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Nutritional Status Impacts Epigenetic Regulation
in Early Embryo Development: A Scoping Review
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With the increasing maternal age and the use of assisted reproductive technology in various countries worldwide, the influence of epigenetic
modification on embryonic development is increasingly notable and prominent. Epigenetic modification disorders caused by various nutritional
imbalance would cause embryonic development abnormalities and even have an indelible impact on health in adulthood. In this scoping review,
we summarize the main epigenetic modifications in mammals and the synergies among different epigenetic modifications, especially DNA
methylation, histone acetylation, and histone methylation. We performed an in-depth analysis of the regulation of various epigenetic modifications
on mammals from zygote formation to cleavage stage and blastocyst stage, and reviewed the modifications of key sites and their potential molecular
mechanisms. In addition, we discuss the effects of nutrition (protein, lipids, and one-carbon metabolism) on epigenetic modification in embryos
and emphasize the importance of various nutrients in embryonic development and epigenetics during pregnancy. Failures in epigenetic regulation
have been implicated in mammalian and human early embryo loss and disease. With the use of reproductive technologies, it is becoming even
more important to establish developmentally competent embryos. Therefore, it is essential to evaluate the extent to which embryos are sensitive
to these epigenetic modifications and nutrition status. Understanding the epigenetic regulation of early embryo development will help us make

better use of reproductive technologies and nutrition regulation to improve reproductive health in mammals. Adv Nutr 2021;12:1877-1892.
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Introduction development continue to affect the growth and health of

Assisted reproductive technology (ART) has been increas-
ingly used in animals and humans to help infertility patients
achieve higher pregnancy rates and birth rates (1). However,
studies have shown that some rare imprinted diseases are
likely related to the use of ART (2). The incidence of
Beckwith-Wiedemann syndrome and macrosomia in chil-
dren born via ART has increased, and abnormal epigenetic
modifications of many imprinted genes, such as insulin-like
growth factor 2 (Igf2) and H19, have been detected in patients
(3, 4). There are also various abnormal epigenetic modi-
fications in the early development of mammalian cloned
embryos that lead to an extremely low development efficiency
of cloned embryos and birth rate of cloned animals. However,
by appropriately regulating epigenetic modification, early
embryos can return to a normal developmental track
(5-7).

In addition to affecting embryonic developmental effi-
ciency, abnormal epigenetic modifications during embryonic

infants after birth, resulting in a variety of adult diseases,
such as obesity, diabetes, cardiovascular disease, neurolog-
ical diseases, and behavioral diseases (8, 9). In pregnant
women suffering famine during the Dutch War, changes
in the pattern of fetal DNA methylation were common,
and the risk of early-onset coronary artery disease was
significantly increased in adult offspring. DNA methylation
patterns were different among fetuses at different stages of
pregnancy, and males and females responded differently to
starvation (10, 11). In the umbilical stem cells of fetuses
with intrauterine growth restriction, DNA methylation was
altered in the promoter region of the hepatocyte nuclear
factor 4 gene, a gene that is involved in the development of
juvenile diabetes mellitus (12). These studies indicated that
germ cells and embryonic development are accompanied by
extensive epigenetic reprogramming and that nutrition plays
an important role in the epigenetic modification of embryos
(13, 14).
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With increasing maternal age and social pressure, re-
productive diseases have become increasingly prominent.
Epigenetic modification-related reproductive diseases have
become a research hotspot in reproductive medicine. In
recent years, advances in sequencing methods have improved
our understanding of the critical developmental processes in
early embryos. However, at the same time, some viewpoints
that contradict traditional cognition have emerged, bringing
new problems and challenges in the study of epigenetic mod-
ification during early embryonic development. We repeatedly
made a thorough literature search in PubMed and Web of
Science, with a limitation for articles written in the English
language. Search terms used were embryo, epigenetic, DNA
methylation, histone modification, and nutrient. In addition,
reference sections of all relevant studies or reviews were
manually searched for more information. In this review, we
introduce the main epigenetic modifications in mammals,
summarize the latest knowledge on epigenetic modifications
at early stages of embryonic development in mammals and
humans, and discuss nutritional regulation that may cause
epigenetic modifications in embryos. Our intention is to
better understand the molecular mechanism of epigenetics
by exploring various epigenetic modification changes and
their nutritional regulation mechanisms during embryonic
development and then apply them in reproductive medicine.
This review will be helpful for nutrition researchers to better
understand where and when nutritional status is potentially
problematic in epigenetic regulation, which can provide new
ideas for the use of ART and improve reproductive health in
mammals and humans.

Current Status of Knowledge

Part 1: Epigenetic modifications

Epigenetic modifications in mammals mainly include his-
tone modification, DNA methylation, and noncoding RNA
(ncRNA) (15). Abnormal epigenetic modification can lead
to a variety of diseases, which can be divided into 2 major
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categories: I) the abnormal epigenetic modification of a
specific gene during the development and reprogramming
process, also known as epigenetic mutation, and 2) the
mutations in protein-coding genes associated with epigenetic
modifications, such as mutations in DNA methyltransferase
(Dnmt) genes or in methyl-CpG binding protein (MeCP)
genes (16). It is generally believed that the embryonic origin
of adult diseases occurs mainly through histone modification
and DNA methylation (17).

Histone modification.

In eukaryotes, histones undergo a variety of post-
transcriptional  modifications, including acetylation,
methylation, phosphorylation, ubiquitination, ubiquitin-
like modification, and crotonylation (Figure 1). Among
various histone modifications, acetylation and methylation
are the most common and important (18).

Histone acetylation is related to gene activation, while
deacetylation is related to gene silencing (Figure 1). The
degree of histone acetylation is jointly determined by histone
acetyltransferase (HAT) and histone deacetylase (HDAC)
(19). Unlike histone acetylation, histone methylation pro-
motes gene expression as well as inhibits gene expression,
mainly depending on the residues undergoing methylation
modification and the regions where the modified gene is lo-
cated (20). For example, H3K8 methylation has a significant
inhibitory effect on expression. However, the methylation
of other residues, such as H3K4 and H3K36, is associated
with active transcription (21, 22). As an important means to
regulate gene expression, histone modification can affect the
expression and function of downstream proteins, thereby de-
termining the status of cells and affecting embryogenesis and
development. In recent years, it has been reported that ab-
normal histone modification affects embryonic development.
Studies have shown that the probability of fetal death from
cell proliferation defects and nerve development retardation
before 10.5 d of embryonic development is high in early
embryos lacking HDACI (23). With knockout of different
members of the Hat family, the embryonic development of
mice is severely impaired, manifesting as a lack of specific
embryonic structures derived from the chordamesoderm
and paraxial mesoderm, which results in severe cranial
neural tube closure defects, heart development defects, etc.
Histone acetyltransferase GCN5 (GCNB5) is the first histone
acetylase identified. Gen5 knockout mouse embryos can
survive normally until 7.5 d, but embryo development is
severely impeded in 7.5-8.5 d, and most embryos die at 10.5d
(24).

DNA methylation.
DNA methylation is a very common genome modification
and plays an important role in biological processes, such
as regulating genome functions, maintaining chromatin
structure stability, and genetic imprinting (Figure 1).

The relation between DNA methylation and certain
reproductive diseases has gradually drawn increasing atten-
tion. Under normal circumstances, the CpG sites outside
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includes 5mC and 6mA, which increase the mutation of DNA, enhance transcription elongation, and inhibit transcription initiation. In
addition, mRNA translates into protein that affects DNA methylation. DNMT, DNA methyltransferase; SAH, S-adenosylhomocysteine; SAM,

S-adenosylmethionine.

CpG islands in the normal genome are often methylated,
thereby inhibiting gene expression. When CpG sites in CpG
islands are in an unmethylated state, gene expression will
be promoted. However, during tissue differentiation or early
embryonic development, a small portion of CpG (6%) is
methylated (25). Numerous studies have confirmed that
DNA in mature sperm and oocytes is highly methylated, with
almost no transcriptional activity. Hany et al. (26) proposed
that DNA methylation mainly inhibits gene expression,
inactivates the female X chromosome, regulates imprinted
gene expression, silences transposable elements, and regu-
lates and expresses tissue-specific genes during embryonic
development. After the inhibition of DnmtI gene expression,
the early embryonic development rate in mice significantly
decreases; after Dnmt gene knockout, early embryonic de-
velopment and the formation and differentiation of multiple
organs are severely affected, even leading to early embryonic
death (27). In human ART, the expression levels of DNMT
in abnormal embryos and frozen embryos were lower than

those in fresh embryos, indicating that the expression levels
of DNMT in embryos may be related to abnormal embryo
development (28).

Studies have shown that nearly 150 imprinted genes have
been found in mice, and half of them have functions in
humans (29). Most imprinted genes aggregate into clusters,
which are controlled by imprinted control elements. Gene
imprinting was first recognized during spermatogenesis;
during zygogenesis, germ cell imprinting was erased and
subsequently reconstructed during development based on
characteristics such as fetal sex (30). After fertilization, the
imprinted genes avoid whole-genome DNA demethylation
during the reprogramming process, retain their methylation
or demethylation status in the early development process,
and further transfer to somatic cells (31). The low efficiency
of somatic cell nuclear transfer (SCNT) and the abnormal
development of animals after SCNT are both associated
with the abnormal expression of imprinted genes. For ex-
ample, the commonly seen “macrojugular disease” in cloned
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animals is closely related to the abnormal expression of
important imprinted genes such as Igf2 and H19. Abnormal
X chromosome inactivation is also an important cause of
abnormalities in animals after SCNT. Studies have found
that in the late stage of gastrula in most SCNT embryos,
the 2 X chromosomes are in an activated status without
proper random inactivation, leading to embryonic death
(32). Knockout of the X inactive specific transcript (Xist)
in mice increased the SCNT efficiency by 8-9 times (33),
indicating the importance of X chromosome inactivation in
the normal development of embryos after SCNT.

ncRNAs.

ncRNAs can be divided into long ncRNAs (IncRNAs) and
small ncRNAs, according to their size. Currently, IncRNAs,
which are well studied, have important functions in regu-
lating complex cell networks and are involved in important
physiological processes such as chromosome formation and
mRNA splicing.

Recent studies have found that IncRNAs are closely related
to the occurrence and development of germ cells and em-
bryos and that abnormal IncRNA functions or mutations can
lead to a series of complex diseases. However, most studies
on IncRNAs remain at the macroscopic analysis stage and are
mainly focused on sperm research. Sperm cells contain many
special RNAs, such as small interfering RNAs (siRNAs) and
microRNAs (miRNAs) (34). miRNAs mainly bind to mRNA
sequences to block translation, thereby inhibiting DNA ex-
pression. Maternal miRNAs are abundant in early embryos,
and the expression of miRNAs is significantly increased at the
2-cell stage of mouse embryos (35). If Dicer, an important
enzyme in the process of RNA interference (RNA1), is lacking
during embryonic development in mice, miRNA will not
function, thereby reducing the number of mouse embryonic
stem cells (ESCs). This result indicates that miRNA can
maintain the pluripotency of stem cells and participate
in embryonic development (36). A pseudochromosome is
a structure unique to haploid sperm cells. IncRNA, RNA
connexin, Piwi protein interacting RNA (piRNA), mRNA,
and other proteins involved in RNA regulation are co-
assembled in this structure (37). During the process of
epigenetic modification, RNA in sperm plays a substantial
role. Due to the lack of paternal RNA in parthenogenetic
mouse embryos, embryo development is hindered, and the
birth mortality rate is high. Melissa et al. (38) studied the
early embryonic development in parthenogenetic mice and
found that parthenogenetic mice had a mortality rate as
high as 80%, while the success rate was as low as 0.3%.
Further studies analyzed the mechanism of IncRNAs and
found that they do not function alone but require interactions
with other factors, such as mRNA. Liang et al. (39) found
that expression in mature sperm required specific synergistic
actions between IncRNA and mRNA; otherwise, spermatids
had abnormalities. However, there have been few studies on
IncRNAs in human embryos, and their mechanism of action
remains unclear and needs further exploration.
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Interactions between epigenetic modifications.

Evidence has shown that there is rare regulation by 1 epi-
genetic modification alone in the body and most regulation
involves synergy among a variety of epigenetic modifications,
in which DNA methylation, histone acetylation, and histone
methylation are closely related (40).

DNA methylation and histone acetylation. Gene promoter
region DNA methylation and histone deacetylation synergis-
tically inhibit gene transcription (41). Normally, in the case
of low-density CpG methylation in the promoter region, the
inhibition of transcription mainly depends on the histone
deacetylation pathway, while in the case of high-density CpG
methylation, the inhibition of transcription mainly plays a
role in DNA methylation (42) (Figure 2).

DNA methylation and histone methylation. DNA methy-
lation in mammals is closely related to H3K9 methylation
(43-45). H3K9 methylation is catalyzed by 1 of the 5 his-
tone lysine methyltransferase SET/SUV39 (SUV39) protein
family members [SUV38H1, SUV38H2, euchromatic histone
lysine methyltransferase 2 (G9A), euchromatic histone lysine
methyltransferase 1 (GLP), and SET domain bifurcated
histone lysine methyltransferase 1 (SETDB1)]. SUV38H1
and SUV38H2 mainly catalyze the trimethylation of H3K9,
primarily acting in centromeres and the surrounding hete-
rochromatin (46, 47). The histone methyltransferases G9A
and GLP catalyze the methylation and dimethylation of
H3K9 and are mainly related to gene silencing in autosomes
(48). SETDBI is an H3K9 trimethyltransferase that is
responsible for the methylation of endogenous retroviruses
(ERVs) and X chromosome inactivation (49, 50). H3K9
dimethylation and trimethylation and DNA methylation
have a synergistic effect on gene silencing mechanisms (51),
and they bind to heterochromatin protein HP1 (52, 53).
Mutation studies in mouse ESCs demonstrated that the level
of DNA methylation in major satellites was decreased in
Suv39HI~'~ Suv39H2~/~ mice (54, 55). G9a knockout in
mouse ESCs caused DNA hypomethylation at specific sites in
the genome (56, 57). SetdbI knockout resulted in a small loss
of DNA methylation in some gene loci, including imprinted
genes (50, 58). No change in H3K9 methylation was observed
in Dnmt1~’~ Dnmt3a '~ Dnmt3b ~/~ knockout mouse
ESCs (59, 60). However, in human cancer cells, H3K9
methylation has been shown to be dependent on DNA
methylation (61-63).

H3K27 methylation also interacts with DNA methylation.
Polycomb repressive complex 2 (PRC2), a transcription
repression complex, generates H3K27me3, which further
promotes PRC2 binding and inhibits gene transcription.
However, DNA methylation inhibits the binding of PRC2
to DNA (Figure 2). In addition, DNA methylation and
H3K4 methylation also inhibit each other. Once H3K4 is
occupied by methylated groups (H3K4 becomes H3K4me3),
the methylated complex subunit DNMT3L cannot find
attachment points, leading to DNA methylation failure.
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FIGURE 2 Interactions between DNA methylation and histone modifications. Gene promoter region DNA methylation and histone
deacetylation synergistically inhibit gene transcription. DNA methylation and H3K4 methylation inhibit each other. Once H3K4 is occupied
by methylated groups, the methylated complex subunit DNMT3L cannot find attachment points, leading to DNA methylation failure.
H3K9 dimethylation and trimethylation and DNA methylation have a synergistic effect on gene silencing mechanisms. The histone
methyltransferases G9A and GLP catalyze the methylation and dimethylation of H3K9; at the same time, they can directly recruit DNMT3A
and DNMT3B. PRC2 generates H3K27me3 and promotes PRC2 binding, which inhibits gene transcription. However, DNA methylation
inhibits the binding of PRC2 to DNA. DNMT, DNA methyltransferase; GLP, euchromatic histone lysine methyltransferase 1; G9A,
euchromatic histone lysine methyltransferase 2; MPP8, M-phase phosphoprotein 8; PRC2, Polycomb repressive complex 2.

With regard to the interaction between DNA methylation
and histone modification, it is generally believed that DNA
methylation and histone modification can trigger each
other and that these processes are interlinked by MeCP.
MeCP can bind to CpG dinucleotide, thus promoting
heterochromatin formation and initiating gene silencing by
recruiting histone deacetylase and histone methyltransferase
(16). Histone-binding proteins or proteins that modify
histones can also recruit DNMT for DNA methylation,
resulting in the silencing of gene expression (64). For
example, G9A and GLP can directly recruit DNMT3A
and DNMT3B, causing de novo DNA methylation (65,
66).

Part 2: Epigenetic modification during embryonic
development

After gamete fertilization, newly formed zygotes encounter
a series of important challenges regarding cell fate and
germline maintenance. First, the epigenetic modifications

carried by sperm and oocytes will be reprogrammed to
complete genome expression in zygotes, allowing them
to enter into the developmental stage. In addition, this
reprogramming process can prevent parents from transmit-
ting inappropriate or abnormal epigenetic modifications to
their offspring. Then, zygotes divide into many small cells
(i.e., blastomeres). Cleavage is the first stage of embryonic
development. The number of blastomeres increases with the
increase of cleavage times. Afterwards, the blastomeres un-
dergo the first cell lineage differentiation, gradually becoming
the inner cell mass (ICM) or trophectoderm (TE) (67). Many
epigenetic modifications jointly participate in maintaining
and completing these stages (Table 1).

Zygote formation.

During the process of fertilization, female and male gametes
express their epigenetic specificity, and the formed zygote
is a unique cell with the ability to differentiate from a cell
into any tissue. To achieve pluripotency in embryos, the
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TABLE 1 Epigenetic modification during embryonic development'
Name Functions Influences References
Zygote formation
TET1 Bound to the unmethylated CpG-rich region, Decreased pyrimidine activity, abnormal (68-72)
impeded DNMT approach to DNA morphology, unable to form blastocysts
TET2 Oxidized 5hmC to 5fC and 5caC Hematopoietic malignancies (73,74)
TET3 Oxidized 5mC to 5hmC Embryo lethal (75,76)
H3K27me Changed the transcription around centromeres Chromosome separation defects, early embryonic (77)
arrest
AID Changed the deamination of cytosine, 5mC and Reduced demethylation level in genome (78,79)
5hmC
MLL3/4 Enhanced H3K27ac and H3K4me, activate paternal — (80, 81)
transcription regulation
Cleavage stage
H2A.Zac Activated embryonic genome Caused defects in proliferation and differentiation of (82)
embryonic ICM, leading to the death of embryos
before implantation
H3K9me Transcriptional activation Abnormal developmental and epigenetic (83-85)
reprogramming
KDM4A Removed histone H3K9me2/me3, maintaining the Blastocyst formation (86-89)
transcription ability
H3K27me Regulated mammalian imprinted genes Loss of the imprint (90)
H3K4me Caused abnormalities in embryonic genome Low developmental efficiency during late stage 91)
activation
WDR82 Reduced H3K4me3 at the transcription initiation site Decreased blastocyst cell numbers, embryonic cell (92)
apoptosis, embryonic retardation
CHD1 Caused H3K4me3 and promote mRNA transcription Developmental disorders of the ectoderm, implanted (93)
embryos death
H3K36me Affected gene transcription through the interaction Regulated cell proliferation (94)
between CTD and RNA polymerase Il
Blastocyst stage
DNMT1 Maintains DNA methylation Embryonic death (95)
DNMT?2 — Lost RNA methylase activity (96, 97)
DNMT3A Major de novo methylases Lost imprints in both female and male germ cells, (98)
died immediately after birth
DNMT3B Major de novo methylases Developmental defects and demethylation of the (99)
satellite repeat sequence
DNMT3L Promoted the catalytic activity of DNMT3A and Male mice were sterile, female offspring could not (99-102)
DNMT3B develop to term
H3K27me Transcriptional inhibition promoter of CpG islands — (103-105)
and genomic regions
H3K9me Effective inhibition of a few species-specific genes — (106, 107)
(by silencing gene promoters or enhancers)
H3K4m?2 Regulated transcription — (108-110)
SETDTA Major H3K4 methyltransferase in post-implanted Played an important role in lineage differentiation, an (111)
embryos essential factor in gastrulation
MLL2 Major H3K4 methyltransferase in pre-implantation Embryonic development defects, arrested at (111)
embryos mid-pregnancy

TAID, activation-induced deaminase; CHD1, chromodomain helicase DNA binding protein 1; DNMT, DNA methyltransferase; ICM, inner cell mass; KDMA4A, lysine demethylase 4A;
MLL, lysine methyltransferase 2A; SETD1A, SET domain containing 1A; TET, ten-eleven translocation methylcytosine dioxygenase; WDR82, WD repeat domain 82; 5mC,

5-methylcytosine; 5hmC, 5-hydroxymethylcytosine.

germ cell genome is highly modified by transcription factors
(Table 1).

DNA demethylation. After fertilization, paternal and ma-
ternal genomic DNA undergo large-scale demethylation.
Ten-eleven translocation methylcytosine dioxygenase (TET)
proteins are a new family of DNA modifiers involved in DNA
demethylation and are divided into TET1, TET2, and TET3.
TET1 binds to the unmethylated CpG-rich region mainly
through the CXXC region (a protein domain of DNMTs),
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impedes DNMT1’s approach to DNA, and is highly expressed
in blastocysts and ESCs. Tetl knockout embryos showed
abnormal morphology, decreased pyrimidine activity, and
were unable to form normal blastocysts. In tetraploid
complementation experiments, mouse embryos with Tet!
gene knockout were pluripotent and developed to term.
These mice were able to survive and reproduce, producing
smaller fetuses (68-72). TET2 is highly expressed in almost
all tissues, especially in hematopoietic cells and stem cells.
Tet2 gene knockout embryos had normal morphology



and normal transcription factor AP activity, but reduced
5-hydroxymethylcytosine (5hmC) level. Tet2 mutations can
lead to hematopoietic malignancies (73, 74). TET3 is highly
expressed in oocytes and sperm (expressed in neural stem
cells, lungs, and pancreas). After intra-sperm injection of
Tet3 siRNA, 5-methylcytosine (5mC) level was increased and
5hmC level was decreased. After the deletion of maternal
Tet3, the level of 5mC in the paternal genome was reduced
and the embryo had a higher mortality (75, 76). All of this
evidence points to the importance of demethylation during
embryonic development.

In addition, activation-induced deaminase (AID) is also
involved in the active DNA demethylation (78). AID can
change the deamination of cytosine into uracil, the deami-
nation of 5mC into thymine, and the deamination of 5ShmC
into 5-hydroxymethyl uracil. Under normal conditions, early
primordial germ cells (PGCs) and ESCs have the same
methylation level compared with somatic cells. When AID
is lacking in PGCs, the demethylation level in the genome
is reduced by 20%. Meanwhile, 5mC hydroxymethylated
enzymes TET1 and TET2 are also expressed in PGCs (79),
indicating that 5mC may initiate demethylation through
different mechanisms.

Although there have been some studies on DNA demethy-
lation in the parental genome after fertilization, researchers
have differentiated the parental genome and demethylation
mechanisms. In fact, DNA demethylation in the parental
genome is extremely complex, and it is likely to involve
a combination of active and passive approaches, affecting
the maternal and paternal genome demethylation levels to
varying degrees at the whole-genome level. What are the
effects of dynamic changes in the level of DNA methylation
in early zygotes on cellular fate? What are the interactions
between DNA demethylation and other epigenetic modifica-
tions? These questions remain unanswered.

Histone modification. The late-stage transcriptional reg-
ulation of zygotes is asymmetrical in paternal and maternal
pronuclei (112). Studies have shown that the initiation of
transcriptional regulation in the paternal pronucleus occurs
several hours earlier than that in the maternal pronucleus
(113). However, how this asymmetric transcriptional regula-
tion is established has not been explained for decades. Studies
have shown that activated histone markers, including the
acetylation of H3.3 and H3K27, are preferentially deposited
in the late paternal pronucleus (114). H3K4 methylation is
the most representative histone activation marker and exists
in the paternal pronucleus in the middle and late stages
of zygotes (115). Therefore, it is speculated that paternal
chromatin is more susceptible to transcriptional activation
than maternal chromatin, due to less inhibition of histone
markers such as H3K9 and H3K27 methylation (116).

Studies have further shown that, in zygotes, lysine
methyltransferase 2C/2B (MLL3/4) can act as an enhancer,
participate in histone H3K27 acetylation and H3.3-K4
methylation, and activate paternal transcription regulation
(80, 81). However, early studies have also reported that

the transcription in the paternal pronucleus is independent
of enhancers (117). Therefore, the function of enhancers
during the zygotic stage is still unclear, and more evidence
is needed to demonstrate whether enhancers participate in
transcription in zygotes.

Cleavage stage.

After fusion of the paternal and maternal pronuclei in zy-
gotes, the cytoplasm is rearranged, and the zygote undergoes
cell division. Studies have found that the cleavage time
of embryos with different qualities is inconsistent. Early
cleavage can be used as a marker to determine late embryonic
development potential. It can be used to identify the quality
of human in vitro fertilization embryos. Embryos with early
cleavage are more likely to develop to the blastocyst stage
than those that undergo late cleavage (118, 119).

Histone modification. The acetylation of histones in spe-
cific regions of zygotic genes (such as H2A, H3, and H4)
is very important for embryonic development. Among the
core histones, H2A has the most variation and H2A.Z
is the most studied. H2A.Z is the first histone variant
found to be closely related to mammalian development.
Although its sequence is highly conserved, it plays different
roles in different organisms. In the mouse embryonic
2-cell stage, the H2A.Z acetylation level is decreased. The
main activation of the embryonic genome occurs during
this stage, and the lack of H2A.Z in mice causes defects in
the proliferation and differentiation of the embryonic ICM,
leading to the death of embryos before implantation (82).
This evidence indicated that activity markers are related to
the transcriptional activation of the embryonic genome.

The acetylation of different residues in H3 varies at
different stages of embryonic development. The abundant
expression of H3K64ac and H3K56ac can be detected during
embryonic cleavage, but H3K122ac is only weakly expressed,
suggesting that different histone modifications play different
roles in embryo cleavage (120). In addition, the methylation
of various histone residues in H3 also plays a critical role
in the transcriptional activation of early embryos. During
the 2-cell stage of embryonic development, H3K9me3
modification is abundant in the maternal chromosome, but
this modification on the parental chromosome is removed.
After entering the 4-cell stage of embryonic development,
the histone modification asymmetry in the paternal and
maternal genomes gradually disappears, and the modifica-
tion levels of H3K27me, H3K4me, and H3K9me in each
blastomere are comparable. H3K9me3 and H3K27me3 are
considered as inhibitory markers of transcriptional activity,
while H3K4me3 and H3K36me3 are considered as markers
of transcriptional activation.

Lysine demethylase 4A (KDM4A) can remove histone
H3K9me2/me3 (86-88) to prevent the accumulation of
H3K9me3 on activated promoters, thereby maintaining the
transcription ability (89). KDM4B is a key factor leading to
2-cell arrest in cloned embryos in mice (121). The injection
of Kdm4a and Kdm4d mRNA significantly increased the
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blastocyst formation rate of cloned embryos (122, 123).
Kdm4a not only serves as the maternal effector gene to ensure
the normal development of embryos before implantation
during the early stage but also maintains a suitable uterine
environment conducive to embryo development and implan-
tation by regulating cytokines such as colony stimulating
factor 2 receptor subunit alpha (Csf2ra) (124).

The gene silencing of WD repeat domain 82 [Wdr82,
one of the subunits of the homocysteine S-methyltransferase
1 (HMT) complex] in early-stage mouse embryos reduces
H3K4me3 at the transcription initiation site of the gene for
the transcription factor POU class 5 homeobox 1 (POU5F1),
and this reduction is accompanied by a decrease in the
number of blastocyst cells, embryonic cell apoptosis, and
embryonic retardation (92). Chromodomain helicase DNA
binding protein 1 (CHD1) is a member of the ATPase-
dependent chromatin-remodeling factor family. It causes
methylation of H3K4 and promotes mRNA transcription,
which is essential for maintaining the pluripotency of mouse
ESCs (125). In the process of ectoderm development, CHD1
can promote gene transcription, allowing the rapid develop-
ment of the ectoderm. After the CHD1 gene is knocked out,
mouse embryos stop developing on embryonic day 6.5 (E6.5)
due to developmental disorders of the ectoderm, ultimately
leading to the death of implanted embryos (93). Studies have
shown that during early mouse embryonic development,
inhibition of the Chdl gene transcription factors POU5F1,
nanog homeobox (NANOG), and caudal type homeobox 2
(CDX2) causes a sharp decrease in gene activation before
embryo implantation, while the expression of upstream
binding transcription factor like 1 (Hmgp1) and kruppel like
factor 5 (KIf5), which regulate these transcription factors,
are significantly inhibited until the blastocyst stage, and the
inhibition of KIf5 expression is reversed in the morula stage.
This result suggests that during the preimplantation gene
activation stage, CHD1 expression is mainly influenced by
the transcription factors HMGP1 and KLF5, thus controlling
the development and survival of mouse embryos (93). Studies
have also suggested that CHD1 affects gene expression
by changing the chromosome structure. These studies all
indicate that CHD1 is essential for the normal development
of early mouse embryos.

Blastocyst stage.

Before the implantation of mammalian embryos into the
uterus, zygotes undergo multiple cleavages, and with cell
polarization and densification, cells undergo asymmetric
division and then differentiate into 2 different cell types:
TE and ICM. Then, embryos continue to develop into a
hollow spheroid blastocyst. Although the time of the first cell
lineage differentiation is different due to species differences,
all mammals experience this process. The role of epigenetic
regulation in this differentiation is extremely complex and
thus far unknown. Studies of its regulatory mechanism
mostly use transgenic mouse models to identify the key
regulatory factors and the in vivo localization and dynamic
changes remain poorly understood.
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DNA methylation. When embryos develop into blasto-
cysts, embryonic cells undergo DNA remethylation pro-
cesses, and the methylation level gradually recovers (126).
Approximately 80% of the embryonic genome has established
DNA methylation (94). In the process of DNA remethylation,
the methylating enzyme DNMT plays a critical role. DNMT1
is an enzyme that maintains DNA methylation. In the
process of DNA replication, DNA strands modified by
methylation are recognized to methylate the CpG sites of
methylation. During the process of gastrula formation in
mice, Dnmtl knockout leads to an extensive reduction in
DNA methylation levels until embryonic death (95). DNMT2
is highly expressed in the heart and testis. Dnmt2 knockout
mice had normal reproductive ability and showed a normal
genomic methylation pattern, but RNA methylase activity
was lost (96, 97). DNMT3A, DNMT3B, and DNMT3L are
the major de novo methylases and are mainly involved in
remethylation after active and passive demethylation of the
parental and maternal genomes. Part of Dnmt3a knockout
embryos continue to develop, but although the embryo
develops to term, it dies immediately after birth due to losing
imprints in both female and male germ cells (98). DNMT3B
is significantly expressed at the blastocyst stage, and the
knockout embryo shows many developmental defects and
demethylation of the satellite repeat sequence, which occurs
between embryonic days 13.5 and 16.5 and leads to the death
of the embryo. DNMT3L has no methyltransferase activity,
but it is an important regulatory factor, which can promote
the catalytic activity of DNMT3A and DNMT3B and express
specifically in the embryonic development stage. Dnmt3l
knockout mice could survive, but male mice were sterile
because their germ cells showed sporadic nuclear duplication
and A particle reactivation in the cistern, as well as severe
meiosis defects. Female offspring with this gene knocked out
do not develop to term [death of the developing embryo is
caused by neural tube defects, in part due to co-expression of
the missing maternal imprinting gene (99-102)]. Ubiquitin
like with PHD and ring finger domains 1 (NP95) can recruit
DNMT1 into the replication site and is highly expressed
in proliferating cells. After this gene is knocked out, the
embryo develops to the gastrula and dies immediately, and
the genome is demethylated on a large scale (127, 128).

Zhang et al. (129) described changes in DNA methylation
during early embryonic lineage differentiation in mouse
embryos using STEM-SEQ sequencing. They found that
there was a large range of DNA hypomethylation regions
around the homeobox A cluster (Hoxa) gene cluster and
some developmental regulatory genes, such as hepatocyte
nuclear factor 4 alpha (Hnf4a, endoderm marker), Pou5f1
(also called Oct4) and teratocarcinoma-derived growth
factor 1 (TdgfI, epidermal cell marker), exhibit dynamic
changes in DNA methylation. Further methylation analysis
of ICM and TE showed that the methylation levels in the
promoter regions of most differentially expressed genes in
ICM and TE cells, such as Pou5fl and Tdgfl, were not
significantly different. These 2 genes showed high levels of
expression in the ICM, while the expression levels in TE



cells were very low, and their promoters were not methylated
(129). These results indicate that, despite the widespread
presence of DNA methylation, it is not necessary for guiding
early embryonic transcription processes but is a necessary
condition to strengthen lineage differentiation.

Histone modification. When genomic DNA undergoes de
novo methylation during the blastocyst stage, some regions
are not affected. Studies have used mouse ESCs as a model
to confirm that transcription factors and RNA polymerase
complexes bind to DNA prior to de novo methylation,
thereby preventing methylation at these sites. This protection
likely prevents de novo methylation of the histone complex by
recruiting the enzyme complex for local methylation (130).

Studies have shown that a second asymmetric histone
modification will occur between ICM cells and TE cells.
Compared with TE cells, ICM cells contain more tran-
scriptional inhibition-related histone modifications. Histone
methylation (such as H3K27mel/2/3) first appears in the
ICM cells, but H3K27me2/3 can only be detected on the
inactivated X chromosome. Compared with post-blastocyst
stage, H3K27me3 is lower during the pre-blastocyst stage,
indicating that H3K27me3 in differentiated cells is higher
than that in dividing cells. The possible reason is that
the promoter of the pluripotency gene is methylated and
cannot be transcribed. In postimplanted embryos, de novo
H3K27me3 targets the transcriptional silencing promoter
of CpG islands and genomic regions through Polycomb
inhibition complex protein (103, 104) and maintains the
transcriptional inhibition of these genes (105). However,
histone H3K9me2/3 levels are comparable in ICM cells and
TE cells (131). After embryo implantation, there is a large
amount of H3K9me2 deposition. However, this is not an
essential condition for whole-genome DNA methylation; it
is only necessary for the effective inhibition of a few species-
specific genes (by silencing gene promoters or enhancers)
(106, 107). In addition, the deposition of H3K9me2 is also
not necessary for the silencing of most repeated elements
(106). These findings together indicate that H3K9me2 is
commonly associated with methylated DNA in implanted
embryos but that its function is more specific. This may be
due to the redundancy of inhibitory epigenetic markers and
the possibility that these inhibitory modifications are not
used as upstream transcription factors but act as enhancers
of DNA transcriptional inactivation regions.

In addition, active chromatin markers, such as H3K4me3,
may also play a role in transcriptional regulation during
lineage differentiation. Active histone modification can
enhance transcription by promoting the accessibility of
transcription factors to regulatory regions. However, whether
these markers are essential factors in the process of tran-
scriptional construction or are only used to enhance the
transcription process remains controversial (132). Studies
have shown that the H3K4me3 level in promoter regions is
related to transcription. However, in many cases, the effect
of H3K4me3 removal on transcription is extremely limited

(108-110), and the major H3K4 methyltransferase in preim-
plantation embryos is MLL2, and the major H3K4 methyl-
transferase in postimplanted embryos is SETD1A (111). Due
to the overlapping redundancy of H3K4 methyltransferase
proteins, the function of each methyltransferase and the
function of H3K4me3 during embryogenesis are difficult
to explain (111). Studies have shown that embryos lacking
H3K4 methyltransferases MLL1 and MLL2 are arrested at
midpregnancy and exhibit embryonic development defects,
which may be due to abnormal expression levels of a subset
of Hox genes (133, 134), indicating that MLL1/2-mediated
H3K4me3 regulation is critical for these genes to maintain
normal expression levels. The upregulation of SETDIA
expression in embryos after implantation may play an impor-
tant role in lineage differentiation and is an essential factor
in gastrulation (111), indicating that SETD1A plays an im-
portant role in the establishment of transcriptional patterns
in blastocysts. H3K27me3 can also coexist with H3K4me3
in the chromatin state to form a “bivalent modification”
(104). A series of results showed that, from the early stage
of embryonic development until implantation, this “bivalent
modification” is rare. It is mainly enriched in promoters that
are not methylated but express silent embryonic ectoderm
development genes (135). This bivalent modification can
balance the rapid activation or inhibition of development-
related genes during embryonic lineage differentiation (136).
Studies have confirmed that the bivalent modification of
genes maintains neural crest cell migration and plasticity
and chromatin accessibility during development through the
Polycomb region (137). After differentiation, a decrease in
H3K27me3 and an increase in H3K4me?2 lead to cell-specific
gene expression (138). However, further studies are needed to
determine how H3K27me3 targets and regulates embryonic
cell differentiation.

These studies together show that lineage differentiation
processes require the participation of a variety of epigenetic
modifications, especially H3K27me3 and H3K4me3. How-
ever, in most cases, the role of epigenetic modification is
to strengthen lineage differentiation rather than guide it.
These studies have created a new chapter in the study of the
function of histone modification in embryonic development,
providing answers to many pending scientific questions
related to epigenetics. However, this is just the beginning,
and more questions are waiting to be answered. The various
modifications influence each other, forming a network.
How the upstream and downstream regulatory molecules
in this network play their roles and the diseases and their
underlying mechanisms caused by related abnormalities are
worth further investigation.

Part 3: Nutritional regulation of epigenetic modification
As early as 1997, British epidemiologist David Barker
suggested that malnutrition during pregnancy is one of
the important reasons for heart and metabolic disorders in
early adulthood (138). The intrauterine environment has a
permanent impact on body structure, function, metabolism,
and the possibility of disease in adulthood. With the
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establishment of the concept of developmental origins of
health and disease (DOHaD), Barker’s hypothesis has been
widely accepted and confirmed by many studies (139).
During pregnancy, the lifestyle and nutrient intake of parents
may greatly affect the health of the fetus through epigenetic
regulation (140) (Figure 3). Nutrient concentrations not only
have short- and long-term effects on metabolism, but may
even stimulate memory that can be transmitted to offspring
(141).

Protein.

Protein is the material cornerstone of life and has a certain
regulatory effect on fetal growth and development and the
DNA methylation status of the offspring (142-144). Children
born during the Dutch famine at the end of the Second
World War had worse glucose tolerance than those born
1 y before the famine. A low-protein diet during pregnancy
is also associated with increased incidences of diabetes and
growth defects in the next generation (145). Painter et
al. (146) found that protein restriction during pregnancy
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decreased the expression of liver cholesterol 7c-hydroxylase
(Cyp7al) in intrauterine growth-restriction mice, and this
decrease was accompanied by decreased histone acetylation
modification in the promoter region and increased H3K9
methylation modification. van Straten et al. (147) and Rees
et al. (148) also found that when mice were fed a low-protein
diet (9% casein) during pregnancy, the degree of DNA
methylation in fetal liver was significantly higher than that in
the control group (18% casein). Further studies showed that
the expression of peroxisome proliferator-activated receptor
o (PPARwa) and glucocorticoid receptor (GR) significantly
increased in the livers of 34-d-old pups in a low-protein
diet group, while the methylation levels of the PPARx and
GR genes significantly decreased (149-151). Jousse et al.
(152) fed mice a low-protein diet (10% protein) throughout
the entire pregnancy and lactation periods. They found
that the body weight and body fat of the offspring were
significantly decreased and the dietary intake significantly
increased compared with those of control mice, and these
changes were sustained into adulthood. The underlying



reason is that the intake of a low-protein diet leads to
the methylation of CpG islands in the promoter region
of the leptin gene, and this specific modification further
downregulates the expression levels of the leptin gene and
protein. Altmann et al. (153) fed landrace sows either a high-
protein or low-protein diet during pregnancy and found
that the genes of key enzymes in methionine metabolic
pathways [Dnmtl, Dnmt3a, Dnmt3b, betaine-homocysteine
S-methyltransferase (Bhmt), methionine adenosyltransferase
2B (Mat2b), and adenosylhomocysteinase like 1 (Ahcyll)]
and chromosome morphology-related enzymes [non-SMC
condensin I complex subunit D2 (Ncapd2), non-SMC
condensin I complex subunit G (Ncapg), and non-SMC
condensin I complex subunit H (Ncaph)] showed different
degrees of differential methylation in the liver and skeletal
muscle of offspring. Among those genes, the expression of
DNA methyltransferases (Dnmtl, Dnmt3a, and Dnmt3b)
was affected by the protein concentration, indicating that
the epigenetic regulation of DNA methylation in fetal
programmed growth was affected by maternal protein supply.
In the livers of the offspring, the expression levels of the
Neapd2, Neapg, and Ncaph3 genes in the protein-restriction
group were significantly different from those in the normal
group, while the expression levels of the Ncapd2 and Ncaph
genes in skeletal muscle also showed significant differences.
These results indicate that the maternal protein concen-
tration during pregnancy changes the epigenetic markers
in offspring, further affecting the gene expression process.
In addition, Altmann et al. (154) showed that, compared
with that in a normal-protein group, the expression level
of the mitochondrial cytochrome C gene was significantly
increased in the liver of piglets produced by the low-protein
group, while the expression level of the cytochrome C gene
in the high-protein group was only slightly increased. In
47 CpG loci in the promoter region of this gene, significantly
high levels of DNA methylation occurred in the piglets in
the high-protein and low-protein groups, indicating that
the restriction of maternal protein concentrations during
pregnancy affected the gene expression and metabolic status
of offspring more significantly.

Fat.

Fat is the main energy source for the body and plays a
very important role in animal life activities such as growth,
development, and metabolism. Aagaard-Tillery et al. (155)
showed that in Japanese macaques fed a high-fat diet during
pregnancy, the acetylation modification of H3 in offspring
liver tissue changed, affecting the gene expression in the fetus.
The results provided a molecular basis for the occurrence
of adult diseases. A high-fat diet not only affects the F2
generation through the transmission of aberrant methylation
of the promoter of the growth hormone secretin to offspring
(156) but also affects the F3 generation (157). Dudley et al.
(158) found that in rats fed a high-fat diet during pregnancy
and lactation, the triglyceride content in the liver of 2-d-
old offspring increased, leading to nonalcoholic fatty liver. In
addition, the gene for the specific cell cycle inhibitor cyclin

dependent kinase inhibitor 1A (Cdknla) was demethylated
at a specific CpG site and the first exon region, resulting
in an increase in gene expression, thereby inhibiting the
division and proliferation of stem cells. Vucetic et al. (159)
found that in mice fed a high-fat diet during pregnancy
and lactation, 3 genes (i.e., dopamine, mu-opioid receptor,
and pre-proenkephalin) in the hypothalamus of the offspring
(18-24 wk old) were hypomethylated, and the expression of
dopamine reabsorption transporter increased significantly.
These changes not only caused abnormal feeding behavior
in mice but also metabolic syndrome and an increased risk
of obesity.

One-carbon metabolism.

The methylation of cytosine in mammals requires the con-
sumption of the one-carbon donor S-adenosylmethionine.
Demethylation is carried out through Tet enzyme-mediated
oxidation reactions, requiring «-ketoglutaric acid and Fe’t,
and is enhanced by the micronutrient vitamin C. Therefore,
changes in the concentrations of these substances may also
affect the expression of downstream genes.

The effect of folic acid concentrations on the methylation
level in porcine C2C12 cells was analyzed using MeDIP-
chip and bisulfite sequencing. The results showed that
when the concentration of folic acid changed, there were
different degrees of hypermethylation upstream of the Myod
transcription start site. Both the high-folic-acid group and
the low-folic-acid group exhibited hypermethylation, while
the normal-folic-acid-concentration group exhibited hy-
pomethylation (160). In addition, during C2C12 differentia-
tion, with the increase in folic acid concentration, myogenin
mRNA expression increased, indicating that folic acid might
affect the gene expression of Myod and myogenin through
the regulation of the methylation status of the CpG locus in
the gene promoter regions (160). Dietary supplementation
with folic acid during pregnancy and lactation (5 mg/d) in
rats significantly reduced mammary gland genomic DNA
methylation in adult offspring and increased breast cancer
risk (160). Folic acid deficiency during pregnancy and
lactation in mice significantly reduced whole-genome DNA
methylation levels in the small intestine tissue in the F1
generation, and this effect was persistent (161).

Studies have shown that maternal choline regulates the
growth and development of the nervous system through
DNA methylation. Low maternal dietary choline content
at the embryonic stage in mice results in a significant
reduction in the degree of genomic DNA methylation in the
fetal hippocampal neuroepithelial layer, and the methylation
level of protein kinase inhibitor (Cdkn3) genomic DNA
also significantly decreases (162). A lack of choline during
pregnancy also leads to reduced degrees of methylation in the
vicinity of the promoter of the vascular endothelial growth
factor C and angiopoietin 2 genes, and a significant decrease
in the proliferation rate of vascular endothelial cells and the
number of blood vessels in the hippocampus (163).

Robert et al. (164) found that exposure of agouti mice
to methyl donors (such as folic acid, choline, and betaine)

Nutrition regulates epigenetics in embryos 1887



during pregnancy induced extensive methylation at CpG
sites in embryonic genes, manifesting as yellow to brown hair
changes in the offspring. The deletion of DNA methylase can
cause embryonic development abnormalities. For example,
mouse embryos with point mutations in the DnmtI catalytic
center may exhibit abnormal development and even death,
which may be related to decreased DNA methylation levels,
disordered methylation patterns, and allelic loss (165).

The expression level of vitamin C transporters in germ
cells is very high. From the beginning of pregnancy until
embryonic day 13.5, vitamin C deficiency in mice caused a
decreased number of germ cells, and the expression of TET1-
dependent reproductive regulatory factors was defective.
Starting from embryonic day 13.5, a vitamin C-containing
diet was resumed and continued until delivery. The number
of developing oocytes in the offspring of the vitamin C-
deficient female mice was very small, and the number of
implanted embryos after each adult female offspring mating
was significantly reduced, and the completely failed preg-
nancy rate (lack of implantation sites) was very high. Even ifa
pregnancy is successful, the frequency of embryo resorption
is very high. By comparing the DNA methyl groups in
embryonic day 13.5 germ cells, it was found that two-thirds
of differentially methylated regions (DMRs) were methylated
after vitamin C deficiency, indicating that vitamin C is
required for DNA demethylation. Hypermethylated DMRs
induced by vitamin C deficiency are closely associated with
ovarian development abnormalities and female infertility
(166). In vitro—cultured embryonic stem cell experiments
also showed that vitamin C induced DNA demethylation
and the expression of a series of key reproductive genes
in a TET1/TET2-dependent manner (167). Furthermore,
vitamin C deficiency can also promote KDM3A/B-mediated
H3K9me2 demethylation (168, 169).

Conclusions

In recent years, with rapid advances in sequencing tech-
nology, knowledge in the field of epigenetics has surged,
revealing some unique epigenetic modifications involved in
early embryo development. Particularly, in the field of ART,
the epigenetic modification abnormalities of early embryos
are becoming increasingly common. Understanding the
epigenetic regulation of early embryo development is helpful
for nutrition researchers to better understand where and
when nutritional status is potentially problematic in epi-
genetic regulation. In addition, further understanding of
the interaction between cellular metabolism and epigenetic
marks provides new ideas for the targeted regulation and im-
provement of embryonic development by means of nutrition.
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