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The societal burden of non-communicable disease is closely linked with environmental exposures and lifestyle
behaviours, including the adherence to a poor maternal diet from the earliest preimplantation period of the life
course onwards. Epigenetic variations caused by a compromised maternal nutritional status can affect embryonic
development and offspring health later in life.

DOHaD maternal diet epigenetics embryo preimplantation period ART

| 1. Introduction

Non-communicable diseases (NCDs), such as diabetes, cardiovascular diseases (CVDs), neurological disorders,
obesity, and some cancers, are on the rise, leading to around 34 million deaths worldwide per annum &l The
significant increase in NCDs is closely linked to environmental exposures and lifestyle behaviours. It is also clear
that exposure to these different largely modifiable conditions (i.e., poor diet, stress, and chemicals) from the
preimplantation period onwards is important in the origin of these diseases [&. The relationship between exposure
to the maternal environment and the development and health of the foetus is captured in the developmental origins
of health and disease (DOHaD) hypothesis [,

The research in DOHaD, which has increased substantially from the 1990s, has shown that the maternal
environment during pregnancy can affect programming during development and increase the risk of offspring
developing long-term diseases B4, Professor David Barker was one of the pioneer researchers to demonstrate
the DOHaD phenomenon in his epidemiological studies in 1989, linking perinatal weight and the subsequent
growth trajectory with health and disease risk in later life D€l Since the development of the DOHaD hypothesis,
many authors have linked birth weight with the development of NCDs. Initially, only low birth weight was related;
however, some studies found that this relationship was U-shaped, indicating that high birth weight can also relate
to the risk of developing pathologies associated with metabolic syndrome . The maternal environment is one of
the most studied conditions that can influence offspring phenotype. The maternal environment comprises both
extrinsic and intrinsic factors. Extrinsic factors act from the outside and are related to the environmental conditions
(pollution, exposure to chemicals, etc.), but intrinsic factors act from within an individual and are directly dependent
on the mother’s condition (eating behaviours, metabolism, lifestyle, etc.). Despite the importance of human studies,
animal studies provide an advantage in that environmental exposures can be controlled (extrinsic factors) and
maternal and subject confounders can be reduced (intrinsic factors) [8l. These studies have demonstrated that the
origin of NCDs can be attributable to the maternal and gestational environment, laying the foundation for DOHaD.

These studies have further progressed to reveal that an array of environmental factors experienced during
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pregnancy, including toxins, stress, diet, and lifestyle, contribute to physiological and metabolic development,

impacting foetal growth and offspring phenotype and health.

DOHabD research in nutritional studies has now found links between the quality of maternal diet during pregnancy
and its possible contribution to changes in the genome expression of the offspring in utero. These changes act to
coordinate the physiological, metabolic and growth characteristics, and are mediated through epigenetic
mechanisms QI Epigenetic changes refer to different molecular states that affect the regulation of gene
expression by changing the structural organisation of the DNA, but without changing the sequence 2. Epigenetic
changes during foetal development can depend on microenvironmental variations. Thus, environmental factors,
such as maternal diet, during early pregnancy can affect maternal metabolism, which can also impact offspring
development 1231 The main epigenetic changes include DNA methylation, histone modifications, and the
expression of non-coding RNAs (ncRNAs). Whilst the association between the in utero environment and offspring
health has been widely described over the years, the underlying molecular processes influencing the epigenome
are generally unknown. The study of epigenetic changes that occur during pregnancy is not limited to natural
conditions, but may also operate in clinical settings, such as ART. The next goal in DOHaD research will be to
understand the molecular details linking the maternal and clinical environment to the epigenome, and the

subsequent biological steps that lead to the onset of disease risk in later life 141,

| 2. ART and Epigenetic Modifications

ART includes a range of techniques, such as superovulation, sperm capacitation, intrauterine insemination (IUl),
intracytoplasmic sperm injection (ICSl), in vitro fertilization (IVF) and culture, cryopreservation, and embryo transfer
for infertility treatment in humans and the production of transgenic farm animals 1218 ART treatment can interfere
with epigenetic changes, particularly DNA methylation 17, starting from the preimplantation period in humans and
animals (8191 affecting early embryogenesis and offspring health 292122 The procedures implemented during
ART treatment, such as ovarian stimulation using hormones, the in vitro maturation of oocytes and preimplantation
embryos, and the use of ICSI and embryo cryopreservation, expose the embryo to environmental conditions that
differ from those in spontaneous fertilization and embryogenesis, and which may alter the normal epigenetic

mechanisms [29[23]

2.1. Human Studies

DNA methylation, following ART, has been investigated at different stages of development. Genome-wide DNA
methylation profiling in cord blood and placenta revealed differences in the methylation status between ART and
spontaneous conceiving populations at certain CpG sites [2411231[26127]  |n |CS|-manipulated oocytes, this can
include an abnormal methylation status at imprinted genes at differentially methylated region 1 (DMR1), H19 DMR,
and PEG1 DMR 28], Following ICSI treatment, day 3 embryos also showed aberrant methylation patterns at the
same imprinted loci 22, The aberrant methylation pattern of these DMRs is linked to imprinting disorders, such as
Silver—Russell syndrome (SRS) and Beckwith—-Weidemann syndrome (BWS) [BYBLIS2]E3134] Al the BWS patients
conceived via ART had DNA methylation errors at H19/Igf2 IG DMR and/or KCNQ10T1:TSS DMR, and the DNA
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methylation error rates were significantly higher when compared to the spontaneously conceived BWS patients
(100% versus 43.6% DNA methylation error rates, respectively) 22, Interestingly, the DNA methylation levels of
H19/Igf2 DMR and KCNQ10T1 DMR were significantly lower in the placentas of IVF/ICSI patients compared to the
spontaneously conceived patients 22, However, no differences in DNA methylation levels were reported between
IVF and the spontaneous controls at individual CpG sites and entire DMRs of KvDMRL1 in cord blood and placental
villi, as well as PEG10 in placental villi 28], These findings suggest that certain epigenetic variations in ART-
conceived embryos may resolve throughout development, whereas others do not, and might associate with
offspring outcomes. To further support this hypothesis, a positive correlation was observed between the DNA
methylation of ERVFRD-1 and placental weight, as well as ERVFRD-1 and SNURF with birth weight, whereas the
epigenetic variations at birth, as a consequence of ART, were largely resolved by adulthood B3IE7. Moreover, the
epigenetic changes at certain genes and the transmission to offspring might be tissue-specific 2236l for example,
the differences in methylation levels between ART and spontaneous conceptions for the H19/Igf2 and KCNQ10T1

DMRs observed in the placenta were absent in the cord blood 221,

2.2. Animal Studies

Animal studies provide more insight into the prenatal period to help understand the origin and flow of epigenetic
changes. The profiling of DNA methylation levels in mouse embryonic cells, blastocysts, the placenta, and the
foetus displayed differences between ART and the controls 231381391401 - Similarly to humans, some epigenetic
alterations at certain genes among the ART population arise during the periconception and preimplantation period,
and can be maintained throughout pregnancy. Aberrant methylation patterns at certain CpG sites of the Igf2/H19
imprinting control region (ICR) are observed in the IVF mouse embryonic stem cells (ESCs), placenta, foetal brain,
and liver tissues of certain mouse strains 142 Differences in methylation status at the H19 ICR were also
reported in ART blastocysts, embryos, aorta, and placental tissues 29431 Nevertheless, the presence of alterations
might also differ among the crossed strains [21142]44] A reduction in methylation for KvDMR1 and KCNQ10OT1 was
observed in the ART placentas compared to the controls, whereas no difference was observed in the foetal brain
and liver tissues (211231421431 Other examples are the small nuclear ribonucleoprotein polypeptide N (Snrpn), PEG1
and PEG3 ICRs that showed an altered methylation status in certain tissues, whereas no difference was observed
in others [2142]143145]  Altogether, these alterations can be correlated to the aberrant expression levels of the
relative genes, blastocyst maturity, and foetal development, and the imprinting disorders observed among ART
offspring 2928 Moreover, the alterations in the methylation levels of SCAP/SCREPF1-2 in the lungs and the
promoter of the endothelial nitric oxide synthase (eNOS) gene in the aortic and vascular tissue implicate the role of

epigenetic alterations as a basis for the cardiovascular and respiratory dysfunction observed among ART-
conceived offspring [2145][461[47]

Whether these epigenetic changes are due to the underlying subfertility or to the ART treatment in humans
warrants further investigation, yet similar datasets from animal models suggest that the effect of ART cannot be
ignored; for example, ART was associated with alterations in DNA methylation in embryos at H19 and PEG 1
DMRs in both human and animal models 2943l |n placentas, an alteration in the KCNQ1OT1 methylation status

was associated with ART in human and animal models 3342l \whereas the outcomes on KvDMR1 and PEG10 ICR
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were inconsistent between humans and animals 2138l Besides, differences in methylation patterns have also
been reported between different ART procedures [2A23I[35139] ' \which emphasizes the effect of ART manipulation on

the epigenetic profile and subsequent disease risk

| 3. Diet and ART Outcomes

In the sub-fertile population, diet has been related to fertility 849 and implicated in the intermediate ART
outcomes, such as fertilization rate BY and embryo yield B, as well as clinical outcomes, including, importantly,
pregnancy 22 and live birth rates B9, Adherence to a healthy dietary pattern increased the number of mature
oocytes 32531 Higher fertility and implantation rates were associated with the Iranian traditional medicine (ITM)-
based diet and “pro-fertility” diet, respectively 2254l |ncreased embryo yield was observed with higher adherence
towards the Mediterranean and ITM-based diets 152 The chance of pregnancy was also improved with
increased adherence to the “pro-fertility”, Mediterranean and ITM-based diets 2B4IB3I56] Fyrthermore, Twigt et al.
reported an association between the chance of ongoing pregnancy and higher preconception dietary risk scores
(571, Besides, the rate of live birth was also improved by healthy dietary behaviours in women BYB4I58] |n contrast,
unhealthy dietary behaviour was linked to a lower mature oocyte count, embryo quality, pregnancy chance, and live
birth rate in human and mouse models 35360 Moreover, Li et al. investigated the effect of antioxidant intake,
and showed improvements in the oocyte yield and live birth rate, which were dependent on the source and type of

antioxidant 6],

A diet—epigenetic—ART connection might, in part, explain the ART outcomes observed, yet studies investigating this
connection are limited “8l82l: for example, a healthy and balanced maternal diet could, through correcting the
epigenetic alterations caused by ART, modify the corresponding outcomes [3l83 On the other hand, an
unbalanced diet (i.e., HFD diets) may pose epigenetic alterations that might not be observed otherwise 641, A
suggested mechanism behind this connection can be related to the effect of diet on the molecular interactions and
biomarker levels within the body, which can induce epigenetic alterations; for example, improved pregnancy and
live birth rates were associated with folate intake, which was also observed with adherence to the Mediterranean
diet, which showed an association with the folate and vitamin B6 levels BUBSIS6] sybsequently, Rahimi et al.
showed that DNA methylation defects induced by ART were partially restored with moderate folic acid
supplementation in a mouse embryo and placenta 3. In terms of phenotypic changes, moderate folic acid
supplementation reduced the number of embryos with developmental delays, associated with ART treatment 431,

which can further affect the disease risk in offspring (62681,

| 4. Conclusions

Maternal diet could induce metabolic and physiological changes in offspring through epigenetic modifications. The
altered epigenetic regulation of genes is associated with increased predisposition to disease later in life. Despite
the advances in sequencing, there are still many mechanisms that need to be studied to understand the exact

contributions of developmentally induced epigenetic markers and their effect on the risk of disease development.
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Understanding the relationship between maternal diet during pregnancy, epigenetic markers, and disease

development may allow the discovery of therapeutic targets for the prevention and treatment of NCDs.

There is now great interest in understanding the environmental basis affecting epigenetic modifications that may be
the origin of diseases in offspring. In humans, we have mentioned examples of epidemiological and ART-
associated studies that could be used to understand the origins of some diseases or syndromes. However, animal
studies are more flexible and controlled, as defined conditions can provide us with more information on the
environmental effect during embryonic development and the outcome of the offspring in a shorter time, and,
interestingly, we found that in both the natural condition and ART, maternal diet influences the offspring outcomes
(Figure 1).
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Figure 1. Maternal exposure to environmental factors, diet changes, genetic background, and other parameters
such as lifestyle, can affect the development of the foetus from the first stages of pregnancy and compromise the

health of the offspring later in life.
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