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Current scientific literature increasingly documents a correla-
tion between assisted reproductive technologies (ART) and
epigenetic errors in the children born, attributed to errors in
methylation affecting the embryonic genome [1–5]. The ma-
jority of the epigenetic anomalies observed to date have been
largely associated with IVF/ICSI procedures themselves, rath-
er than problems intrinsic to gametes as a result of male and/or
female infertility etiology [2, 5]. For example, a recent paper
describing a high incidence of four major imprinting disorders
in Japanese babies born after ART suggests that the origin of
these disorders may be in the period immediately following
fertilization under currently used culture conditions [3, 5]; as
this is the stage during which the zygote genome undergoes
demethylation, any disruption to methylation maintenance
makes this a likely possibility. Whether controlled ovarian
hyperstimulation (COH) is linked to epigenetic errors in the
offspring remains ambiguous. Although a negative correlation
has been described in the mouse [6], bovine embryos provide
a more appropriate model for studies of this kind until data
become available for the human [7, 8]. In terms of fundamen-
tal processes involved with DNA methylation, there is greater
homology between bovine and human DNA methyltransfer-
ases (DNMTs) than between mouse and human DNMTs
structures. Moreover, the time course of oocyte maturation
as well as imprinted gene expression and methylation patterns
are conserved between humans and cattle during early devel-
opment, compared with human and mouse [8], thus whether

COH imparts a negative impact on the oocyte epigenome
remains controversial [9].

However, the influence of culture conditions on epigenetic
chromatin remodeling during pre-implantation development has
become increasingly clear. In the early years of this century,
well before the role of epigenetics and imprinting disorders in
human ARTs was appreciated, RG Edwards voiced a suspicion
that pre-implantation culture media could induce anomalies in
the concepti [10]. Remarkably, despite the fact that biochemical
and physiological mechanisms differ between human and
mouse, and the bovine model appears to be more closely related
to the human embryo [7], the mouse embryo assay (MEA)
continues to be the accepted test for quality control of commer-
cial IVF culture media, a dogma that has been contested [11].
The two features that differ most significantly are the duration of
antral growth/maturation and the time to reach genomic activa-
tion, the period of maternal to zygotic transition (MZT). Further
confirmation is provided in a paper that clearly demonstrated
incorrect methylation processes in mouse embryos that were
cultured in human IVF culture media; i.e., human IVF culture
media do not support appropriate DNA methylation in murine
embryos [12]. The authors concluded that all culture systems
using commercial media that were tested resulted in the loss of
imprinted methylation compared with in vivo-derived embryos;
no significant differences were detected between different types
of media, including sequential media. This data suggest that no
commercial human IVF culture media would pass the MEA if
appropriate methylation/epigenetics were taken into account.

Given this backdrop, the objective of this paper is to exam-
ine the biochemistry of DNA methylation in the context of
current practice for the culture of human embryos. The phys-
iological basis for this inquiry is the dynamic remodeling of
chromatin and DNA methylation status that is differentially
manifest in maternal and paternal genomes at discrete stages
of pre-implantation development. Given the broadscale adop-
tion of extended embryo culture to day 5/6 in human ART

* Yves Ménézo
yves.menezo@gmail.com

Kay Elder
kay.elder@gmail.com

1 Laboratoire Clément, 17 Avenue d’Eylau, 75016 Paris, France
2 Bourn Hall Clinic, Bourn, Cambridge CB232TN, UK

https://doi.org/10.1007/s10815-020-01884-6

/ Published online: 16 July 2020

Journal of Assisted Reproduction and Genetics (2020) 37:1781–1788

http://crossmark.crossref.org/dialog/?doi=10.1007/s10815-020-01884-6&domain=pdf
https://orcid.org/0000-0001-6861-8905
mailto:yves.menezo@gmail.com


programs, close scrutiny regarding the impact of culture media
on short- or long-term consequences for offspring born by
IVF or ICSI is an urgent priority.

Two major sources of biochemical support are required in
order to ensure a normal process of methylation/imprinting/
epigenetics during pre-implantation embryo development:

1. Methyl donors allow regeneration/formation of S-
adenosyl methionine (SAM), the universal cofactor for
methylation; this includes providing methionine, an “es-
sential amino acid” that has been removed from culture
media because of so-called toxicity (see below [13–16]).

2. Protection against oxidative stress in order to avoid dam-
age to DNA, whose integrity must be carefully
safeguarded during the period when paternal genes are
transmitted (Fig. 1). This protection is provided largely
by a high level of glutathione (GSH) synthesis in the early
embryo: γ-L-glutamyl-L-cysteinylglycine is the universal
antioxidant molecule. Glutathione synthesis is also man-
datory to enable correct swelling of the sperm head at the
time of fertilization. Its synthesis requires cystine/cysteine
as a precursor molecule, another “essential amino acid.”
Cystine metabolism also leads to the formation of
hypotaurine, a strong antioxidant; notably, the embryo is
unable to synthesize hypotaurine during its early stages of
development, and the molecule is instead incorporated
from tubal secretions [17].

Errors in methylation are strongly linked to an imbalance in
oxidative stress. Abnormally, low/inadequate concentrations
of amino acids and the absence of “essential amino acids”may
affect epigenetic processes: this is in complete agreement with
the observations of Market-Velker that current commercial
culture media is not capable of supporting correct methylation
processes in pre-implantation embryos [12].

Biochemical aspects of culture media: amino
acids, methylation, oxidative stress,
and glucose

Methylation/imprinting/epigenesis

Two important questions must first be addressed.

1. Are active DNAmethylation processes maintained during
the first days of in vitro culture?

2. Does in vitro culture media meet the requirements of the
pre-implantation embryo during this time?

As mentioned previously, methionine is the necessary fuel
for methylation, and the methylation process must be
protected against oxidative stress.

Methionine and methylation

Human oocytes/early embryos are readily able to incorporate
methionine efficiently from the external milieu. In human em-
bryos, as in mouse and bovine embryos, all of the enzymatic
steps necessary for SAM synthesis are present [18] and
expressed at high levels [19]. However, culture media de-
signed for the early stages of embryo culture contain no or
extremely low levels of methionine [20]. This is due to the
concept that essential amino acids are toxic for mouse embryo
culture described by Gardner and Lane [13], which has been
contested [21]. The principle behind this concept is that essen-
tial amino acids should be eliminated from culture media in
order to decrease/reduce ammonia production resulting from
their in vitro metabolism [13, 16]. Ammonia is produced in
culture media in vitro, but this can be removed by transamina-
tion of pyruvic acid to alanine, which can then be released into
the culture medium [22]. Glutamine degradation has been re-
ported as a major factor in the buildup of ammonia, but this is a
minor feature at the basic pH of bicarbonate-buffered culture
media currently in common use. Moreover, due to their disso-
ciation factor (pK), the ammonium hydrogenocarbonate and
carbonate produced, salts of a weak base (ammonium) and a
weak acid (CO2), are highly unstable and immediately degrad-
ed to water, CO2, and NH3, eliminated in the gas flow.
Carbamoyl phosphate synthetase (CSP1) is the first step in
NH3 elimination, and this enzyme is highly expressed in the
oocyte (100× background signal). Human IVF culture media
do not support correct methylation in mouse embryos [12], and
it is not surprising that the same observation can be made for
human embryos. Methylation of DNA targets results in release
of homocysteine (Hcy), and this must be recycled to methio-
nine. Folates are mandatory for this process: this is present in
only one commercial medium so far. Human oocytes express
high levels of folate receptor 1 and folate transporter1
(SLC19A1), indicating that these molecules play an important
role during the first 3 to 4 days of development, up to the onset
of genomic activation (also known as the maternal to zygotic
transition, MZT). Folates are at the center of a system that
involves high molecular trafficking [19], and all of the en-
zymes involved in the folate and 1-carbon cycles are highly
expressed in the oocyte.

Correct DNA methylation processes also have a profound
impact on genome stability: women carrying the C677T
MTHFR SNP (methylenetetrahydrofolate reductase single-
nucleotide polymorphism) generate pre-implantation embryos
with high rates of aneuploidy and dramatically decreased vi-
ability due to their weak capacity to correctly metabolize fo-
lates. [23]. This confirms the central role of folates and may
also explain the efficiency of “in vivo” treatment with 5MTHF
(5-methyltetrahydrofolate) supplements, the direct substrate
for MTHFR, before and during pregnancy. [24] The cystathi-
onine beta-synthase (CBS) pathway, a biochemical side
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pathway that allows Hcy to be recycled to cysteine, is not
expressed in human oocytes (Fig. 2): this means that conver-
sion between the two sulfur amino acids cystine and methio-
nine is not possible. In the pre-implantation embryo, methio-
nine is protected from oxidation by two active systems that are
highly expressed: methionine sulfoxide reductases and the
glutaredoxins (see later).

DNA methyltransferase and methylation

Rapid DNA demethylation of the zygote genome has been
thought to occur immediately post-fertilization, and human
IVF embryos apparently follow this scheme [25]. The paternal
genome is rapidly demethylated first, followed by the passive
demethylation of maternal genes during the subsequent cell
cycle. However, paternal demethylated DNA seems to be im-
mediately re-methylated [26]. Experiments in the mouse sug-
gest that levels of methylation are stable up to and immediate-
ly after genomic activation [27–29], with methylcytosine
levels remaining stable during this period. The DNA methyl-
transferase 1 (DNMT1) enzyme that is responsible for main-
tenance of DNA methylation is highly expressed in human
oocytes: the polyA mRNA coding for its expression is one
of the most abundant in the mature oocyte mRNA pool.
DNMT3 is also expressed at an adequate level, indicating that
active de novo methylation may occur, as has been observed
in ruminants [26] and inmouse [27]: methylation anomalies in
both maternal and paternal genes can be observed during early

stages of in vitro development [6]. Methylation maintenance
and to a lesser extent de novo methylation persist in human
embryos until and immediately afterMZT. These mechanisms
are not adequately supported in vitro by currently available
culturemedia. The anomalies subsequently observed in affect-
ed IVF children might be explained by the brief period of their
development spent in vitro (Fig. 3). Human embryos pro-
duced in vitro using currently available media are not a good
model for understanding human methylation/epigenesist/im-
printing during pre-implantation development [30] (see Fig.
3). In commonwith most biochemical processes, oocyte DNA
methylation capacity also decreases with age: another burden
for human IVF embryos, as the ART population is usually in
the older age group.

Oxidative stress and methylation

Active and passive demethylation processes are known to
take place in the pre-implantation embryo, with co-existing
demethylation and maintenance of DNA methylation, al-
though the relative importance of the 2 processes is still a
matter of debate [31, 32]. A clear correlation between meth-
ylation anomalies and oxidative stress has been described
[33], and IVF culture medium spontaneously generates free
radicals during incubation, with no protection against oxida-
tive stress [34] (Fig. 1).

An excess of oxygenated free radicals can lead to the for-
mation of hydroxymethylcytosine, which may precipitate

Fig. 1 Potential oxidation of
cytosine and guanine at the CpG
sites
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undue and abnormal demethylation processes. This may lead
to oxidation of methylcytosine (MeC), causing active demeth-
ylation of some CpG sites, which are known to be crucially
related to imprintingmechanisms [30–33].Methionine restric-
tion also increases mitochondrial oxidative stress [35].

Oxidative stress protection in the pre-implantation
embryo: oxygen tension during culture

Oxidative stress is not a borderline problem during in vitro
culture: as mentioned above, culture media spontaneously
generate ROS [33], and there is no protection by antioxidants.
Endogenous glutathione synthesis is mandatory, and this must
be stimulated since a lack of cysteine sulfinate dehydrogenase
(CSD) expression prevents the endogenous synthesis of
hypotaurine. In vivo, hypotaurine uptake takes place from
tubal secretions [17]. GSH is synthesized from cysteine in
the cytosol, via the rate-limiting enzyme glutamate-cysteine
ligase (GCL); this enzyme comprises a catalytic (GCLC) and
a modifier (GCLM) subunit, both of which are expressed in
the oocyte. Glutathione synthetase is also expressed, an en-
zyme that catalyzes the condensation of gamma-
glutamylcysteine and glycine to form glutathione. Glutamic
acid and glycine are important amino acids, which must be
provided during early pre-implantation embryo development.

Although the embryo has the capacity to synthesize both,
uptake from the environment always consumes less time and
energy than does biosynthesis. Glycine is found at millimolar
concentrations in tubal fluid; in contrast, all other AAs are
found at 10−1 millimolar concentrations. Cystine is the key
component for glutathione synthesis, and cysteine/cystine is
incorporated into the embryo by the alanine/serine/cysteine
transporter 2 (SLC1A5), which is highly expressed both in
the oocyte (30× the background signal) and in the pre-
implantation embryo up to the time of genomic activation. A
lack of cysteine may lead to the accumulation of serine and
alanine. Cystine transport is activated by the solute carrier
family 3 member 1 (SLC 3 A1, transport cystine and dibasic
and neutral amino acids), which is also highly expressed in the
oocyte (35-40 background signal). Elevated SLC3A1 expres-
sion accelerates cysteine uptake, with an accumulation of re-
duced glutathione (GSH). Cystine/cysteine is a basic “fuel”
that should be provided in the culture of pre-implantation em-
bryos at reasonable concentrations. Moreover, the early em-
bryo is unable to divert some of its methionine to generate
cysteine, as the cystathionine beta-synthase pathway required
is not expressed (see Fig. 2).

Glutathione is essential at stages other than the time of
fertilization. Glutaredoxins are redox enzymes of approxi-
mately one hundred amino acid residues (“light proteins”) that

Fig. 2 1. Methionine (Met) is essential for the synthesis of SAM (S-
adenosyl methionine) and downstream methylation reactions involved
with epigenetic chromatin modifications. A fraction of Met is derived
from the maternal oocyte pool, and its depletion following fertilization
must be compensated in the culture medium for maintenance methylation
to be sustained. Although Met is sensitive to spontaneous oxidation
forming Met sulfone, oocyte-derived glutaredoxins (GRX) can restore
Met to its non-oxidized state in the embryo during the first cleavage
divisions. 2. Homocysteine cannot be recycled to cysteine: the two main
sulfur amino acids cannot be linked. The CBS pathway is not expressed,
and cysteine must be supplied externally to generate glutathione.

Although the early embryo is able to synthesize glutathione, this is not
the case for hypotaurine, as the CSD (cysteine sulfinate decarboxylase)
enzyme is not expressed. Basically, protection against ROS depends on
glutathione via or not the glutaredoxins (strongly expressed). 3. The
BHMT pathway, betaine homocysteinemethyltransferase is very margin-
ally expressed. 4. Homocysteine recycling relies completely on the me-
thionine synthase pathway, backed up by the folate cycle. The MTFR
SNPs (methylenetetrahydrofolate reductase single-nucleotide polymor-
phism) can be a burden. Carriers of this SNP have a reduced ability to
deliver 5MTHF (5 methylenetetrahhydrofolate), necessary as the fuel for
MS to regenerate homocysteine [23, 24]
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use glutathione as a cofactor. These proteins are thiol-disulfide
oxidoreductases that use a glutathione-binding site and one or
two active cysteines in their active site. They are highly
expressed in oocytes, at levels between 250 and 450× back-
ground signal: they can reduce dehydroascorbic acid and,
most importantly, methionine sulfoxide, an oxidation product
of methionine. This mechanism also allows them to protect
the imprinting/methylation process. Glutaredoxins are oxi-
dized by oxidized substrates and are non-enzymatically re-
duced by reduced glutathione, which in turn is oxidized.
Oxidized glutathione is then regenerated by glutathione reduc-
tase (GRX), expressed in oocytes at around 20× background
signal. GRX needs NADPH generated by the pentose phos-
phate pathway: although removal of glucose from culture me-
dium has been proposed as a means of avoiding the generation
of free radicals released from its metabolism, reducing the
concentration of glucose in the culture medium during the first
stages of development is not a logical solution in terms of
basic physiology and biochemistry. Glutathione peroxidase
(GPX) is also highly expressed (50× background signal) at
these stages: all of the components of the “glutathione chain”
or “glutathione system” are crucial to maintain redox status
and homeostasis in all cells, including, and especially, the
embryo. Cysteine, produced via the synthesis of glutathione,
as well as glutaredoxin (GRX) activity, protects appropriate
methylation. This also allows the early embryo to maintain
antioxidant protection as long as the basic fuel, i.e., cysteine/
cystine is adequately provided in the culture media. This is not
the case in the majority of culture media [20], possibly based

upon the “essential AA theory” [13]. Not only the amino acid
concentrations but their relative abundance/ratios are both of
major importance because AA transporters are not specific for
a single AA: they can transport the same AAs, but with dif-
ferent affinities, and this results in competition between them
for the same transporter. The concentrations and the ratios of
AA in the fallopian tube provide a good indication of the
embryo’s potential requirements. Oxygen tension in the
fallopian tube in vivo is around 7% O2; however, this is a
highly protected environment with respect to oxidative stress
[17], and a lower O2 concentration in culture media might be
considered a “useful artifact.”

Oxidative stress and DNA repair

Several points merit consideration and review:
Damage to DNA as a result of oxidation is one of the major

problems surrounding gamete and embryo quality/
developmental competence. The “burden” is shared equally
between male and female gametes [36]; oocytes have no more
protection than do sperm cells.

The oocyte/early embryo does have the capacity to repair
DNA damage, but this capacity has a finite limit [37, 38],
which in oocytes decreases with maternal age. Damaged nu-
clear bases must be replaced, as “defective bricks make a
defective wall.” Guanine is the base most sensitive to oxida-
tion, and cytosine oxidation may lead to unwanted demethyl-
ation (Fig. 3). Guanine is the base that is most highly repre-
sented in telomeres, in the sequence TTAGGG; the immediate

Fig 3 Differential methylation
patterns/timings in vivo and
in vitro (current culture media)
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consequence of guanine oxidation could be telomere shorten-
ing, leading to cross-linking. However, all of the bases in
DNA can be oxidized. The embryo is able to synthesize these
bases, but external uptake/transport is also possible [39, 40],
and this has the general feature of a lower requirement for time
and energy. Supplementing culture media with nucleotide ba-
ses is thus of interest, although this is never/rarely done.
Thymine synthesis requires methylation via SAM, additional
justification for careful consideration of the role of methionine
and methyl donors in IVF culture.

Conclusion

Anomalies related to methylation/epigenetics/imprinting are
clearly a matter of controversies and questions in IVF babies.
Early methylation and remodeling of the paternal genome
could be at the epicenter of these problems [26, 41], but an-
other area of interference with these processes now also raises
concern. Environmental endocrine disruptor chemicals
(EDCs), especially phthalates and bisphenols, are now found
in body fluids of both men and women: blood, seminal plas-
ma, follicular fluid, placenta, and amniotic fluid. These
chemicals have effects on health and on problems related to

fertility in particular. EDCs reduce the developmental capacity
of gametes and embryos; time to pregnancy (TTP) is on the
increase, without being linked to the couples’wishes [42]. The
structures of estradiol, bisphenol A, and Distilbene (a non-
EDC) are sufficiently similar to create anxiety—it seems clear
that EDCs can pass through the walls of the fallopian tubes
and uterus and thus may have a direct impact on early embry-
os in these environments.

The major feature that raises concern is the effect of EDCs
on methylation processes, either directly or via their ability to
generate oxidative stress [43, 44]. These chemicals can induce
health problems related to epigenetic disruption, and these
epigenetic features may be subject to transgenerational trans-
mission. It is important to bear in mind that IVF patients ap-
proach increasing age as the TTP increases, with the concom-
itant problem that gamete “protection” mechanisms are de-
creasing with maternal age. EDCs exacerbate problems asso-
ciated with oxidative stress and methylation, increasing the
negative pressure on reproductive systems.

Returning to culture media: some formulations might have
been previously accepted in terms of “safe” human embryo
culture, but this no longer appears to be the case, especially in
relation to the increased concentration of EDCs in body fluids
(Fig. 4). Concentrations of the sulfur amino acid cysteine/
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Fig. 4 Factors affecting methylation of gametes and (early stage)
embryos. 1. EDCs have a direct effect on the ovary and its capacity to
allow appropriate methylation processes in the oocyte. Controlled ovarian
stimulation has an effect on the quality of oocyte methylation in the
mouse; this is less obvious in bovine. However, these specific problems
may be exacerbated by EDcs, with their effects becoming apparent during
the final stages of oocyte maturation, linked to their presence in follicular

fluid. 2. It is common knowledge that EDCs affect the testis with an
impact on sperm quality, up to the time that the sperm is ejaculated. 3.
ART affects methylation of the early embryo (see text), due to the
absence of methyl donors and agents that protect against oxidative
stress in culture media. 4. In vivo, EDCs can also directly affect
methylation processes via their presence in the fallopian tubes [41]
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cystine and methionine in media must be re-evaluated, and in
no circumstances removed from their preparation. Methyl do-
nors that facilitate homocysteine recycling are helpful supple-
ments. Compounds that the embryo uses via uptake from the
environment in vivo and is not able to synthesize should be
added: examples include carnitine, which allows the beta-
oxidation of lipids that are bound to albumin in in vitro con-
ditions, and hypotaurine, a potent antioxidant that releases
taurine, which acts as an important osmolyte. Adding free
nucleotide bases might facilitate DNA repair. Although most
of the biochemical pathways may be universal, the mouse
embryo assay (MEA) has proved to be an inadequate basis
for testing the efficacy of media for both human and mouse
embryo culture, and steps should be taken to eliminate or
redefine this test from IVF culture media quality control pro-
cedures. In this respect, it is important to acknowledge and
bear in mind that both global methylation and specific meth-
ylation in imprinting control regions are decreased in the
mouse embryo [45, 46] after in vitro culture. The pre-
implantation embryo is submitted to multiple aggressions
in vivo and in vitro (Fig. 4).

After 40 years of offering patients assisted reproductive
techniques with increasingly complex technology and combi-
nations of gamete donation, it is now time to focus on the
negative impact of environmental oxidative stress and
endocrine-disrupting chemicals on fertility. Nutritional sup-
port in the form of methyl donors that are able to enter the
one-carbon cycle directly (see Fig. 1) has been shown to be
efficacious in reversing to some extent the negative effects of
OS and EDCs onmale and female gametes as well as embryos
[47], as observed in animal models. This strategy may also be
effective for patients who carry MTHFR SNPs [24]. In con-
clusion, oxidative stress and disruption to DNA methylation
errors represent two major concerns that should now be ad-
dressed in order to ensure the health of subsequent genera-
tions, whatever their mode of conception.
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