human placenta at the end of the first trimester 
(Burton et al., 2010; Cartwright et al., 2010), and 
perhaps explaining the choice for inefficient energy 
production. Additionally, the glucose provides the 
pentose sugars for nucleic acid synthesis, and is 
required for both phospholipid and non-essential amino 
acid biosynthesis, which supports the rapid cell division 
(O'Fallon and Wright, 1986; Wales and Du, 1993; 
Cairns et al., 2011; Gutnisky et al., 2014). Although an 
inefficient means for generating ATP, perhaps this 
metabolic adaptation is important in biomass production 
and redox regulation, and has been likened to the 
Warburg Effect, a hallmark of highly proliferative cells, 
particularly cancer cells (Krisher and Prather, 2012). 

Metabolic plasticity allows for adaptation to 
stress induced by in vitro culture, diet and other 
environmental challenges and contaminants. Prior to 
embryonic genome activation (which is as late as the 
4th mitosis in some species), levels of active 
transcription are very low or non-existent, and 
metabolism provides a mechanism by which the embryo 
can still respond to altered surroundings. But is it 
possible that this metabolic plasticity, which promotes 
embryo survival in the absence of transcription, also has 
detrimental effects? Is altered metabolism changing the 
abundance of stored transcripts, or altering the 
epigenetic landscape, thereby changing the trajectory of 
the embryo forever? Is the aerobic conversion of 
pyruvate to lactate in the embryo necessary for the 
maintenance of NAD+, which is known to regulate 
families of chromatin-modifying enzymes?  
 

Epigenetics: a changing landscape during  
pre-implantation embryo development 

 
It should come as no surprise that the 

epigenome of the early embryo is a rapidly changing 
landscape. The sperm and egg, two highly specialised 
cell types, come together, undergo thorough 
chromosomal rearrangement to fuse the maternal and 
paternal genetic material, and then begin to divide as a 
single entity, no longer highly specialised, but with the 
ultimate potential to form every cell type. Epigenetics, 
or the study of cellular traits and phenotypes that are 
mitotically inheritable, is the mechanism by which these 
highly specialised characteristics are erased, and 
potency re-established (Santos et al., 2005; Goldberg et 

al., 2007; Shi and Wu, 2009). This potency again 
becomes restricted, with each cell division progressively 
restricting the range of developmental outcomes. 
Although the concept sounds simple, the field of early 
embryo epigenetics has been wrought with 
inconsistency, controversy and challenge. Concurrent 
with technological advancement, the field of epigenetics 
has grown to include not only DNA methylation, the 
best described epigenetic modification in the pre-
implantation embryo, but also histone modification and 
non-coding RNA, just to name a few. 

Early studies describing the DNA de-
methylation patterns of the early embryo suggested two 
distinct phases: a global, active (non-replication 
dependent) round of demethylation of the paternal 
genome, followed by a progressive, passive loss of 
methylation of the maternal genome as cell division 
proceeded (Mayer et al., 2000; Morgan et al., 2005). 
This active loss of paternal genome methylation was 
supported by studies confirming that Ten-Eleven 
Translocase family member, TET3, was responsible for 
the conversion of 5-methyl cytosine to 5-hydroxymethyl 
cytosine, and its subsequent removal via iterative 
oxidation (Gu et al., 2011; Wossidlo et al., 2011). 

Most recently, single base resolution MethylC-
seq revealed that during pre-implantation embryo 
development, most functional genomic elements 
undergo significant demethylation, except CpG islands 
(CGIs) and 5’ untranslated regions (UTRs) whose 
methylation levels are already very low in gametes 
(Wang et al., 2014). Additionally, they demonstrated 
that by generating single-base resolution, allele-specific 
whole-genome methylomes, the paternal methylome 
and at least a significant proportion of maternal 
methylome goes through active demethylation during 
embryonic development, based on the presence of the 
oxidised methyl cytosine bases (5hmC, 5fC; Wang et 
al., 2014). With the possibilities of single cell, single 
base resolution methylation analysis within reach, we 
are likely to see increased clarity and understanding not 
only of the roles of DNA methylation in functional and 
structural genomics - including heterochromatin 
formation, X-chromosome inactivation and genomic 
imprinting - but also of epigenetic heterogeneity during 
early development, and the mechanisms by which loci-
specific methylation alterations occur. 

It is important to recognise, however, while 
DNA methylation is the epigenetic mechanism, which 
has been most extensively researched in the early 
embryo, many others are active and function to regulate 
chromatin structure, transcription and cell division. 
Histone modification has been explored in a number of 
species, at all stages of pre-implantation embryo 
development (reviewed in Beaujean, 2014a, b). Many 
modifications on H2, H3 and H4 have been described, 
although the technologies to date have been 
predominantly via immunohistochemistry (IHC), which 
allows for the global analysis of only one single
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modification at a time. Current technologies for 
exploring loci-specific changes in multiple histone 
modifications aren’t yet possible for single cell analysis, 
and consequently very little is known about the loci-
specific changes in adjacent modifications during 
development. What is clear is that when the paternal 
genome enters the oocyte at fertilisation, the protamine 
is removed and replaced with oocyte-derived histones 
(McLay and Clarke, 2003). Although the histones are 
maternally-derived, the maternal and paternal DNA 
display dramatic asymmetry of a number of described 
histone modifications (Reik et al., 2003; van der 
Heijden et al., 2005), which is detectable until the four 
cell stage for some modifications. 

It is clear that the most active time for 
epigenetic remodelling corresponds with the embryo’s 
greatest sensitivity to the health of the maternal and 
paternal milieu, through the environment created within 
the reproductive tract, which may present both 
metabolic and immune challenges. The question that 
remains poorly answered is ‘how’? Here we outline the 
evidence for how metabolism links in with epigenetic 
stability mechanisms, enabling the plasticity necessary 
for development, as well as long-term adaptation to the 
peri-conception environment. 
 

Metaboloepigenetics: can metabolism alter the 
epigenetic landscape of the pre-implantation 

embryo? 
 

In recent years, a number of hypotheses have 
emerged that propose an interaction between the 
epigenome and cellular metabolism which results in 
alterations to cell phenotype. If this is the case, stimuli 
or environmental changes that alter metabolism during a 
period when the epigenetic landscape of the embryo is 
naive, could alter the long-term trajectory. Epigenetics 
involves alterations of the DNA and chromatin by a 
range of enzymes which add and subtract a number of 
chemical modifications including methyl, acetyl and 
phosphate groups (Bannister and Kouzarides, 2011). 
The wide variation in modification types as well as the 
high number of potential target sites on both DNA and 
histones lends plausibility to the likelihood that at least 
some of them may be influenced by alterations in 
metabolites or their by-products. Adding further support 
to this hypothesis, a number of direct links have been 
identified between the enzymes and processes 
responsible for alterations in chromatin structure, and 
metabolism. For example, both DNA methyl transferase 
enzymes (which actively methylate DNA) and histone 
methyl transferase enzymes require S-adenosyl 
methioinine (SAM), a product of 1-carbon (1C) 
metabolism, to carry out their functions. Flavin 
adenosine dinucleotide (FAD) and alpha-ketoglutarate 
(α-KG) are essential co-factors for the reverse reaction, 
removing the methyl groups (Iyer et al., 2009). FAD in 
its reduced state (FADH2) carries energy; when 

oxidised, it is utilised in oxidation reactions within the 
tricarboxylic acid (TCA) cycle, also known as the Krebs 
or citric acid cycle, which forms a key part of aerobic 
respiration. Similarly, α-KG is an intermediate in the 
TCA cycle, and is derived from glutamine. Along with 
Fe2+, it acts as a necessary co-factor for the TET family 
of enzymes, which actively remove methyl groups from 
DNA (Wossidlo et al., 2011). It is well documented that 
certain stressors, such as in vitro culture, during early 
development alter the metabolism of the embryo. Given 
the evidence discussed above, that both the maternal 
and paternal genomes are targets for active DNA 
demethylation by the TET family of enzymes in early 
development, it is perhaps no surprise that there are 
changes in DNA methylation status following stressors 
known to change metabolism (eg. in vitro culture 
(Stojanov and O'Neill, 2001; Morgan et al., 2008). 

This interaction between metabolism and 
epigenetics is not unique to the methylation 
modification. Acetylation, recently shown to be as 
abundant as phosphorylation on the proteome, results 
from the covalent addition of an acetylCoA molecule to 
a lysine residue. When this modification occurs on 
histone tails, acetylation alters higher-order chromatin 
structure, whilst also serving as a docking feature for 
histone code readers (Choudhary et al., 2009). In 
mitochondria, acetylCoA is derived from citrate, which 
is in turn synthesised from glucose in the TCA. 
AcetylCoA, however, cannot cross the mitochondrial 
membrane, so for nuclear acetylCoA to be derived, 
citrate diffuses across the mitochondrial membrane, 
enters the nucleus via nuclear pores, and can then be 
converted to acetylCoA via adenosine triphosphate 
(ATP)-citrate lyase (ACL), promoting histone 
acetylation through increased substrate availability 
(Reytor et al., 2009; Wellen et al., 2009). Interestingly, 
there is a reduction of acetylation around genes critical 
for regulating glycolysis, resulting in a down-regulation 
of their transcription, and an inhibition of glycolysis, 
supporting intrinsic metaboloepigenetic interactions 
(Wellen et al., 2009; Martinez-Pastor et al., 2013). This 
provides an example of how “fuel-sensing” pathways 
involved in glucose metabolism can regulate chromatin, 
and in turn, transcription. 

There is also a well-described influence of 
metabolism on the removal of acetyl groups by histone 
deacetylases (HDACs), which include a family/class of 
NAD+-dependent enzymes, the Sirtuins (North and 
Verdin, 2004). NAD+ accepts electrons from other 
molecules as it is reduced to NADH. This change in 
redox state is important for mitochondrial function, 
where it links the TCA cycle to the electron transport 
chain, with NADH donating the first electron for ATP 
production. The Sirtuin family of enzymes (HDAC 
Class III) are regulated by NAD+/NADH and tightly 
regulate glucose metabolism, such that Sirt6 null mice 
have highly upregulated glycolysis, which triggers fatal 
hypoglycaemia at a young age (Zhong et al., 2010).
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Interestingly, lactate, a product of metabolism in the 
post-compaction embryo, is also known to inhibit 
HDACs (Latham et al., 2012). With the tight 
dependence on availability of both acetylCoA and 
NAD+ the presumption is that small changes in 
mitochondrial function, and/or alterations in redox 
status could dramatically alter the acetylation status of 
the histone landscape in the early embryo. Acetylation 
removes the positive charge on the histone, altering the 
interaction of the tails with the negatively charged DNA 
and relaxing the chromatin structure, promoting the 
transition from heterochromatin to euchromatin, and 
subsequently, transcription (Verdone et al., 2005). 
Given the importance of activation of the embryonic 
genome, and embryonic transcription during pre-
implantation embryo development, it is conceivable that 
small perturbations to metabolism, like the ones seen 
during assisted reproductive technologies such as in 
vitro culture, and hormonal hyperstimulation, may alter 
the timing of development, as well as the activation of 
the embryonic genome. 

Perhaps the most recently described and most 
poorly characterised epigenetic modification is that of 
O-linked glycosylation. O-linked glycosylation is a 
nutrient sensitive post-translational modification that 
involves the enzymatic addition of O-N-
acetylglucosamine (O-GlcNAc) to serines and 
threonines in a manner akin to phosphorylation, on 
histone tails as well as a number of other chromatin-
modifying proteins (Zhang et al., 2011). O-linked 
glycosylation has been demonstrated to target histone 
tails using the TET family of DNA-modifying enzymes, 
which are also metabolically linked (described above; 
Chen et al., 2013). While the function of glycosylation 
of histone tails is not yet well characterised, this O-
linked glycosylation is also known to affect other key 
regulators of transcription including RNA polymerase 
II, where it competes with phosphorylation to modify 
the C-terminal domain (CTD), as well as targeting 
histonemethyl transferase and histone deacetylase 
complexes, and the repressive Polycomb complex 
(reviewed in Hanover et al., 2012). The addition of this 
molecule via the O-linked N-acetylglucosamine 
transferase (OGT) enzyme is regulated by flux of 
activity through the hexosamine biosynthesis pathway, 
which converts glucose to hexoses, and which is 
nutrient, or glucose sensing (Obici et al., 2002). This 
type of modification provides a direct mechanism by 
which availability of nutrients and metabolites can 
directly alter higher-order chromatin structure and 
organisation. In this way, alterations in nutrient 
availability, and modest changes in metabolism in the 
early embryo may dramatically alter the epigenetic 
landscape, and as such the trajectory of the embryo. 

In addition to the covalent modifications that 
occur on the chromatin, non-covalent alterations, 
regulated by other chromatin remodelling complexes, 
are able to move, eject, or restructure nucleosomes. 

These use DNA-dependent ATPases, therefore requiring 
ATP as a co-factor for regulating transcription (Varga-
Weisz, 2001). With sources of ATP switching from 
oxidative phosphorylation in early embryo 
development, to glycolysis later in development, it is 
not yet clear how these processes are regulated in the 
early embryo, but will no doubt be the focus of future 
research. 
 

The interactome: is metabolism altering RNA 
storage and stability in the pre-implantation 

embryo? 
 

Early embryonic stress can result in a number 
of poor outcomes, including but not limited to 
embryonic loss, deformity and defects and a range of 
adult onset disorders. However, the mechanisms by 
which stress negatively impacts the embryo long-term 
remain largely elusive. De novo transcription does not 
occur during oocyte maturation or the first cell cycle of 
the embryo in mouse. It is likely that the proteins 
required for the general reprogramming of the early 
embryo are translated from pre-existing mRNAs 
produced and stored during oogenesis. In particular, the 
zygote needs to switch from meiotic to mitotic divisions 
and to reprogram the haploid, specialised genome of the 
gametes into a totipotent diploid genome 
(Messerschmidt et al., 2014). Additionally, the zygote 
must resume the mitotic cell cycle, remodel the 
maternal and paternal chromatin (including the 
protamine-histone exchange in the paternal genome), 
activate transcription, and initiate the embryonic 
developmental program. Evidence suggests that 
maternal mRNAs are stored during oogenesis in an 
inactive state until they are recruited for translation (Oh 
et al., 2000). One mechanism by which this is proposed 
to occur is by elongation of the poly(A) tail (Piko and 
Clegg, 1982; Latham et al., 1991). It is very likely that 
other mechanisms exist, which may include unique 
RNA binding proteins, RNA modification and other 
complex nucleic acid interactions (ie. lncRNAs). 

In spite of the importance of these early events, 
there is very little information detailing them in the 
early embryo, a likely consequence of the difficulties 
associated with working on a single, transcriptionally 
inactive cell. It is clear that a fine regulatory network 
controlling the spatial and temporal abundance of 
RNAs, as well as preventing RNA loss or premature 
translation must be present in the early embryo, to 
ensure reproductive success. In addition to the 
vulnerability of transcriptional inactivity, the pre-
implantation embryo is in a window of epigenetic 
naivety, with the active and passive removal of the 
specialised germ-cell program in order to re-establish 
potency (Smith et al., 2014). Unable to respond by 
transcribing new pathways during “stressful” situations, 
the embryo is likely left to make the most of its active 
metabolic state, and mRNA reservoir, to adjust to
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hostile situations (e.g. infection, hyperglycaemic stress, 
oxidative stress). This idea is supported by the “quiet 
embryo hypothesis”, which proposes that the most 
developmentally competent embryo is that which has an 
efficient, but not high, metabolic activity (Leese, 2002). 
An example of this is in vitro culture; embryos derived 
in vitro are more metabolically active, and as such, 
more stressed than their in vivo counterparts. 

Several enzymes that were once characterised 
only as metabolic enzymes have gone on to be 
described as RNA binding molecules. Enzymes 
involved in glycolysis and the pentose phosphate 
pathway including glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH), aldolase, lactate 
dehydrogenase (LDH), phosphoglycerate kinase (PGK) 
and glucose-6-phosphate dehydrogenase (G6PDH) are 
now known to bind transcripts including but not limited 
to those of glucose transporters (McGowan and Pekala, 
1996), immune regulators (GMCSF; Pioli et al., 2002), 
IFNα and IL2 (Nagy and Rigby, 1995) and tRNA and 
rRNA (Ryazanov, 1985; Singh and Green, 1993; 
reviewed in Ciesla, 2006). A landmark paper in the 
RNA field developed and utilised “interactome 
capture”, a process of cross-linking all the RNAs within 
a cell at a given time to their protein partners. Using this 
technology, they categorised families of RNA binding 
proteins which had until recently been characterised 
only as functional metabolic enzymes (Castello et al., 
2012). In addition to enzymes involved in carbohydrate, 
amino acid, lipid and nucleotide metabolism, eighteen 
of the RNA-binding enzymes used NAD+, NADP+, 
NADH, NADPH, FAD or FADH2 as co-factors, and ten 
of these shared the ability to bind ATP and an anionic 
substrate such as succinate, L-aspartate or pyruvate 
(Castello et al., 2012). A RNA, enzyme and metabolite 
network hypothesis proposed that if these interactions 
were functionally relevant, then these proteins could 
broadly connect metabolism, RNA biology and post-
transcriptional gene regulation. 

This raises the possibility that under an altered 
metabolic state, either by pharmaceutical manipulation 
or in response to stressors, the embryo may employ the 
metabolic enzymes in their roles as RNA-binding 
proteins, to respond metabolically to the stress. This 
may result in the loss of stored RNA, or immature 
translation. This novel concept provides a mechanism 
by which an acute metabolic insult could negatively 
influence the trajectory of embryo development both in 
the short and longterm, by altering the control of RNA 
stability and translation. 

 
Conclusion 

 
It is a fascinating time for pre-implantation 

embryo research, with evidence from many fields of 
biology supporting important regulatory cross-talk 
between metabolism and epigenetics. With 
technological advances allowing single cell epigenome 

and metabolome analysis, the field of embryo 
metabologenomics is likely to flourish in the coming 
years. Understanding the mechanisms by which these 
two systems intertwine is likely to reveal the means by 
which gene-environment interactions regulate the 
transgenerational inheritance of health and disease, 
established during the first few days of life. 
 

References 
 
Bannister AJ, Kouzarides T. 2011. Regulation of 
chromatin by histone modifications. Cell Res, 21:381-
395. 
Baumann CG, Morris DG, Sreenan JM, Leese HJ. 
2007. The quiet embryo hypothesis: molecular 
characteristics favoring viability. Mol Reprod Dev, 
74:1345-1353. 
Beaujean N. 2014a. Epigenetics, embryo quality and 
developmental potential. Reprod Fertil Dev, 27:53-62. 
Beaujean N. 2014b. Histone post-translational 
modifications in preimplantation mouse embryos and 
their role in nuclear architecture. Mol Reprod Dev, 
81:100-112. 
Biggers JD, Borland RM, Powers RD. 1977. 
Transport mechanisms in the preimplantation 
mammalian embryo. Ciba Found Symp, (52):129-153. 
Borland RM, Biggers JD, Lechene CP. 1977a. Fluid 
transport by rabbit preimplantation blastocysts in vitro. J 
Reprod Fertil, 51:131-135. 
Borland RM, Biggers JD, Lechene CP. 1977b. 
Studies on the composition and formation of mouse 
blastocoele fluid using electron probe microanalysis. 
Dev Biol, 55:1-8. 
Burton GJ, Jauniaux E, Charnock-Jones DS. 2010. 
The influence of the intrauterine environment on human 
placental development. Int J Dev Biol, 54:303-312. 
Butcher L, Coates A, Martin KL, Rutherford AJ, 
Leese HJ. 1998. Metabolism of pyruvate by the early 
human embryo. Biol Reprod, 58:1054-1056. 
Cairns RA, Harris IS, Mak TW. 2011. Regulation of 
cancer cell metabolism. Nat Rev Cancer, 11:85-95. 
Cartwright JE, Fraser R, Leslie K, Wallace AE, 
James JL. 2010. Remodelling at the maternal-fetal 
interface: relevance to human pregnancy disorders. 
Reproduction, 140:803-813. 
Castello A, Fischer B, Eichelbaum K, Horos R, 
Beckmann BM, Strein C, Davey NE, Humphreys 
DT, Preiss T, Steinmetz LM, Krijgsveld J, Hentze 
MW. 2012. Insights into RNA biology from an atlas of 
mammalian mRNA-binding proteins. Cell, 149:1393-
1406. 
Chen Q, Chen Y, Bian C, Fujiki R, Yu X. 2013. 
TET2 promotes histone O-GlcNAcylation during gene 
transcription. Nature, 493(7433):561-564. 
Choudhary C, Kumar C, Gnad F, Nielsen ML, 
Rehman M, Walther TC, Olsen JV, Mann M. 2009. 
Lysine acetylation targets protein complexes and co-
regulates major cellular functions. Science,



 Brown et al. Metaboloepigenetics of the pre-implantation embryo. 
 

442 Anim. Reprod., v.12, n.3, p.437-443, Jul./Sept. 2015 

325(5942):834-840. 
Ciesla J. 2006. Metabolic enzymes that bind RNA: yet 
another level of cellular regulatory network? Acta 
Biochim Pol, 53:11-32. 
Gardner DK, Leese HJ. 1988. The role of glucose and 
pyruvate transport in regulating nutrient utilization by 
preimplantation mouse embryos. Development, 
104:423-429. 
Gardner DK, Lane M. 1993. Amino acids and 
ammonium regulate mouse embryo development in 
culture. Biol Reprod, 48:377-385. 
Gardner DK, Wale PL, Collins R, Lane M. 2011. 
Glucose consumption of single post-compaction human 
embryos is predictive of embryo sex and live birth 
outcome. Hum Reprod, 26:1981-1986. 
Goldberg AD, Allis CD, Bernstein E. 2007. Epigenetics: 
a landscape takes shape. Cell, 128:635-638. 
Gu TP, Guo F, Yang H, Wu HP, Xu GF, Liu W, Xie 
ZG, Shi L, He X, Jin SG., Iqbal K, Shi YG, Deng Z, 
Szabo PE, Pfeifer GP, Li J, Xu GL. 2011. The role of 
Tet3 DNA dioxygenase in epigenetic reprogramming by 
oocytes. Nature, 477(7366):606-610. 
Gutnisky C, Dalvit GC, Thompson JG, Cetica PD. 
2014. Pentose phosphate pathway activity: effect on in 
vitro maturation and oxidative status of bovine oocytes. 
Reprod Fertil Dev, 26:931-942. 
Hanover JA, Krause MW, Love DC. 2012. 
Bittersweet memories: linking metabolism to 
epigenetics through O-GlcNAcylation. Nat Rev Mol 
Cell Biol, 13:312-321. 
Iyer LM, Tahiliani M, Rao A, Aravind L. 2009. 
Prediction of novel families of enzymes involved in 
oxidative and other complex modifications of bases in 
nucleic acids. Cell Cycle, 8:1698-1710. 
Krisher RL, Prather RS. 2012. A role for the Warburg 
effect in preimplantation embryo development: 
metabolic modification to support rapid cell 
proliferation. Mol Reprod Dev, 79:311-320. 
Lane M, Gardner DK. 2000. Lactate regulates 
pyruvate uptake and metabolism in the preimplantation 
mouse embryo. Biol Reprod, 62:16-22. 
Latham KE, Solter D, Schultz RM. 1991. Activation 
of a two-cell stage-specific gene following transfer of 
heterologous nuclei into enucleated mouse embryos. 
Mol Reprod Dev, 30:182-186. 
Latham T, Mackay L, Sproul D, Karim M, Culley J, 
Harrison DJ, Hayward L, Langridge-Smith P, 
Gilbert N, Ramsahoye BH. 2012. Lactate, a product of 
glycolytic metabolism, inhibits histone deacetylase 
activity and promotes changes in gene expression. 
Nucleic Acids Res, 40:4794-4803. 
Leese HJ. 1995. Metabolic control during 
preimplantation mammalian development. Hum Reprod 
Update, 1:63-72. 
Leese HJ. 2002. Quiet please, do not disturb: a 
hypothesis of embryo metabolism and viability. 
Bioessays, 24:845-849. 
Martinez-Pastor B, Cosentino C, Mostoslavsky R. 

2013. A tale of metabolites: the cross-talk between 
chromatin and energy metabolism. Cancer Discov, 
3:497-501. 
Mayer W, Niveleau A, Walter J, Fundele R, Haaf T. 
2000. Demethylation of the zygotic paternal genome. 
Nature, 403(6769):501-502. 
McGowan K, Pekala PH. 1996. Dehydrogenase 
binding to the 3'-untranslated region of GLUT1 mRNA. 
Biochem Biophys Res Commun, 221:42-45. 
McLay DW, Clarke HJ. 2003. Remodelling the 
paternal chromatin at fertilization in mammals. 
Reproduction, 125:625-633. 
Messerschmidt DM, Knowles BB, Solter D. 2014. 
DNA methylation dynamics during epigenetic 
reprogramming in the germline and preimplantation 
embryos. Genes Dev, 28:812-828. 
Morgan HD, Santos F, Green K, Dean W, Reik W. 
2005. Epigenetic reprogramming in mammals. Hum 
Mol Genet, 14(spec no.1):R47-58. 
Morgan HD, Jin XL, Li A, Whitelaw E, O'Neill C. 
2008. The culture of zygotes to the blastocyst stage 
changes the postnatal expression of an epigentically 
labile allele, agouti viable yellow, in mice. Biol Reprod, 
794:618-623. 
Nagy E, Rigby WF. 1995. Glyceraldehyde-3-phosphate 
dehydrogenase selectively binds AU-rich RNA in the 
NAD(+)-binding region (Rossmann fold). J Biol Chem, 
270:2755-2763. 
North BJ, Verdin E. 2004. Sirtuins: Sir2-related NAD-
dependent protein deacetylases. Genome Biol, 5:224. 
O'Fallon JV, Wright RW Jr. 1986. Quantitative 
determination of the pentose phosphate pathway in 
preimplantation mouse embryos. Biol Reprod, 34:58-64. 
Obici S, Wang J, Chowdury R, Feng Z, Siddhanta U, 
Morgan K, Rossetti L. 2002. Identification of a 
biochemical link between energy intake and energy 
expenditure. J Clin Invest, 109:1599-1605. 
Oh B, Hwang S, McLaughlin J, Solter D, Knowles 
BB. 2000. Timely translation during the mouse oocyte-
to-embryo transition. Development, 127:3795-3803. 
Piko L, Clegg KB. 1982. Quantitative changes in total 
RNA, total poly(A), and ribosomes in early mouse 
embryos. Dev Biol, 89:362-378. 
Pioli PA, Hamilton BJ, Connolly JE, Brewer G, 
Rigby WF. 2002. Lactate dehydrogenase is an AU-rich 
element-binding protein that directly interacts with 
AUF1. J Biol Chem, 277:35738-35745. 
Purcell SH, Moley KH. 2009. Glucose transporters in 
gametes and preimplantation embryos. Trends 
Endocrinol Metab, 20:483-489. 
Reik W, Santos F, Mitsuya K, Morgan H, Dean W. 
2003. Epigenetic asymmetry in the mammalian zygote 
and early embryo: relationship to lineage commitment? 
Philos Trans R Soc Lond B Biol Sci, 358(1436):1403-
1409; discussion 1409. 
Reytor E, Perez-Miguelsanz J, Alvarez L, Perez-Sala 
D, Pajares MA. 2009. Conformational signals in the C-
terminal domain of methionine adenosyltransferase I/III



 Brown et al. Metaboloepigenetics of the pre-implantation embryo. 
 

Anim. Reprod., v.12, n.3, p.437-443, Jul./Sept. 2015 443 

determine its nucleocytoplasmic distribution. FASEB J, 
23:3347-3360. 
Ryazanov AG. 1985. Glyceraldehyde-3-phosphate 
dehydrogenase is one of the three major RNA-binding 
proteins of rabbit reticulocytes. FEBS Lett, 192:131-
134. 
Santos F, Peters AH, Otte AP, Reik W, Dean W. 
2005. Dynamic chromatin modifications characterise 
the first cell cycle in mouse embryos. Dev Biol, 
280:225-236. 
Shi L, Wu J. 2009. Epigenetic regulation in 
mammalian preimplantation embryo development. 
Reprod Biol Endocrinol, 7:59. 
Singh R, Green MR. 1993. Sequence-specific binding 
of transfer RNA by glyceraldehyde-3-phosphate 
dehydrogenase. Science, 259(5093):365-368. 
Smith ZD, Chan MM, Humm KC, Karnik R, 
Mekhoubad S, Regev A, Eggan K, Meissner A. 2014. 
DNA methylation dynamics of the human 
preimplantation embryo. Nature, 511(7511):611-615. 
Stojanov T, O'Neill C. 2001. In vitro fertilization 
causes epigenetic modifications to the onset of gene 
expression from the zygotic genome in mice. Biol 
Reprod, 64:696-705. 
Turner K, Martin KL, Woodward BJ, Lenton EA, 
Leese HJ. 1994. Comparison of pyruvate uptake by 
embryos derived from conception and non-conception 
natural cycles. Hum Reprod, 9:2362-2366. 
van der Heijden GW, Dieker JW, Derijck AA, 
Muller S, Berden JH, Braat DD, van der Vlag J, de 
Boer P. 2005. Asymmetry in histone H3 variants and 
lysine methylation between paternal and maternal 
chromatin of the early mouse zygote. Mech Dev, 
122:1008-1022. 
Van Winkle LJ. 2001. Amino acid transport regulation 
and early embryo development. Biol Reprod, 64:1-12. 

Varga-Weisz P. 2001. ATP-dependent chromatin 
remodeling factors: nucleosome shufflers with many 
missions. Oncogene, 20:3076-3085. 
Verdone L, Caserta M, Di Mauro E. 2005. Role of 
histone acetylation in the control of gene expression. 
Biochem Cell Biol, 83:344-353. 
Wales RG, Du ZF. 1993. Contribution of the pentose 
phosphate pathway to glucose utilization by 
preimplantation sheep embryos. Reprod Fertil Dev, 
5:329-340. 
Wang L, Zhang J, Duan J, Gao X, Zhu W, Lu X, 
Yang L, Zhang J, Li G, Ci W, Li W, Zhou Q, Aluru 
N, Tang F, He C, Huang X, Liu J. 2014. Programming 
and inheritance of parental DNA methylomes in 
mammals. Cell, 157:979-991. 
Wellen KE, Hatzivassiliou G, Sachdeva UM, Bui TV, 
Cross JR, Thompson CB. 2009. ATP-citrate lyase 
links cellular metabolism to histone acetylation. 
Science, 324(5930):1076-1080. 
Wossidlo M, Nakamura T, Lepikhov K, Marques 
CJ, Zakhartchenko V, Boiani M, Arand J, Nakano 
T, Reik W, Walter J. 2011. 5-Hydroxymethylcytosine 
in the mammalian zygote is linked with epigenetic 
reprogramming. Nat Commun, 2:241. 
Zhang S, Roche K, Nasheuer HP, Lowndes NF. 2011. 
Modification of histones by sugar beta-N-
acetylglucosamine (GlcNAc) occurs on multiple 
residues, including histone H3 serine 10, and is cell 
cycle-regulated. J Biol Chem, 286:37483-37495. 
Zhong L, D'Urso A, Toiber D, Sebastian C, Henry 
RE, Vadysirisack DD, Guimaraes A, Marinelli B, 
Wikstrom JD, Nir T, Clish CB, Vaitheesvaran B, 
Iliopoulos O, Kurland I, Dor Y, Weissleder R, 
Shirihai OS, Ellisen LW, Espinosa JM, Mostoslavsky 
R. 2010. The histone deacetylase Sirt6 regulates glucose 
homeostasis via Hif1alpha. Cell, 140:280-293. 

 
 
 


