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ABSTRACT Since the birth of the first baby conceived by in vitro fertilization (IVF), assisted re-
productive technologies (ART) have been constantly evolving to accomodate needs of a growing
number of infertile couples. Rapidly developing ART procedures are directly applied for human
infertility treatment without prior long-term safety evaluation. Although the majority of ART
babies are healthy at birth, a comprehensive assessment of the long-term risks associated with
ART is still lacking. An increased risk of epigenetic errors has been associated with the use of ART,
which may contribute to the onset of civilization disease later in adolescence/adulthood and/or
in subsequent generations. Therefore, our investigations should not focus on (or be limited to) the
occurrence of a few very rare imprinting disorders in ART children, which might be associated with
parental age and/or the use of ART, but on the possibly increased disease susceptibilities later in
life and their potential transmission to the subsequent generations. Retrospective studies do not
offer exhaustive information on long-term consequences of ART. Animal models are useful tools
to study long-term effects including transgenerational ones and the epigenetic risk of a given ART
procedure, which could then be translated to the human context.The final goal is the establishment
of common guidelines for assessing the epigenetic risk of ART in humans, which will contribute to
two key objectives of the Horizon2020 programme, i.e. to improve our understanding of the causes
and mechanisms underlying health and disease, and to improve our ability to monitor health and

prevent/manage disease.
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Introduction

Safe use of ART remains an object of debate (Brison etal.,2013;
Harper et al., 2014, 2015). To provide exhaustive answers is not
easy due to continuous changes in ART practice (i.e. new media,
supplements, incubation conditions) and to numerous confounding
factors (e.g. parental age, male or female infertility, social status,
lifestyle, concomitant maternal pathologies) that may be associated
with a pregnancy loss and/or other health complications. The com-
plexity and invasiveness of ART procedures is increasing. Multiple
procedures, such as three biopsies plus double cryopreservation
performed on the same embryo (Greco et al., 2015), were recently
introduced into a clinical setting, without proper testing before their
application. The most aggressive procedure ever appliedin human
ART, consisting of the transfer of the Metaphase Il (Mll) plate or

pronucleifrom low-quality oocytes/zygotes into enucleated oocytes/
zygotes from young healthy donors, has been introduced in UK
(“three parents babies”, Amato et al., 2014). Relevant knowledge
from animal models is still very preliminary.

The Developmental Origin of Health and Disease (DOHAD)
hypothesis asserts that the perturbation of key events during the
periconceptional period and/or early development leads to an
increased risk of chronic diseases later in life (Barker et al., 1989:
Heidel et al., 2015). Different ART coincide with this very sensitive
developmental window. Adverse early life exposures, resulting
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in altered epigenetic marks (epimutations), increase the risk of
developing metabolic, cardiovascular, neuropsychiatric and other
complex diseases later in life (Jiang et al., 2017; Chen and Zang,
2011; Meister et al., 2018). The term “epigenetic marks” indicates
non-covalent modifications (or marks) of DNA or proteins (e.g.
histones) that do not change DNA sequence per se but regulate
gene expression in aquantitative and qualitative manner. Epigenetic
mechanisms involve DNA and histone modification as well as mi-
croRNAinteractions and remodeling of chromatin complexes. DNA
methylation is still the most thoroughly studied epigenetic marker
for disease (Barlow, 2011; Sadakierska-Chudy and Filip, 2014).
During development, epigenetic competence is acquired through
two waves of epigenetic reprogramming: the first demethylation-
remethylation wave occurs during gametogenesis and the second
during pre-implantation development (Reik and Dean, 2001b)
(Fig. 1). In the male germline, sperm remethylation is already set
before completion of meiosis and thus, less likely influenced by
ART. On the other hand, paternal genome remodelling that occurs
following fertilization (e.g. replacement of protamines with histones)
might be affected by in vitro conditions and thus contribute to the
onset of epigenetic alterations (Cantone and Fisher, 2013). On the
other hand, male subfertility has been associated with alterations
in sperm DNA methylation (Marques et al., 2008; Kobayashi et
al., 2009; El Hajj et al., 2011). Clinically it is well known that male
fertility (including sperm production, motility and genome integrity)
declines with paternal age and, therefore, it is not unexpected that
paternal age is also associated with sperm methylation alterations
(Jenkins et al., 2014). In the female germline, remethylation takes
place during late stages of oocyte development. In fact, some
maternal imprints may only be fully established after fertilization
(El-Maari et al., 2001). In this light, it is plausible to assume that
the maternal genome is much more plastic and susceptible to ART
during late oocyte development (IVM, superovulation) and/or early
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embryo development (embryo culture and physical manipulation),
when genome-wide epigenetic reprogramming occurs (Reik et
al., 2001a). The epigenomic plasticity of the somatic genome of
the new individual is then steadily decreasing during prenatal and
postnatal life (Gluckman et al., 2009). The exposure to adverse
environmental factors in early life has remarkable influence on the
developing organism, including the transmission of epimutation to
the next generations (non-genetic transgenerational inheritance)
(Reik et al., 2001a; Van Montfoort et al., 2012; Szyf, 2015).

The following sections focus on perspectives and limitations of
the current research on ART in context of its impact on the embryo
and offspring epigenetics.

Human studies on the epigenetic risks of ART — future
perspectives and limitations

Exposure of the organism to adverse environmental factors
at critical stages of early development, including preimplanta-
tion development, affects its later metabolism and health status
(DOHAD) (Barker et al., 1989; Roseboom et al., 2006, Feuer et
al., 2013). Dramatic environmental changes in the earliest pos-
sible time window occur during assisted reproduction (Feuer and
Rinaudo, 2016). Thus, our main concern should not be whether
preimplantation development is compromised or the occurrence
of a few rare imprinting disorders is increased in ART children,
but disease susceptibility in later life. Long-term follow up stud-
ies of the disease and health status of ART children, similar to
the Dutch famine cohort are needed. The individuals exposed to
maternal undernutrition in 1944 (and their children) are system-
atically followed up since the 1990s (Roseboom et al., 2006). In
another follow up study concerning DOHAD, the effects of early
life nutritional programming of health and disease are collected
since 1950 from several generations of residents in Gambia (West
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Fig. 1. Epigenetic genome reprogramming during gamete and early embryo development. The scheme shows i) epigenetic reprogramming of
maternal (red) and paternal (blue) genomes in germ cells during gametogenesis, early embryonic and in utero development, and ii) sensitive periods of
epigenetic reprogramming that may be affected by different Assisted Reproductive Technologies (ART). IVF , in vitro fertilization; ICSI, intracytoplasmatic
sperm injection. Adapted from Rose et al., 2013 and Smallwood and Kelsey, 2012.



Africa) (Moore, 2016).

Although over 5 million people have been conceived by IVF/
ICSI, most of them are still young and it will take several decades
and systematic studies (which have not been implemented yet) to
learn more about the long-term consequences of ART. In the last
decade, it has been suggested that children born following ART
might be at higher risk of cardiovascular diseases, metabolic (e.g.
glucose metabolism perturbation) and psychiatric disorders (e.g.
autism) and increased incidence of some type of cancer (e.g. acute
lymphoblastic leukemia; retinoblastoma) (Vrooman and Bartolomei,
2017; Feuer et al., 2013; Meister et al., 2018). Transgenerational
effects due to transmission of epigenetic information through the
germline are even more difficult to assess. Transgenerational
epigenetic inheritance has been well documented in plants, nema-
todes and flies, but its occurrence in mammals and particularly in
humans remains controversial (Horsthemke, 2018).

So far, the main focus of human reproductive medicine has
been on pregnancy rates and outcome at birth. Short-lived ani-
mals, such as rodents, provide ideal models to study the long-term
consequences of different ART, which have been largely ignored
until today. The placenta obtained at delivery is the best organ
to identify epigenetic defects associated with future arousal of a
given pathology (Choux et al., 2015). Even if epigenetic analysis
(e.g. DNA methylation analysis of candidate genes or the entire
genome) of full-term placentae cannot reduce the potential side
effect of ART in the short term, it will be useful for developing
therapeutic tools and, ultimately, improving ART procedures. In
this context, the use of the placenta to assess epigenetic risk of
ART is promising and is less limited compared to research on
gametes and embryos. Furthermore, there are no ethical issues
with the use of human placentas in such studies, as this organ is
normally discarded atdelivery. Moreover, it will be possible to obtain
placental samples from both ART- and naturally-conceived/healthy
pregnancies and, through the institution of tissue banks, perform
large-scale studies. Another crucial point is that epigenomes are
highly dynamic, varying between cell types/tissues and develop-
mental stages. Studies on the epigenetic effects of different ART in
humans are restricted to a few easily accessible tissues, such as
placenta, cord blood or peripheral blood. However, the epigenetic
changes mediating increased disease risks may only be present
in the appropriate target tissue for a phenotype. For example, if an
adverse effect increases metabolic disease risk, one should study
the hypothalamic-pituitary-adrenal axis, fat, liver, skeletal muscle
and/or pancreatic islets. This is only possible in the appropriate
animal models.

One major problem in human studies is the enormous genetic
and epigenetic heterogeneity. Epigenetic changes are at least one
order of magnitude more frequent than genetic changes (Bennett-
Baker et al., 2003). Epigenetic variation is shaped by sequence,
gene-environmentinteractions and stochastic factors (Potabattula
et al., 2018). There are many confounding factors influencing the
human epigenomes, such as sex, age, nutrition, body mass index,
alcohol consumption, smoking and other lifestyle factors. Consistent
with a multifactorial disease model, epigenetic changes due to an
adverse environmental exposure (e.g. during ART) usually have
small effect sizes (atmostin the order of several percentage points)
and appear to be wide-spread. When studying human cohorts, i.e.
ICSI children versus normally conceived children, even epigenetic
markers which significantly differ between cohorts show a large
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overlap in the DNA methylation range between study subjects
and controls (El Hajj et al., 2017). Thus, large sample sizes are
needed to reach genome-wide significance. It is even more dif-
ficult to control and correct for all possible confounding factors. In
genetically identical animals, which are kept under standardized
conditions, the epigenetic noise is much lower and, therefore, it
is more likely to attribute specific epigenetic effects to the defined
environmental exposures, such as maturation of oocytes in differ-
ent culture media, using different endpoints (e.g. matured oocytes,
resulting embryos or animals).

Methylation analyses can be either genome-wide (i.e. methylation
array, reduced representation or whole genome bisulfite sequenc-
ing) or locus-specific (i.e. bisulfite pyrosequencing, deep bisulfite
sequencing). The common final goal of the different techniques
is to provide methylation-based diagnostic tools that can identify
sentinel loci and, in the long term, to develop new therapeutic op-
tions (Fazzari and Greally, 2010). In this light, it should be kept in
mind that the interpretation of epigenetic data sets can be difficult.
First of all, genome-wide studies produce huge amounts of data,
thus it is necessary to perform accurate statistical analyses on
specific loci or sets of loci and to associate differentially methyl-
ated regions with sequence composition. Second, though ART
have been associated with increased risk of epigenetic defects
(Odom and Segars, 2011; Anckaert et al., 2013; el Hajj and Haaf,
2013; Nelissen et al., 2013a), in humans it is not clear whether
epigenetic changes, resulting in medical problems, are due to the
ART procedures themselves or to parental factors. In the case of
small epimutations, it is difficult to determine whether or not the
epigenetic changes will lead to specific pathologic conditions in
the short, medium or long term.

Animal experiments in ART optimization

So far all ART in humans have been introduced without a prior
systematic evaluation of epigenetic risks. Consequently, techniques
and media used in different laboratories/ART centers are not
standardized, making multi-center studies necessary to increase
the sample size difficult. Moreover, most companies do not even
disclose the composition of widely used commercial media. Differ-
ent culture conditions may lead to different pregnancy outcomes
in terms of sex ratio and birth weight (Dumoulin et al., 2010; Zhu
et al., 2014). Experiments in the Agouti mouse model convinc-
ingly showed that variation of a single factor (e.g. concentration
of methyl donors) can have dramatic effects on the epigenome
and the resulting phenotype (Waterland and Jirtle, 2003). When
subsequently different human ART culture systems were tested
in the mouse, a considerable variation in blastocyst and fetal de-
velopment rates were noted (Schwarzer et al., 2012), while there
were no gross morphological differences in the post implantation
stages (Hemkemeyer etal., 2014). Recently, ithas been shown that
addition of natural reproductive fluids into culture medium reduced
the occurrence of methylation defects as well as transcriptomic
perturbation in in vitro produced pig embryos (Canovas et al.,
2017). Due to species differences, animal experiments cannot be
used for choosing the optimum medium for human embryo culture,
but they can promote awareness and identify possible risk factors
which should be carefully monitored. Most importantly, only animal
models allow extensive organ analysis and rapid evaluation of
health problems in F1 and/or further generations.
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Depending on the study question, the appropriate animal model
can be chosen. For studying long-term effect (DOHAD), a model
with short life-span is useful. However, in many aspects (e.g. oo-
cyte and embryo development, gestation, parity), a bovine model
is more similar to the human than rodents. Currently, studies on
large animal models (sheep, bovine, horse, pig) are mainly focused
on early development and pregnancy outcome. Available data
showed epigenetic defects in early embryos and placenta and, in
the later stage of development, increased pregnancy loss, altered
placental structure and vascularization and increased birthweight,
while little is known on the long-term health of the ART offspring
in those models (see reviews, Duranton and Chavatte-Palmer,
2018; Bloise et al., 2014).

An animal model to test long-term impact of ART on the re-
sulting offspring is an important clinical need. Animal studies
could highlight potential adverse effect of a given procedure of
an agent used in ART. If no such adverse effect were found, it
would be reassuring for both medical practitioners and parents
willing to conceive a baby. Embryos developed in vitro have dif-
ferent characteristics than those developed in vivo, as the in vitro
environment will hardly overlap with physiological (oviductal and
uterine) conditions (Rinaudo and Schultz, 2004; Market-Velker et
al., 2010; Bertoldo et al., 2015). Recently, a cumulative effect of
ART on a placental development/epigenetic profile has been de-
scribed in mouse (de Waal et al., 2015). Similarly, we found that
ART procedures - blastomere biopsy, in vitro embryo culture or
simply embryo-transfer - affect global DNA methylation levels of
murine fetal tissues collected at day 18 post coitum (Zacchini et
al., 2018). All three ART procedures significantly decreased DNA
methylation level in the placenta, while only embryo culture in vitro
and blastomere biopsy had the same effectin the liver. Conversely,
none of the procedures influenced global DNA methylation level
in the brain. Interestingly, despite these global changes, DNA
methylation profile of a very few specific genomic regions were
significantly affected. We speculate that this phenomenon may be
related to downregulation of DNMT1 mRNA expression in those
embryos. We have previously reported that such downregulation
occurs in early placenta obtained from sheep embryos cultured
in vitro and then transferred to synchronized recipients (Ptak et
al., 2013). DNMT1 enzyme mediates methylation of cytosines. It
preferentially targets hemimethylated DNA and thus is responsible
for maintenance of the methylation patterns during DNAreplication.
Reduced activity of DNMT1 may cause accumulation of stochastic
demethylation events between cell divisions. Thisis consistent with
a stochastic model of DNA methylation (Jeltsch and Jurkowska,
2014). Such epigenomic changes may lead to tissue dysfunctionsin
later life. For example, there may be a link between the epigenetic
deregulation caused by ART procedures in embryonic liver and
blastomere biopsy-induced changes in hepatic gene expression
profile and/or function, which we and others observed (Gu et al.,
2018; Zacchini et al., unpublished). The epigenetic alterations ob-
served in placental tissues may be indicative of impaired in utero
environment, which could contribute to the onset of physiological,
metabolic and/or transcriptional changes in the adult offspring
(Feuer and Rinaudo, 2017).

Even if differences in physiology and metabolism must be con-
sidered before translating animal data to humans, data obtained
from different animal models will provide useful information for
defining tools and markers that can be applied in human research

and, later, create a safe environment for the application of ART. It
is generally assumed that ART-induced epigenetic changes are
persistent and confer the associated disease risks, i.e. by alter-
ing developmental pathways. However, so far we cannot exclude
the possibility that the observed epigenetic changes are only a
secondary phenomenon. To directly proof the causal relationship
between ART-induced epigenetic alterations and observed medical
problems, it will be necessary to experimentally introduce specific
epigenetic changesin germ cells and/or early embryos and, thereby,
induce a specific disease phenotype. Emerging technologies for
editing DNA methylation patterns (Liu et al., 2016) will be essen-
tial for providing a functional proof of the epigenetic mechanism
underlying ART-associated disease risks.

Conclusion

There is an urgent need to assess the long-term epigenetic
risks and safety of ART, to offer the best therapeutic solutions to
the growing number of infertile couples worldwide and to improve
our ability to monitor health and prevent and manage disease.
Despite significant advances in the field of epigenetics, we are still
far from fully understand the real epigenetic risks (if any) of ART
in the short, medium and long term.
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