Metabolism of the Viable
Human Embryo

David K. Gardner

Regulation of energy production is fundamental
to the survival and propagation of any cell type.
What makes the preimplantation mammalian
embryo so fascinating to study is the fact that the
embryo undergoes major changes in its physiol-
ogy and gene expression profiles during develop-
ment. As the fertilised oocyte develops and
differentiates into the blastocyst, embryonic
genes are successively turned on (with the con-
comitant destruction of maternally derived
mRNAs). Subsequently there is a growing energy
demand as mitoses and biosynthesis increase
post-embryonic-genome activation and as the
blastocoel subsequently forms (through the activ-
ity of Na/K ATPase in the trophectoderm).
Concomitantly, there are major changes in the
regulation and relative activities of energy gener-
ating pathways. Of clinical interest is the fact that
should an embryo at any stage of development
have substantially altered energy production, i.e.
if the flux of a specific nutrient through a meta-
bolic pathway alters to a significant degree, even
for a brief period, then this is associated with
significantly impaired development in culture
and reduction of viability post-transfer. Clearly it
is in our interest to understand how the preim-
plantation embryo regulates its energy produc-
tion, and to develop culture systems that best
support an ‘optimal’ metabolism. Furthermore, it
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is evident that analysis of embryo metabolism is
an appropriate means of assessing embryonic
health and predicting subsequent viability. The
task ahead is to determine the optimal range of
metabolic functions that reflect viability at suc-
cessive stages of embryo development.

Changes in Metabolism
with Development

The fertilised oocyte exhibits low utilisation of
oxygen [1] and has a limited capacity to utilise
glucose as an energy source [2]. In fact, glyco-
lytic activity is restricted in the fertilised oocyte
and early embryo by the allosteric regulation of
phosphofructokinase (PFK) due to a high
ATP:ADP ratio [3]. High ratio of these nucle-
otides is a consequence of the low energy
demands at these stages, reflecting the dormant
status of the oocyte from which it was derived.
Consequently, in the absence of amino acids, the
early embryo generates its energy from low lev-
els of oxidation of pyruvate (fertilised oocyte)
and lactate (from the 2-cell stage onwards),
derived directly from oviduct fluid (and the
cumulus cells in the case of the oocyte [4-6])
(Fig. 1). However, the early embryo can also uti-
lise the malate-aspartate shuttle, and in the pres-
ence of specific amino acids, e.g. aspartate, the
embryo can utilise lactate as an energy source
through the conversion of lactate to pyruvate [7].
In the immediate post-fertilisation period of
mouse zygotes, there is an absolute requirement
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Fig. 20.1 Metabolism of the pronucleate oocyte and
cleavage stage embryo. Prior to compaction the embryo
has a metabolism based around low levels of oxidation of
pyruvate, lactate and specific amino acids. The ovulated
oocyte is surrounded by and is directly connected to
cumulus cells, which actively produce pyruvate and lac-
tate from glucose [4, 6]. This creates a high concentration
of pyruvate and lactate and a low concentration of glucose
around the fertilised oocyte. Upon dispersal of the cumu-
lus cells, the human zygote and cleavage stage embryo
still find themselves in a relatively high concentration of
pyruvate (0.32 mM) and lactate (10.5 mM), and low levels
of glucose (0.5 mM) [6]. Significantly, the relative abun-
dance of nutrients affects the metabolism of the embryo.
For example, the ratio of pyruvate:lactate in the surround-
ing environment directly affects the ratio of NADH:NAD*
in the embryo, which in turn controls the redox state of the
cells and hence the flux of nutrients through specific
energy generating pathways [85]. Lactate dehydrogenase
comprises ~5 % of the total protein of the mouse oocyte
[86]. The oocyte, pronucleate oocyte and all stages of
development to the blastocyst exhibit LDH isoform I [87],
which then changes to predominantly isoform V at the

for oxidative metabolism of pyruvate to support
the completion of the second meiotic division
and subsequent development [8].

With an increase in cell divisions and biosyn-
thesis following the activation of the embry-
onic genome, the formation of a transporting
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late blastocyst stage upon outgrowth [88]. Isoform I
favours the formation of pyruvate, and is typically found
in heart tissue. Isoform V favours lactate formation, and is
typically found in muscle tissues. This switch in isoforms
is consistent with the changes in patterns of energy metab-
olism as the embryo develops, but cannot explain the
significant production of lactate by the blastocyst (see
Fig. 2). The early embryo is characterised by a high
ATP:ADP level [3], which in turn allosterically inhibits
PFK, thereby limiting the flux of glucose through the
glycolytic pathway. Amino acids fill several niches in
embryo physiology, such as the use of glycine as buffer of
intracellular pH (pHi). Several amino acids are also
utilised as energy sources by the early embryo such as
glutamine and aspartate. Aspartate can be utilised through
the malate-aspartate shuttle [7], the significance of which
during embryo development we are only beginning to
understand. The thickness of the lines represents the rela-
tive flux of metabolites through the pathway. PFK phos-
phofructokinase; PK pyruvate kinase; LDH lactate
dehydrogenase; PDC pyruvate dehydrogenase complex;
PPP pentose phosphate pathway; OAA oxaloacetate; pHi
intracellular pH

epithelium when the morula is formed, and
subsequent creation of the blastocyst, the need
for cellular energy increases dramatically.
Consequently there is a decline in the ATP:ADP
ratio (and a dramatic increase in AMP levels) as
ATP is readily consumed, thereby alleviating
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inhibition on PFK and facilitating the flux of glu-
cose through glycolysis. However, the overall
regulation of carbon flux through glycolysis is
also regulated at a number of sites (Fig. 2).

Interestingly, although the blastocyst exhibits
a much higher oxygen consumption than the
cleavage stage embryo [9-11], the late stage
embryo does not oxidise all of the glucose con-
sumed, but rather converts approximately 50 %
(somewhat species-dependent) of glucose carbon
to lactate, this even in the presence of adequate
oxygen for complete oxidation of the glucose.
This latter metabolic phenomenon is referred to
as ‘aerobic glycolysis’ (not to be confused with
anaerobic glycolysis found in tissues such as
muscle when oxygen is limited). Aerobic glyco-
lysis is a trait found in cancers and rapidly divid-
ing cells, a phenomenon also known as the
Warburg effect [12, 13] (Fig. 2).

What Is the Role of Aerobic Glycolysis/
Warburg Effect in the Blastocyst?

In the blastocyst of primates and rodents, high
levels of aerobic glycolysis, have been interpreted
as the embryos adaptation to its imminent inva-
sion of the endometrium, which remains avascu-
lar for a period of up to 12 h, and will therefore be
relatively anoxic [14, 15]. During the initial
stages of blastocysts invasion, glycolysis will
plausibly be the predominant means of generat-
ing energy. However, this may not be the sole
explanation for the high levels of glycolysis
observed in blastocysts of domestic animals, as
they do not ‘implant’ for a further week. An alter-
native explanation for the rather idiosyncratic
metabolism of the blastocyst was proposed by
Gardner in 1998 [16]. A high level of aerobic
glycolysis is a common characteristic of prolifer-
ating cells and tumours, with which the mamma-
lian blastocyst shares several traits [17-19]. As
well as being used to generate energy for increased
mitoses and blastocoel expansion, high levels of
glucose utilisation will be required for the syn-
thesis of triacylglycerols and phospholipids and
as a precursor for complex sugars of mucopoly-
saccharides and glycoproteins. Glucose metabo-
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lised by the pentose phosphate pathway (PPP)
will generate ribose moieties required for nucleic
acid synthesis and the NADPH and carbon skel-
etons required for the biosynthesis of lipids and
other complex molecules [18, 20]. NADPH is
also required for pathways of one carbon metabo-
lism, which are vital for the methylation of vari-
ous intracellular substrates, including DNA. It is
now well appreciated that embryos undergo dra-
matic changes in the epigenetic modifications of
their genomes including DNA methylation dur-
ing preimplantation development [21]. NADPH
is also required for the reduction of intracellular
glutathione, an important antioxidant for the
embryo [22]. Interestingly, although the absolute
amount of glucose metabolised through the PPP
increases with development [23], the percentage
of the total glucose consumed which is metabo-
lised through this pathway appears to be lowest at
the blastocyst stage [24]. This again raises the
question as to why such high levels of aerobic
glycolysis are required? It is plausible that high
levels of aerobic glycolysis, such as that observed
in the mammalian blastocyst, will ensure that
there is sufficient substrate and cytosolic ATP
available for biosynthetic pathways, such as the
synthesis of nucleic acids, proteins and new
membranes, at the required times during cellular
proliferation [25, 26]. This in turn suggests that
there are times within the cell cycle when the
PPP is more active than others (Fig. 2). Analysis
of embryo energy metabolism with respect to cell
cycle has not been thoroughly analysed, but it is
speculated that at specific times during the cell
cycle there will be increased energy demands,
particularly during cytokinesis.

A further explanation for the high levels of
aerobic glycolysis by the blastocyst could lie in
the activity of mitochondrial shuttles in the oxi-
dation of hydrogen equivalents formed through
glycolysis. The malate-aspartate is one such shut-
tle that allows cytosolic NADH to be exchanged
for NAD* that is derived from the mitochondrion.
Once within the mitochondrion, the NADH can
be more efficiently converted to ATP through
oxidative phosphorylation. Interestingly, the
malate-aspartate (NADH) shuttle of different
tumours can contribute between 20 and 80 % of
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Fig. 20.2 Metabolism of the blastocyst. After compac-
tion the embryo exhibits greatly increased oxygen con-
sumption [1, 9, 10] and an increased capacity to use
glucose as an energy source. The increase in oxygen con-
sumption plausibly reflects the considerable energy
required for the formation and maintenance of the blasto-
coel, while the increase in glucose utilisation reflects an
increased demand for biosynthetic precursors [16].
Consequently, there is a reduction in the ATP:ADP ratio
[3], and a concomitant increase in AMP, which will have
a positive allosteric effect on PFK, thereby facilitating a
higher flux of glucose through glycolysis. Rather than
oxidise the glucose consumed, the blastocyst exhibits
high levels of aerobic glycolysis [5]. Although this may
appear energetically unfavourable, it does ensure that the
biosynthetic arm of the pentose phosphate pathway has
maximum substrate availability at all times. Activity of
the pentose pathway will ensure that reducing equiva-
lents are available for biosynthesis and ensure production
of glutathione (reduced), a key intracellular antioxidant.
In order for high levels of glycolysis to proceed the blas-
tomeres need to regenerate cytosolic NAD*. This can be
achieved through the generation of lactate from pyruvate.
A second means of generating cytosolic NAD* is through
the activity of the malate-aspartate shuttle. Although it is
evident that blastocysts do use aerobic glycolysis, it is
proposed that the significant increase in oxygen utilisa-
tion at this stage of development could be largely attrib-
uted to the activity of the malate-aspartate shuttle and the

resulting demand for oxygen to convert intramitochon-
drial NADH to ATP. Indeed many tumours that exhibit
aerobic glycolysis also have high levels of the malate-
aspartate shuttle [28]. Furthermore, inhibition of this
shuttle has dire consequences for subsequent fetal devel-
opment [21, 89]. A further key regulatory enzyme in
glycolysis is pyruvate kinase (PK). In proliferating cells
and in cancer cells, a specific isoform is present, PKM?2
[90, 91]. This particular isoform of PK has been shown to
promote aerobic glycolysis and anabolic metabolism
[92], and recently has been identified in the mammalian
blastocyst [93]. Further work is warranted on establish-
ing the regulation of PKM2 in the embryo, with specific
reference to its control by exogenous factors and signal-
ling pathways involved. The pyruvate dehydrogenase
complex catalyses the irreversible conversion or pyruvate
to acetyl Co-A, and consequently functionally linking
glycolysis to the activity of the oxidative TCA cycle. The
activity of this enzyme complex is tightly regulated
through three main mechanisms; (1) phosphorylation/
dephosphorylation, (2) the redox state (NAD*:NADH,
ATP:ADP and the acetylCoA:CoA ratios) and (3) tran-
scriptional regulation. However, relatively little is known
about the regulation of this complex in mammalian
embryos during the preimplantation period. Citrate,
formed from either mitochondrial metabolism, or pro-
vided in the culture medium, could serve as a precursor
in lipid synthesis, required for membrane generation
associated with proliferation. As the embryo develops, it
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the total respiratory rate [27, 28]. As the
mammalian blastocyst has a high respiratory
quotient [1] combined with high levels of lactate
production [5], it is plausible that glycolysis is
used to derive ATP oxidatively through the
malate-aspartate shuttle. In support of this it has
recently been demonstrated that in the mouse
preimplantation embryo malate-aspartate shuttle
activity is essential for the regulation of metabo-
lism during the preimplantation period [7].
Furthermore, if the activity of the shuttle is inhib-
ited in the blastocyst, then subsequent implanta-
tion and fetal development are significantly
reduced [29]. Such data further highlight the
significance of maintenance of embryonic metab-
olism to subsequent viability and normality.

Comparison of Metabolic Activities of
Embryos Developed In Vitro
Compared to In Vivo

One advantage of working with an animal model,
such as the mouse, is the ability to access and
analyse embryos developed in vivo, thereby
being able to determine how similar, or other-
wise, embryos are when maintained in vitro. If a
mouse blastocyst is collected from the uterus and
its metabolism quantitated immediately, it is
observed that just less than 50 % of glucose con-
sumed will be released into the surrounding
medium as lactate [5]. It has been established that
when developed in simple culture conditions (i.e.
a culture medium lacking amino acids and vita-
mins, and with only glucose, pyruvate and lactate
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as energy sources, which is typical of the early
human embryo culture media such as HTF [30]),
resultant blastocysts exhibit a significant increase
in lactate production [5, 31] and a concomitant
reduction in carbohydrate oxidation [32], which
has been documented to be associated with a
significant loss of viability [33]. Lane and
Gardner [34] demonstrated that placing a mouse
blastocyst that had developed in vivo and col-
lected directly from the uterus, into a simple cul-
ture medium induced aberrant metabolism within
just 3 h of incubation. They went on to show that
collecting mouse blastocysts in the presence of
amino acids and vitamins greatly reduced this
metabolic trauma. Furthermore, when in vivo
developed blastocysts were incubated for just 6 h
in a simple medium prior to transfer, they exhib-
ited a significant reduction in implantation rate
and subsequent fetal development. In contrast,
blastocysts incubated in the presence of amino
acids and vitamins for the 6 h period were not
significantly compromised post-transfer.

Key points arising from the aforementioned
study are: that culture-induced metabolic stress,
i.e. incubation in a medium lacking amino acids
and vitamins, resulted in a rapid loss of metabolic
regulation, and that secondly, this metabolic per-
turbation not only reduced implantation but also
impacted fetal development, culminating in
lighter foetuses. So an incubation of just a few
hours in a stressful environment can induce meta-
bolic changes that have downstream effects lead-
ing to compromised fetal development. Hence,
several studies have used this model to develop
culture conditions which ensure that embryos

Fig. 20.2 (continued) exhibits a growing number of
receptors for specific growth factors [94]. Given that
growth factor signalling can reorganise metabolic fluxes
independently of traditional allosteric means, it will be
important to determine how exogenous factors affect key
metabolic processes within the embryo. Analysis of blas-
tocyst metabolism is a measurement of the relative activ-
ity of two cell types, the trophectoderm and inner cell
mass (ICM). In the mouse blastocyst it has been deter-
mined that whereas the trophectoderm converts around
half of the glucose consumed to lactate, the ICM is almost
exclusively glycolytic [95]. It is not know what the rela-
tive activities of the two cell types are in the human blas-

tocyst, but given that human embryonic stem cells are
dependent upon a high glycolytic activity [96], it would be
prudent to assume that the human ICM also exhibits low
levels of glucose oxidation. Although the number of tro-
phectoderm cells far outnumbers those of the ICM, it
remains important to consider these cell-specific differ-
ences when analysing metabolic data. The thickness of the
lines represents the relative flux of metabolites through the
pathway. PFK phosphofructokinase; PK pyruvate kinase;
LDH lactate dehydrogenase; PDC pyruvate dehydroge-
nase complex; ACL acetyl-citrate lyase; OAA oxaloace-
tate; PPP pentose phosphate pathway; OAA oxaloacetate;
GSH reduced glutathione. From 97 with permission
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in vitro exhibit a metabolic profile similar to
those embryos developed in vivo [35]. These data
firmly establish that quantifying embryo metabo-
lism is an appropriate physiological parameter to
relate to subsequent viability after transfer.
Furthermore, the above study was performed on
in vivo developed blastocysts, and it has been
shown that embryos post-compaction are far
more resilient to environmental stress than the
cleavage stage embryo. Consequently, exposing
cleavage stage embryos to stress, i.e. prior to
compaction, may have even greater downstream
effects [36, 37].

Relationship Between Carbohydrate
Metabolism and Embryo Viability

As discussed, substantial perturbations in the
relative activity of pathways involved in interme-
diary metabolism culminate in compromised
embryo development in culture and a reduction
of viability post-transfer. Data from such studies
have been invaluable in the development of mod-
ern culture systems that support normal meta-
bolic function in the developing embryo, thereby
promoting the development of viable human
embryos [38]. A relationship between carbohy-
drate utilisation by embryos and resultant viabil-
ity has been established both in animal models
[33, 39, 40] and the human [41, 42] (reviewed in
detail in Chap. 23). Post-compaction glucose
consumption is positively correlated with subse-
quent viability. Furthermore, should the metabo-
lism of glucose by the blastocyst differ from that
expected, i.e. excessive glycolytic activity, then it
has been established that viability is significantly
compromised in the mouse model. These data
support the hypothesis that it is not only the rate
at which a nutrient is consumed that reflects
developmental potential but also the metabolic
fate of the nutrient measured. Of further interest
is the observation that female embryos are meta-
bolically more active than males [41, 43]. This
finding is consistent with the observed differ-
ences in gene expression profiles [44, 45], and
subsequent proteome [46], between male and
female embryos.
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Beyond the Carbohydrate Triad:
Analysis of Amino Acid Utilisation

Alternative energy sources for cells, other than
those present in typical embryo culture media
(i.e. glucose, pyruvate and lactate) include free
fatty acids (FFA) and amino acids. Although FFA
may have a role in the development embryos of
certain species (typically those with a high endog-
enous lipid content, such as the cow and pig), and
their uptake by human embryos has been quanti-
tated [47], further work is required to understand
how FFA impact the metabolism of the embryo.
Consequently they will not be discussed further
here. However, it would be prudent to watch
developments in this area, especially with regard
to the role of FFA metabolism in oocyte matura-
tion [48]. The beneficial effects of amino acids on
embryos in culture have been demonstrated for
several years. Amino acids are abundant in ovi-
duct and uterine fluids [49, 50] and are important
regulators of embryonic function. As well as their
documented effects as biosynthetic precursors
[51], buffers of intracellular pH in the embryo
[52], antioxidants [53] and in signalling and dif-
ferentiation [54-56], amino acids also serve as
energy sources [23]. Furthermore, our under-
standing of how embryo energy metabolism is
regulated has changed recently with the determi-
nation that the malate-aspartate shuttle is involved
in the control of carbohydrate metabolism [7]. A
paradigm held for over 40 years was that the fer-
tilised oocyte had an absolute requirement for
pyruvate [2]. However, recent analysis of embryo
physiology has revealed that lactate and aspartate
can substitute for pyruvate at the 1-cell stage, the
two nutrients presumably generating sufficient
energy through the malate-aspartate shuttle to
support development.

The relationship between amino acid utilisation
and embryo development and viability has been
analysed by Leese and colleagues [57-59], and
reviewed in detail by Houghton (Chap. 24). Using
HPLC to quantitate amino acids in embryo culture
medium, it was observed that a different pattern of
amino acid utilisation existed between embryos
that went on to form a blastocyst compared to


http://dx.doi.org/10.1007/978-1-4614-6651-2_23
http://dx.doi.org/10.1007/978-1-4614-6651-2_24

20 Metabolism of the Viable Human Embryo

those embryos that failed to develop in vitro. It
was observed that leucine was taken up from the
culture medium more by embryos which went on
to develop [57]. The profiles of the amino acids
alanine, arginine, asparagine, glutamine and
methionine utilisation also correlated with blas-
tocyst formation, although no relationship
between amino acid utilisation and blastocyst
quality or viability was established. Subsequently,
Brison et al. [58] reported that changes in con-
centration of amino acids in the spent medium of
human zygotes cultured for 24 h to the 2-cell
stage in an embryo culture medium containing a
mixture of amino acids, using HPLC. It was
found that asparagine, glycine and leucine were
all significantly associated with clinical preg-
nancy and live birth. Furthermore, and consistent
with the data on glucose consumption, there
appears to be gender differences with regard to
amino acid utilisation [59, 60], consistent with
differences in the proteomes of male and female
embryos [43].

An important point to note is that all of the
studies analysing the utilisation of amino acids
by human embryos have been performed in the
presence of 20 % oxygen, the significance of
which is just now being realised and is discussed
below.

Impact of the Culture Environment
on Embryonic Metabolism

The relative concentrations of nutrients present in
culture media directly affects embryo metabo-
lism [61]. However, other factors of the culture
system such as medium pH [62] and the concen-
tration of oxygen used in the incubator can impact
metabolic function. Historically, atmospheric
oxygen (~20 %) has been in tissue culture, and
human IVF laboratories subsequently adopted
this level of oxygen for embryo culture. However,
the physiological concentration of oxygen within
the female reproductive tract has been reported to
be below 10 % [63-65]. Consistent with such
data, embryo development in all mammals stud-
ied to date is significantly improved by culture in
an oxygen concentration of 5—7 %, compared to
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20 % [66—69], with a high oxygen concentration
having its most detrimental effects at the cleav-
age stages [70]. Similar data sets are now being
documented for the human embryo [71-74].

A significant body of work has been amassed
on the effects of oxygen concentration on mam-
malian embryo development. It transpires that
atmospheric oxygen has a significant negative
impact on blastocyst gene expression [36, 75],
the embryonic proteome [76] and more recently
it has been established that oxygen concentration
has a significant impact on embryo metabolism,
impacting the utilisation of both carbohydrates
and amino acids [77] (Fig. 3). Of interest the
effects of oxygen on metabolism were stage-
specific. During the cleavage stages, 20 % oxy-
gen was associated with an overall increase in
amino acid turn over and pyruvate uptake by
embryos. In contrast, post-compaction 20 % oxy-
gen was associated with a decrease in amino acid
turnover and glucose uptake. Given that it has
been established that glucose uptake by the
embryo post-compaction is positively correlated
with viability, such findings are consistent with
reports of lower pregnancy rates following cul-
ture in 20 % oxygen, i.e. the decrease in glucose
utilisation in the presence of 20 % oxygen is
related to the reduction in viability. Given the
documented harm atmospheric oxygen imparts
on the developing embryo and its physiology, its
continued use in human IVF can no longer be
condoned.

What Are the Accepted Patterns
of Metabolic Activity? Quietness
Revisited

A novel hypothesis proposed by Leese [78] sug-
gested that those embryos with a less active, or a
‘quiet’ metabolism are those that go on to give
rise to pregnancies. Data to support this hypoth-
esis have been obtained from different species
and reviewed recently [79]. In essence it was pro-
posed that embryos with a low metabolic activity
reflected a less stressed physiology, and conse-
quently those embryos classified as viable would
be those that had low nutrient uptake and turn



218 D.K. Gardner
3.
= Production
ol i e
}:‘|
| =
5 1 - UJ
=} - T * Tk
£ ok |.| 3 i i r * ek il - P
g J_i --uc-‘.—;---'\{' [J ) --lr:[-'-gl—l——k él [B3 'éJ|\Ei__7r.:z TR S, 3 '!._LETJ-ﬁ;—
.E 0 FE-E=E " -8 H e | =1 II._:—I_—:-—I",:‘—“:IIEE] . jT::----
! i akas HH T =" RO Rt
5 L & g
E
a

2+

Consumption

Fig. 20.3 Effect of oxygen concentration on amino acid
utilisation by mouse post-compaction embryos from day
4 to 5. Five per cent oxygen, open box and 20 % oxygen,
grey box (25 replicates per treatment, groups of 3, n=75
embryos). The line across the box is the median uptake or
release. There were significant differences in the utilisa-
tion of asparagine, glutamate, tryptophan and lysine
(P<0.05), with greater significance for utilisation of thre-
onine, tyrosine, methionine, valine, isoleucine, leucine
and phenylalanine (P<0.01), between the two oxygen

over [79]. However, a growing number of recent
studies have generated data that do not provide
support for this hypothesis [33, 41, 80, 81], rather
they indicate that viability is associated with
increased metabolic activity. So how can this
apparent paradox be resolved? An analysis of the
studies upon which the ‘quiet hypothesis’ was
built reveals that a common factor among them is
the use of 20 % oxygen, either for embryo culture
and analysis, or during the actual analysis of
metabolism. Given the documented negative
impact of 20 % oxygen on embryonic gene
expression, proteome and metabolism described
above, the significance of the ‘quiet hypothesis’
for embryos cultured under physiological oxygen
conditions must be carefully reviewed and stud-
ies performed to determine what is the optimal
nutrient utilisation profile under physiological
conditions.

His Asn Arg Ser GIn Gly Asp Glu Thr Ala Pro Cys Lys Tyr Met Val

lle Leu Phe Trp

concentrations. Consumption for each of these amino
acids was greater at 5 % oxygen than atmospheric oxy-
gen, and overall amino acid utilisation was higher at 5 %
compared to 20 % (P<0.05). Notches represent the
confidence interval of the median, and the depth of the
box represents the interquartile range (50 % of the data),
whiskers represent the 5 and 95 % quartiles. Asterisks
indicate significant differences from embryos cultured in
5 % oxygen (*P<0.05, **P<0.01) (From 77 with
permission)

We know that when mammalian embryos are
stressed, especially by 20 % oxygen, their meta-
bolic profile changes significantly [77]. Data to
date [79] indicate that those embryos cultured in
20 % oxygen which are able to develop do have a
lower turnover of nutrients. One explanation for
this finding may be related to the inability of
unhealthy or developmentally compromised
embryos to tolerate oxidative stress. Suboptimal
embryos may have lower endowments of antioxi-
dants or less robust systems for responding to
oxidising agents and consequently may have to
resort to other energetically consuming mecha-
nisms to preserve their redox status. In this con-
text, the quiet embryo hypothesis would pertain
more to the embryo’s ability to respond to oxida-
tive stress than to its innate metabolic character-
istics under physiologic conditions. Studies
evaluating the metabolism of the same embryos
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in both low and high oxygen conditions could test
this hypothesis. Thus far, little attention has been
devoted to the development and application of
stress tests, i.e., exposing embryos to safe, well-
controlled stresses and monitoring their responses,
to evaluate embryonic health and developmental
potential. There are certainly many clinical situa-
tions in which stress tests are used to diagnose
disease or disease susceptibility such as exercise
stress tests for cardiac disease and glucose toler-
ance tests for gestational diabetes. The challenge
for the development of an embryonic stress test is
to ensure that the stressor does not cause lasting
harm. As mentioned previously, exposure to high
oxygen tension is not an acceptable stressor based
on our understanding of the short- and long-term
effects of this exposure.

It is evident that when a 5 % oxygen concen-
tration is used during culture, the metabolism of
embryos on day 4 and 5 at the morula and blasto-
cyst stages, is significantly higher in those
embryos that give rise to pregnancies, compared
to those embryos that fail to develop post-trans-
fer. Such data, therefore, do not support the ‘quiet
hypothesis’ for embryos beyond the 8-cell stage.
In contrast, the data obtained for day 4 and 5
human embryos and their subsequent pregnancy
outcome, were collected under low oxygen con-
ditions. These data that reveal those embryos
with the more active metabolism give rise to
pregnancies. Interestingly, recent data on oxygen
consumption by cleavage stage human embryos
indicates that at the cleavage stage viability is
associated with an increased oxygen consump-
tion rate, reflecting an increase in respiration rate
[81]. At present, we do not know if there is a
value that is too high to be consistent with viabil-
ity, although it is most plausible. There will likely
be upper and lower values of metabolic normal-
ity, outside which embryo will show a decline in
viability. Given that there is an overall increase in
most metabolic activities as the preimplantation
embryo proceeds through development, it would
seem more likely for compromised embryos to
have lower rather than higher metabolic activities
relative to their healthy cohorts. Furthermore, as
glucose uptake [41, 43] and amino acid utilisa-
tion [59] are related to the sex of embryo, such
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data need to be factored in to further hypotheses
on embryo metabolism and optimal rates of met-
abolic activity for embryo selection.

Conclusions

Some 30 years after Renard et al. showed a rela-
tionship between glucose uptake by day 10 cow
blastocysts and subsequent pregnancy outcome
[39], data sets relating the patterns of nutrient
utilisation by the human embryo with pregnancy
outcome, are growing [41, 58, 59]. Further analy-
sis of human embryo physiology will assist in
establishing the metabolic algorithms for embryo
selection. Growing data indicate that stage-
specific and sex-specific differences in metabo-
lism exist during the preimplantation period.
Understanding the nature of these differences,
the impact of culture conditions (such as medium
composition and the concentration of oxygen
used) has important implications for embryo
selection. As development proceeds, there is an
increase in asynchrony amongst embryos of a
cohort and this will be manifest as an increased
variation in nutrient utilisation (Fig. 4).
Consequently it is predicted that differences in

Metabolic Activity

_/’//

| | | 1 1
2PN 2-cell 8-cell Morula  Blastocyst

Fig. 20.4 Distribution of metabolic activity with respect
to preimplantation embryo development. As development
proceeds, asynchrony between embryos and metabolic
activity increase. Consequently, it may be easier to iden-
tify a viable embryo within a cohort later in development
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embryo metabolism will be more readily detected
with increasing developmental stage.

It is also evident that changes in metabolic
activity not only affect subsequent implantation
potential, but have downstream effects through to
fetal development and beyond. Given that pertur-
bations in metabolic activity are linked to epige-
netic regulation of cell function [82], assessment
of a viable metabolism should facilitate the cre-
ation of conditions that support the genetic stabil-
ity and epigenetic integrity of the embryo.

Whereas the technologies for such work cur-
rently resides in a handful of laboratories around
the world, the rapid developments in laboratory-
on-a-chip technologies may well ensure that the
assays required will be able to be housed in
microfluidic devices and subsequently such anal-
yses will be readily available to the general IVF
community [83, 84].
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