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Abstract The metabolism of pre-implantation embryos is far
from being understood. In human embryos, the two major
obstacles are the scarcity of material, for obvious ethical
reasons, and complete absence of a relevant in vivo control
model. Over-extrapolation from animal species to human
systems adds to the complexity of the problem. Removal of
some metabolites from media has been proposed, such as
glucose and essential amino acids, on the basis of their pseudo
“toxicity”. In contrast, addition of some compounds such as
growth factors has been proposed in order to decrease apo-
ptosis, which is a natural physiologic process. These sugges-
tions reflect the absence of global knowledge, and in

Capsule Knowledge of human embryo metabolism is complicated by
the complete lack of an in vivo model. Metabolic variations between
animal models and human systems are evident. We have attempted to
add to current knowledge by interpreting information yielded via
mRNA transcripts found in the oocyte. We have re-evaluated metab-
olism of lipids, glucose and amino acids, with a special focus on
oxidative stress, imprinting and apoptosis, since certain physiological
aspects have not previously been taken into account. More studies are
essential in order to avoid introducing artifacts that bypass physiolog-
ical processes and mask the biochemistry involved in real-time
metabolism.

Y. Ménézo (<)

Laboratoire CLEMENT, 17 avenue d’Eylau,
75016 Paris, France

e-mail: yves.menezo@club-internet.fr

Y. Ménézo
London Fertility Associates, Harley Street, London, UK

1. Lichtblau

Clinique de la Muette, Rue Nicolo,
75016 Paris, France

e-mail: isalichtblau@gmail.com

K. Elder
Bourn Hall Clinic, Cambridge CB3 2TN, UK
e-mail: kay.elder@gmail.com

consequence mask reality. Some aspects of metabolism have
been ignored, such as lipid metabolism. Others are seriously
underestimated, such as oxidative stress and its relationship to
imprinting/methylation, of paramount importance for genetic
regulation and chromosomal stability. It has become increas-
ingly obvious that more studies are essential, especially in
view of the major extension of ART activities worldwide.
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Introduction

The goal of in-vitro fertilization (IVF) and embryo culture is
to provide high quality embryos capable of continued de-
velopment and implantation that will result in the birth of
healthy babies. The early studies of pre-implantation em-
bryo in vitro culture were conducted in animal systems
[1-6], and considerable progress has been made since these
were undertaken. During the early 70s, we and other teams
[7] began to design and define new, more complex culture
media, which were based on the composition of genital tract
secretions [8]. During the initial stages of zygote formation
and early cleavage divisions, only a minimal level of RNA
transcription takes place (SRY, [9]): the viability of a mature
oocyte after ovulation is dependent upon the presence of a
stored pool of proteins and/or mRNA transcripts. After
completing fertilization, the newly fertilised oocyte under-
goes a process of activation, which modifies its metabolism.
Pronuclear fusion during syngamy provides the zygote with
a diploid complement of chromosomes, and the first mitotic
division takes place. Early embryo cleavage then involves
intense DNA replication and cell division in the absence of
growth, and the accompanying metabolic requirements must
be provided by the ovarian pool of stored maternal reserves.
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During these initial stages of development, there must be an
effective mechanism for DNA repair in order to correct
decays linked to oocyte and sperm DNA [10, 11]. An
estimated 1.5 to two million repair operations are performed
during the first cell cycle, and maternal reserves of mRNA,
proteins, organelles, etc. are required to support and direct
these processes. The maternal oocyte storage pools must be
capable of supporting the metabolic pathways of early em-
bryo development prior to activation of the zygote genome
by coding for all of the enzymes required, at the correct
timing and in the appropriate equilibrium. The cycle during
which the zygote genome is activated (Zygotic Gene Acti-
vation, ZGA) is always the longest cell cycle of pre-
implantation development [12]: any delay at this time will
result in a decrease in the level of mRNA below a critical
threshold, and without appropriate ZGA the mammalian
embryo fails to develop further. This crucial transition takes
place during the 4-8 cell stage in human embryos. Poly-
adenylated maternal RNA transcripts are depleted, and new
embryonic mRNAs are transcribed.

Although maternal oocyte storage pools are obviously
important, the environment of the embryo is also critical.
Culture conditions have a direct impact on transcription and
translation [13—15]; embryonic metabolism is depressed dur-
ing in vitro culture, protein turnover is accelerated [14] and
mitochondrial function is usually impaired. The imprinting
process may also be defective due to mis-regulated methyla-
tion activity [16]. Suboptimal culture conditions have fre-
quently been observed to decrease cell numbers and
jeopardize human embryo viability. Therefore, for many years
embryos have routinely been transferred at early “cleavage
stages”, in order to minimize the time spent in vitro. An
ineluctable statement must be emphasized here: in the major-
ity of cases, incorporation of a molecule is less energy and
time consuming than its synthesis. The ‘free floating’ embryo
has to manage in the culture medium in vitro, with active
uptake of sugars, amino acids, and nucleic acid precursors, as
well as passive transport, especially of lipids, which are asso-
ciated mainly with albumin in vitro. The culture medium must
also be equilibrated and fulfill the requirements for specific
metabolites, available in the appropriate ratios. Culture media
rarely reflect the in vivo situation, failing to take into account
the efficacy of transport systems into the oocyte and early
embryo. This neglected aspect has led to the emergence of
aberrant proposals, such as a theory surrounding the role of
essential amino acids in pre implantation development (the
essential amino acid methionine and effects on imprinting). In
this review, we will summarize current biochemical knowl-
edge, based mainly on animal studies—bearing in mind that
evidence from animal systems cannot always be extrapolated
to human embryo physio-biochemistry. Moreover, interac-
tions between different classes of metabolites i.e. sugars,
lipids, amino acids are not necessarily the same in differing
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animal systems. We will draw attention to new information
that has been elucidated through the study of oocyte mRNA
content, especially concerning important basic metabolic
pathways, ROS-linked decays and protection against DNA
damage.

Physico-chemical parameters, electrolytes and embryo
metabolism

A wide range of osmolarity allows the fertilization process
and the development of the pre-implantation embryo [5, 17].
Physiological osmolarity surrounding the embryo in vivo,
i.e. tubal fluid is 280-290 milliOsmols/Kg. A value of
260 mOsm/Kg is often observed for commercial culture
media, based on the “mouse embryo assay”, which is not
necessarily a rational idea [12, 18]. This lowering of osmo-
larity results in an increase in the transfer of water into the
pre-implantation embryo. In contrast, such a low osmolarity
decreases blastocyst formation in bovine [19]. Apart from
an increase or decrease in the exchange of metabolites, the
real impact of sub-physiologically low osmolarity on em-
bryo metabolism is difficult to analyse, and is unforeseeable
in the short or medium term. Endogenous pH is regulated by
a bicarbonate buffer equilibrated in vivo via carbonic anhy-
drase and CO, circulation, and in vitro by the CO, atmo-
sphere associated with culture medium bicarbonate [2, 8,
20]. CO, is used as a metabolite, incorporated for the
synthesis of the pyrimidine bases thymine, cytosine and
uracil. There is no doubt that this pathway is used: cytoplas-
mic carbamoyl phosphate synthase (CPS) 2, involved in the
first step of pyrimidine synthesis, is highly expressed in the
oocyte, at 25X background expresssion. CO, is also incor-
porated in the ureogenesis pathway involving ornthine, cit-
rulline and arginine: mitochondrial CPS1 is expressed at a
level even higher than CPS2, at 35X background level.
CPS1 is involved in the elimination of ammonia (NHj3)
and is energy (ATP) consuming. In vivo O, concentration
differs from that in vitro: tubal fluid contains 7 % O,
whereas embryos are currently cultured in 18 % O, (5 %
CO, in air). However, there is a current trend towards
culturing embryos in a 5 % O, atmosphere, although this
is still a controversial issue. According to Gomes Sobrinho
et al. [21] “it seems too early to conclude that low O, has an
effect on IVF outcome, at least in humans”. In vivo red-Ox
potential is —0.1 mV, due to the presence of reducing sub-
stances and dynamic regulation in the embryonic environ-
ment [22]. It should also be noted that culture media
spontaneously generate free radicals and ROS even under
conditions of low oxygen concentration [23], dependent upon
the composition of the culture media; therefore it is difficult to
determine what is linked to oxygen tension and/or to “protec-
tive” quality of the culture media. Iron (Fe*") and copper
cations appear to arrest embryo development, encouraging
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free radical formation (Haber-Weiss and Fenton reactions)—
therefore penicillamine or the poly-amino carboxylic acid
EDTA, Ethylene di-amine tetra-acetic acid, are beneficial as
chelating agents of toxic divalent cations in early stage culture
media. EDTA is commonly added to IVF culture media in
order to reduce generation of reactive oxygen species, but its
physiological role is far from being understood, especially as
Ca"" and Mg"" are also added to these media. EDTA is also a
free radical scavenger. A suggestion that EDTA might be
deleterious after genome activation and should be removed
in the second phase of culture has been shown to be invalid.
Zinc is an essential trace element that is required during
mammalian developmental processes, acting as a co-factor
for at least 200 enzymes, including carbonic anhydrase (gen-
erating HCOz). It is involved in regulating methylation pro-
cesses via recycling of homocysteine (vide infia re vitamins),
and prevents oxidative stress by capturing superoxide and
hydroxyl radicals through its involvement in metallothioneins
(MT) and Zn superoxide dismutase. It is the second most
abundant transition metal after iron, and prevents the toxicity
of iron and copper. Zinc is rarely/never added to culture
media; its bioavailability is weak/nil unless it is introduced
in a chelated state.

Sugar and metabolic derivatives

Metabolism of sugar is more complex than is often assumed.
Active transport of glucose into the embryo was described
in the late 60s [24]. Glucose and lactate are necessary for
mouse embryo development in vitro [3]. Obviously, hexose
metabolism is necessary for ATP (Adenosine tri phosphate)
synthesis, the master molecule in embryo development: one
mole of glucose generates from 30 to 36 mol of ATP. It has
been suggested that glucose is toxic during in vitro culture
before genomic activation, and that glucose and phosphate
together may inhibit early embryo development [25, 26], an
aspect of metabolism that remains controversial [27]. High
levels of glucose may have a deleterious effect through an
increase in free radical formation and impairment of mito-
chondrial function: this is particularly obvious in diabetic
mammals [28] and probably in humans. High external con-
centrations of glucose in an excessively simple culture me-
dium are toxic, rather than the glucose per se. The negative
effect of glucose may be counterbalanced by the presence of
a correct amino acid balance, i.e. the presence of sulfur
amino acids and derivatives, neutralizing the ROS. In the
bovine system, an excess of glucose increases apoptosis and
induces shifts in sex ratio towards the female [29]: the
female embryo has a more effective antiapoptotic mecha-
nism than the male (XIAP, X-linked inhibitor of apoptosis).
Indeed, an increase in monozygotic twinning (MZT) may be
due to the quality of culture media/conditions and an exces-
sively high level of glucose, rather than to prolonged culture

time [30]. Glucose is present in female genital tract secre-
tions at milli molar levels (from 0.5 to 3), depending on the
animal species, and glucose transporters are present in the
embryos; these observations are also true for human embry-
os. Lactate and pyruvate are also present, with the lactate/-
pyruvate ratio always 10-20x in favour of lactate. Pyruvate
is an interesting compound, in that it acts not only as an
energy source, but can also detoxify ammonia in the embryo
through transamination to alanine, which can be exported
from the cell. Complete removal of glucose from culture
media is not beneficial: this approach was developed in
CZB medium [26], with glucose replaced by glutamine
and the lactate/pyruvate ratio increased to 100:1. However,
these metabolites, even when added at high concentrations,
are not sufficient: the early embryo rapidly needs hexoses
for further development. Fructose is also present in the
female genital tract, and replacing glucose with fructose
alleviates the 2-cell block in outbred mice [31]. In general,
pre-implantation embryos need glucose or fructose in order
to enable further embryo viability post transfer [32]. The
positive effect of fructose is related to a weak activity of
Glucose-6-P isomerase (EC 5.3.1.9, [31]), which is weakly
expressed in the human oocyte—in contrast to fructokinase,
which is strongly expressed at 40X background level (2X
the expression of Hexokinase2). Metabolism of glucose is
oriented towards the pentose phosphate pathway (PPP),
strongly up-regulated post fertilization at the time of pronu-
clear formation. The pentose phosphate pathway generates
riboseSP and NADPH: one mole of Glucose 6 phosphate
generates 1 mol of Ribose 5 phosphate + 2 mol of NADPH.
NADPH is required for the majority of anabolic reactions,
including lipid and nucleic acid synthesis, and is mandatory
for regeneration of glutathione, the universal cell protector
against ROS-linked decays. Oocyte glutathione is mandato-
ry for sperm head swelling immediately after fertilization.
Via methylene tetra-hydrofolate reductase, NADPH medi-
ates methionine recycling from homocysteine, an inhibitor
of methylation. NADPH is thus involved in the correct
imprinting process (vide infra amino acids). Ribose phos-
phate, the ribose core of DNA, generates Fructose 6 phos-
phate through transaldolase, the essential link between the
pentose phosphate pathway and glycolysis (Fig. 1). Trans-
aldolase is one of the enzymes with highest expression in
the oocyte, at 560X the background level. In conclusion,
hexoses are necessary for pre-implantation development,
but the equilibrium between sugars and other metabolic
compounds is of paramount importance.

Lipids
The lipid content of a pre-implantation embryo can be

estimated as 55-60 nanograms. Lipid metabolism is often
neglected: first of all because lipid solubility in vitro is not
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Fig. 1 Interactions between
pentose phosphate pathway
(PPP) and Glycolysis. The PPP
generates Ribose phosphate
necessary for the nuclear
material synthesis. Fructose
(through Fructose6Ph),
generated by transasldolase,
or originating from external
supply (female genital tract)
seems to be more involved
in glycolysis

e

easy to manage, and in addition the analysis of lipids is a
delicate process, especially in the case of fatty acids. The
embryo needs lipids in very early stages, as lipid beta-
oxidation is essential for meiotic resumption [33] and oocyte
competence [34, 35], and lipids are then required immediately
post fertilization. In terms of energy yields, one chain of fatty
acid (palmitate) provides nearly three times more ATP, the fuel
of early pre-implantation development, than one glucose mol-
ecule. Mitochondria are involved in the metabolism of lipids,
and this requires the presence of carnitine as a catalytical
molecule. The capacity of embryos to metabolize fatty acids
was demonstrated in rabbit and mouse [36-38], indicating
continued substrate oxidation from internal stores. Triglycer-
ides are the most important class of lipids in embryos [39].
Immediately post fertilization the embryo can also synthesize
phospholipids and cholesterol to a certain extent [40]. An
endogenous supply seems mandatory: adding compactin or
disogenin to block this cholesterol synthesis causes develop-
mental arrest. The complexity of fatty acids increases during
early embryonic development, with an increase in arachidonic
acid (C20:4w6) in particular (cow: [41]). In vitro the situation
is complex: addition of lipids (through serum) increases em-
bryo lipid content and upsets the equilibrium, but not neces-
sarily in an appropriate manner, especially in consideration of
viability after freezing. In any case, the amount of fat and its
composition depends upon the lipids provided; embryo cul-
ture is performed in domestic animals without the addition of
serum, for reasons of safety related to imprinting problems.
The only lipids available are those that are bound to albumin,
and we found that both saturated and unsaturated free fatty
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acids are present in largely sufficient quantities [41]. In
humans, the situation seems more complicated: at least two
important enzymes involved in carnitine synthesis (tri-methyl
lysine hydroxylase and four gamma butyrobetaine hydroxy-
lase) are not expressed, whereas the enzymes involved in lipid
beta oxidation are highly expressed [42]. This means that in
vitro metabolism of lipids would appear to be impossible
without the addition of carnitine; this feature may explain
the improvement in blastocyst formation when carnitine is
added in vitro [43]. Caprylic acid is the main lipid (fatty acid)
bound to human serum albumin (HSA), due to methods of its
preparation: in order to avoid any risk of bacterial and viral
contamination, HSA is heated for several hours with caprylic
acid and acetyl tryptophan, which may displace other fatty
acids from the lipophilic albumin core. Overall, in the per-
spective of lipid metabolism, addition of carnitine to culture
media for human embryos should not be overlooked. /n fine,
the use of an oil overlay is another aspect that can completely
disturb “normal” embryo lipid metabolism: paraffin oil, sup-
posedly considered to be an “inert” compound, may continu-
ously “extract” some of the embryo (membrane) lipids,
modifying the normal equilibrium and thus orienting lipid
neo-syntheses incorrectly. This feature may be especially
relevant when embryo culture is performed in very small
microdrops.

Amino acids

Genital tract secretions contain all of the amino acids in vivo—
they are mandatory for the synthesis of new proteins required
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during the first 3 days in human embryos, and these depend
upon translation of polyadenylated mRNAs stored in the
oocyte. The ratio between the different amino acids is proba-
bly more important than their overall quantity. Tubal secre-
tions in most animals studied reveal similar aminograms. Any
imbalance between amino acid concentrations reflects their
capacity to be transported into the embryo as well their ability
to act as organic osmolytes [44—46]. Some amino acids,
especially glycine, the amino acid with the highest concentra-
tion in tubal secretions, have the ability to regulate embryonic
endogenous osmolarity. They avoid the risk of ‘salting out’,
i.e. precipitation of macromolecular compounds inside the
cells due to an excessively high salt concentration. Moreover,
there must be an equilibrium between the inorganic ions in
order to facilitate their role as enzymatic cofactors, activators
and even in signaling mechanisms. The differences observed
in uptake/concentrations of amino acids has led to a theory
that essential amino acids may be toxic: the differences are
linked to their affinity for carrier molecules i.e. different amino
acids compete for the same carriers. At the same millimolar
concentrations, methionine almost completely prevents gly-
cine entry into the embryo [47]. As mentioned [48], the
concept of embryo-specific “essential” aminoacids is illogical,
as it is not possible to determine exactly which amino acids are
“essential” in embryo metabolism: interactions between ami-
no acids and other metabolites are complicated and marginally
understood ([49], Fig. 2). Assumption of “amino acid toxici-
ty” is non-physiological, and may even be dangerous. This is
especially true for sulfur aminoacids when applied in human
(vide infra re methionine, imprinting and anti ROS protec-
tion). Moreover Brison et al. [5S0] were unable to define any

Fig. 2 Major compounds
originating from Fructose (*)
and glucose and both(*)
metabolism by bovine embryos.
Labelling with 14C and
determination of the aminio
acids by ion exchange
chromatography using
ninhydrine post column

Glucosamine 6-P (*) «———— Glucose-6P «—

difference between the uptake of essential and non-essential
aminoacids. The idea of mimicking the amino acid composi-
tion of animal tubal fluid secretions was successfully devel-
oped in 1976 [8], and the media were shown to support human
embryo culture in the absence of serum [51]. However, there
is conflicting data regarding amino acid composition of hu-
man genital tract secretions [44, 52]. One of the two teams
[44] describes aminograms that are more similar to that ob-
served in animals. Large variations are observed, especially in
the case of osmolyte aminoacids (taurine, glycine glutamine
and alanine), which appear to be highly represented in vivo
according to one report [44]. There are strong interactions
between sugar metabolism and aminoacids, especially at the
level of the Krebs cycle (Fig 2, [49]). Glutamine is a key
amino acid in purine and pyrimidine synthesis, where it pro-
vides carbon atoms for de novo synthesis. Glutamine is stable
in culture media under slightly alkaline conditions. Synthesis
of 5’AMP from Ribose-5-P in embryonic cells requires two
glutamine molecules, one glycine and one carbon originating
from bicarbonate, as well as two Methyl tetrahydrofolate (vide
infra re vitamins). Glycine, an important osmolyte, is present
at millimolar concentration in tubal and uterine secretions. It
can chelate Zn"" (four glycines for one Zn'"") so that it is
bioavailable for transport into embryonic cells. In fine, turn-
over of glycine is one of the markers of human embryo quality
in vitro [50].

The sulfur amino acids cystine and methionine play a
particularly important role:

1. Methylation/imprinting: maternal and paternal genomes
must be complementary in order to ensure normal

Glucose

staining (From Guyader Joly
et al., Zygote 1996, [49] with
permission). Fructose and
glucose do not lead to the
synthesis of the same
aminoacids although a exactly
similar pattern should have
been observed

Glutamine (*)

Proline

«—» Glutamate ()

~

Fructose-6-P () «—— Fructose ()

Pyruvate —_— Alaning (*)
TN Valine
AL 3
Leucine

Oxaloacetate

—_—
7

«— Aspartate (*) «——— Asparagine ()
¥ N

Threonine Methionine

«—— \ aoxoglutarate

Isoleucine
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embryonic development. This is achieved via imprint-
ing, a “dialogue” that takes place as early as the pronu-
clear stage, which involves variations in the methylation
pattern of some genes. Examples of differential methyl-
ation include IGF2/IGF2-R [53], the maternal and the
paternal X chromosome (Xist), H19 gene and a tumour
proliferation suppressor. Disorganized imprinting may
have harmful effects on early pre-implantation and late
post-implantation development [54]. Imprinting occurs
post fertilization in human embryos. Silent alleles are
aberrantly expressed and hypomethylated in simplex
media without amino acids in mouse embryos [55].
Methionine (Met), classified as an “essential amino
acid” and thus omitted in some first phase sequential
media formulations, is the major effector of methylation
via S-Adenosyl methionine (Fig. 3): In fact, the balance
between methionine other amino acids is of crucial
significance. Methionine has such a high affinity for
the transporters that if it is present in an excessively
high concentration, it may prevent the uptake of other
aminoacids, thus creating an imbalance in the endoge-
nous pool. Met is incorporated by mouse, bovine and
human embryos [47, 56], generating SAM: S-adenosyl
methionine [56, 57]. SAM, apart from its role in meth-
ylation, is also a precursor of the polyamines spermine
and spermidine. All of the enzymes involved in these
synthetic pathways are very highly expressed, up to a
level of 1000X background for ornithine decarboxylase
(Fig. 4). The role of polyamines is not fully understood,
but they bind to DNA and neutralize its acidic charges,
playing a role in cell division.

SAM and other methylating agents (Group B vitamins)
are critical epigenetic regulators which can affect DNA

Fig. 3 The one carbon cycle.

Importance of group B vitamins

and Zinc in Homocysteine Folic acid
recycling. Homocysteine can be (B9)

recycled using three pathways;
however the only one strongly
expressed in the human oocyte
is the MS pathway. The betaine-
dimethyl glycine pathway is
weakly expressed and the CBS
pathway is totally absent during
the pre-genomic activation
period. SAH S-Adenosyl
Homocysteine; SAM S-
Adenosyl Methionine; THF
tetrahydrofolate, CBS
cystathionine beta synthase; MS
Methionine synthase; MTHFR
Methyltetrahydrofolate
reductase Zn Zinc
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stability, DNA and histone (H3) methylation, and imprint-
ing [58-60]. Recycling of homocysteine (Hcy), i.e. the
one-carbon cycle (Fig. 3), is of major importance as Hey
inhibits methylation [56]; it also competes for the same
transporter as methionine for entry into the embryo [56].
B group vitamins and Zn are mandatory for homocysteine
recycling (Vide infra, re vitamins). This aspect is especial-
ly important in human embryos, as the transsulfuration/-
cystathionine beta synthase pathway is poorly represented
in the human oocyte [57]. In fine, homocysteine is both a
cause and a consequence of oxidative stress [61, 62], and
represents a link between oxidative stress and imprinting
problems (Fig. 5).

Initiation of all protein synthesis requires methionine,
through met-tRNA.

Lack of sulphur amino acids leads to sulphur amino acid
deprivation syndrome (SAAD). This syndrome induces
programmed cell death independently of caspase activa-
tion [63]. Apoptosis induced by methionine restriction
induces formation of nucleosomal DNA fragments and
is mitochondria-dependent (mitochondrial metabolism is
one of the main sources of free radical generation).
Cysteine participates in the synthesis of glutathione, the
universal free radical scavenger of major importance in
vivo [22]. De novo glutathione synthesis inside the
embryo is important, as it is not transported into the
embryo: therefore adding it to culture media has only a
marginally positive effect. After uptake, methionine can
be converted to cysteine via the transsulfuration path-
way; however, this pathway is poorly expressed in the
human oocyte (Fig. 6, [57]).

Cysteine is strongly involved in the synthesis of hypo-
taurine, another free radical scavenger, via the cysteine

5,10 methylene
NADPH THF

5 -methyl THF THF

’ Homocysteine ‘

CBS)
Di methyl
c 1 glycine
ys eine betaine

-CH3
Methylation
(DNA, histones...)
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Fig. 4 Polyamine synthesis
and expression (X background
signal) of enzymes involved.
Spermidine is the condensation
product of putrescine
(originating from arginine
metabolism and decarboxylated
SAM). Then spermine will be
formed from spermidine after
condensation with
decarboxylated SAM. The
background signal (probe pair
threshold ) value is 50.
MicroArrays HG-U133,plus2.
(For experimental procedure
see [73]

Enzyme

Arginase

Arginine p——) ornithine ")

Arginase

Ornithine decarboxylase
SAM decarboxylase 240

SAM

putrescine SAM decarboxylase

Decarboxylated SAM

Ornithine
decarboxylase
Spermidine
synthetase
spermidine

Spermine

Spermine
synthetase
Expression

100
1100

Spermidine synthetase 12
Spermine synthetase 95

sulfinic acid pathway in the tubal and uterine environment
in vivo [22, 64]. No expression of this pathway can be
detected in the oocyte, but hypotaurine uptake is possible.
Taurine, produced by hypotaurine oxidation, is also an
important osmolyte [65], present at high concentrations
(millimolar level) in human uterine secretions [44]. Incor-
porated by the early embryo, it may also act as a regulator
of membrane phospholipid methylation.

It has been assumed that continual culture in the presence
of amino acids (especially glutamine) could reduce the
viability of embryos as a consequence of ammonia forma-
tion resulting from spontaneous degradation of amino acids
and/or their catabolism by the embryo [66]. In reality, the
risk of ammonia toxicity is very low. Glutamine degradation
is very weak in alkaline pH and less than 1 % of the
ammonia formed in culture medium is retained. The salts
formed, ammonium carbonate (NH4),CO5 and bicarbonate
(NH4HCO3;) are highly unstable in a slightly alkaline pH,
as in classical in vitro culture conditions. Their PKa is 7.2

Fig. 5 Links between
homocysteine, oxidative stress,
imprinting and apoptosis

(see [61, 62, 80]) Uracil

Thymine

Genetic alterations

at 25 ° C, and NHj is released in the CO, flux. Moreover,
ammonia can also be removed by transamination of pyruvate
to alanine. Alanine is then released into the culture medium
[50], probably indicating an original dynamic system for
removal of ammonia. The possibility that an ammonium
gradient might be transitorily formed when embryo culture
is performed in very small microdrops under oil cannot be
excluded. Adding NH4Cl to culture media has recently been
proposed as a model to mimic the toxicity of ammonium ions.
However, NH4Cl is a highly stable acidic salt: this model does
not reflect the physiological reality, and is therefore invalid. In
fine, this poorly established concept has led to a reduction in
the concentration of amino acids in embryo culture media
relative to the in vivo environment [67] thus decreasing their
“osmolyte protecting role” towards the embryo. As a conse-
quence, osmolarity is decreased to 260 milli-osmoles in some
commercial culture media, in order to counteract a possible
negative effect of low amino acid concentrations (vide supra
Physico-chemical parameters, electrolytes and embryo me-
tabolism). However, this decreased amino acid concentration

N
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Serine H,0 H,0 ketobutyrate +NH,
(B6) (B6)
Homocysteine LYA Cystathionine M Cysteine
Cystathionine Cystathionase
BetaSynthase ()]
(CBS)

Fig. 6 Cystathionine beta synthase pathway (conversion of homocys-
teine to cysteine): absent in human oocyte and early embryo

in culture media is likely to have a negative impact on some
important embryo physiological processes such as imprinting
[16, 68].

Precursors of DNA and RNA: purine and pyrimidine bases

It should be remembered that the pre-implantation embryo is
able to synthesize these bases, utilizing CO, from bicarbon-
ate [69]—but this process has a high energy requirement.
There are at least two reasons why the supply of nuclear
bases is important: 1) as precursors for nucleic acid synthe-
sis, since the amount of DNA is multiplied 8—-16x before
genomic activation. The requirement for bases is even more
important for RNA synthesis, when there is an exponential
increase linked to the first transcription waves at the begin-
ning of maternal to zygotic transition (4-8 cells). 2) as
“spare parts” for DNA repair, since a total of one to two
million DNA repair operations are carried out on the male
and female genomes at the time of fertilization and imme-
diately afterwards [11]. Some repair operations involve re-
moval of DNA adducts originating either from sperm [70] or
oocyte [71], and others remove oxidized bases mainly, but
not exclusively from the male genome [10]. There are more
than 15 oxidized base products, the main one being 8 oxo
Guanine. The mammalian genome contains CpG islands
(300 to 3,000 base pairs in length), genomic regions with
a high frequency of CpG sites; they are present close to, or
within nearly one half of the promoter sites. Methylation
occurs near the CpG islands or on the islands themselves.
Any significant disturbance of these sites, linked to G oxi-
dation, is expected to have a profound effect on gene ex-
pression. These CpG sites in DNA represent “sensitive”
mutational hotspots [72]. Abasic sites and DNA strand
breaks (also generated by oxidative stress) also need a
supply of “clean” bases. The oocyte is well equipped to
retrieve oxidized products from DNA, using several redun-
dant mechanisms [11, 73], but the degraded products then
have to be removed from the early embryo. This process
sanitizes the endogenous pool, in order to avoid re-
incorporation of the damaged bases: “Defective bricks build
a defective house”. The pool of nucleotide sanitizing
enzymes is highly expressed in oocytes (up to 100X back-
ground). In order to complete this process adequately, an
exogenous supply of these molecules is recommended,
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especially since the early embryo is fully able to incorporate
them from the media [74].

Vitamins

The role of vitamins during early development is not clear.
First of all, lipid-soluble vitamins present an obstacle with
regard to their solubility in culture media. Vitamins A and E
are anti-oxidants; a biological function of vitamin E is to
protect polyunsaturated fatty acids from oxidation in mem-
branes. In bovine, these vitamins exert a positive effect on
embryos in vitro [75]. Vitamin C is the natural anti-oxidant
in follicular fluid, but it can be pro-oxidative when added to
culture media, and may have a local denaturing effect on
proteins [76]. Group B vitamins are mandatory (at least
B2/6/9/12) for recycling of homocysteine (see Fig. 3). It
was observed that B-group vitamins promote hamster em-
bryo development in vitro [77], but other reports indicate
that some of them could be inhibitory for early mouse
embryos [78]. According to O’Neill [79] folic acid (B9) is
mandatory as a methyl donor during early embryonic de-
velopment, participating in at least in two pathways: syn-
thesis of thymine and recycling of homocysteine. The folic
acid cycle is linked to homocysteine recycling. All of the
enzymes involved in these 2 cycles are highly expressed, at
20 and 500X the background signal [57]. There is one
important exception: as previously mentioned, the human
oocyte and the early preimplantation embryos are not able to
use the trans-sulfuration pathway that allows direct conver-
sion of homocysteine to cystine in two steps (Fig. 6). There
is no expression of Cystathionine beta synthase, and CT
(cystathionase) is very weakly expressed. This is another
reason why a shortage of folic acid during very early em-
bryogenesis must be avoided [80]. Moreover, the human
oocyte has a high level of folate receptor 1 expression
(300X background) as well as folate transporter member 1,
also known as SLC19A1 (660X background), indicating a
high level of trafficking around this molecule.

Macromolecules

Serum albumin is a macromolecule with a molecular weight
of 65,000 KD (kilodaltons), containing 610 aminoacids.
Along with transferrin, it is the most highly represented pro-
tein in the oviduct with antioxidant protecting roles. During
the late 70s and early 80s, serum albumin replaced the use of
serum in embryo culture [51], and in particular human serum
albumin for human IVF. In the bovine system, there is evi-
dence that serum is involved in the aetiology of large calf
syndrome. Although the requirement for albumin may not be
absolute, [81], it regulates oncotic pressure and also acts as a
detergent through its capacity to bind lipids: this facilitates
embryo manipulation, decreasing their capacity to stick to
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plastic. Albumin can enter the embryo directly, carrying nu-
merous small molecules such as cathecholamines, amino
acids and peptides into the embryo [82]. These peptides can
probably be used as embryo “nutrition”, since they can be
detached from the albumin core by salts. It is unlikely that
albumin itself can be degraded.

The addition of Growth Factors in vitro remains contro-
versial. Numerous growth factors (GFs) and interleukins
(ILs), such as LIF (Leukemia inhibiting factor) and IL6 are
present in the female genital tract, and corresponding recep-
tors are also present on the surface of embryonic cells
[83—85]. Moreover, when embryos are pooled in micro-
drops, external growth factors have been observed to im-
prove embryo development to a certain extent, via an
autocrine/paracrine regulation [86—88]. Growth factors that
might potentially be added to embryo culture include plate-
let activating factor (PAF) and platelet-derived growth factor
(PDGF). Cocultured cells also secrete interleukins and
growth factors [85, 89, 90]. However it is also clear that
growth factors act in both positive and negative synergy in
order to produce a harmonious effect. Addition of a single
growth factor is highly questionable: GF may reduce apo-
ptosis, but apoptosis is a natural regulatory process,
“destroying” cells with an abnormal chromosome status.
There is a risk of improving the development of abnormal
embryos through bypassing normal regulation “filters”. We
have not yet reached the stage of being able to safely add
single, or “mixtures” of growth factors.

Conclusions

Human “free floating” pre-implantation embryos are a unique
feature in physiology, and our understanding of them is far
from being complete. The obstacles to research include 1)
scarcity of material available per embryo (around 55-60 nG
of dry matter) 2) the number of embryos available for research,
3) complete absence of an appropriate corresponding model in
vivo, 4) absence of a fully reliable animal model, as metabolic
variations between animal models and human systems are
evident. According to Patrizio and Sakkas [91], the yield in
term of livebirths per oocyte retrieved can be estimated at
around 5 %. However it must be emphasized clearly that
culture medium is not solely responsible for this wastage.
Culture in microdrops under oil in order to mimic the in vivo
situation is risky: pollution of oil by hydrosoluble components
has devastating consequences [92]. This type of culture does
not mimic the in vivo situation, as dynamic evolution of the
culture medium is not possible: embryonic lipids can be
extracted by oil, with a resulting disruption of this aspect of
embryo metabolism. With reference to the known interactions
between lipid, sugar and aminoacid metabolism, this issue
raises numerous questions. There is still room for improvement

of culture media, with a basis in solid studies rather than
unfounded statements. It is also important to avoid bypassing
problems instead of solving them, eg: 1) the proposal of coun-
teracting the so-called ‘toxic’ effects glucose or essential ami-
noacids, 2) reducing the amino acid concentration in order to
avoid so-called “ammonia toxicity” and, as a consequence 3)
decreasing osmolarity to a poorly physiological level of 250—
260 milliosmolles/kG, allowing the mouse embryo assay to be
passed 4) inhibiting apoptosis by the introduction of growth
factor(s). The putative negative impact of these artifacts has to
be taken into consideration, and merits attention on a mid/long
term basis. Basic physiology and biochemistry may seem
esoteric and tedious, but this remains the essential starting point
in consideration of in vitro preimplantation development.
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