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Abstract: In recent years, we have seen an increasing amount of evidence pointing to the existence of
a non-genetic heredity of the effects of events such as separation from parents, threat to life, or other
traumatising experiences such as famine. This heredity is often mediated by epigenetic regulations
of gene expression and may be transferred even across several generations. In this review, we
focus on studies which involve transgenerational epigenetic inheritance (TEI), with a short detour to
intergenerational studies focused on the inheritance of trauma or stressful experiences. The reviewed
studies show a plethora of universal changes which stress exposure initiates on multiple levels of
organisation ranging from hormonal production and the hypothalamic-pituitary-adrenal (HPA) axis
modulation all the way to cognition, behaviour, or propensity to certain psychiatric or metabolic
disorders. This review will also provide an overview of relevant methodology and difficulties linked
to implementation of epigenetic studies. A better understanding of these processes may help us
elucidate the evolutionary pathways which are at work in the course of emergence of the diseases
and disorders associated with exposure to trauma, either direct or in a previous generation.
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1. Introduction

Since 1925, when DNA methylation was discovered in bacteria [1], epigenetics had
come a long way and became a well-established field of science. The term ‘epigenetic’
was defined in several different ways since it was first coined by Waddington [2]. In
the initial sense, it was essentially bound to Waddington’s model of epigenetic landscape
(Figure 1), which depicts the space of possible states which a cell, tissue, organ, or organism—
here represented by a marble—can possibly find itself in. The marble moves through a
landscape which canalises the development into specific pathways and makes it resistant
to perturbations. In this model, epigenotype is the sum of interaction both among genes
themselves and among the genes and the environment. The term ‘epigenetic’ has also been
used in some evo-devo studies to describe certain plastic evolutionary processes which
are not yet genetically ‘hardwired’. Such epigenetic processes include chemical, electrical,
or mechanical interactions of primitive cells with the environment and primitive cells
among themselves, but also interactions of primitive cell metabolisms with the external
environment [3].

The prefix epi-means ‘beyond genes’ and indeed, generally speaking, epigenetics
studies all non-genetic evolutionary variation, that is, everything that is not part of the
DNA script. Epigenetic inheritance can thus refer to the inheritance of entire cellular
structures (organelles, such as centrioles, mitochondria, plasma membranes, cilia etc.), but
also to the inheritance of for instance microbial symbionts. In a narrow sense, (molecular)
epigenetic inheritance is nowadays usually taken to refer to the inheritance of chromatin
structures and modifications (both DNA methylation and several histone modifications) as
well as to various types of RNA and exosomes. This is the definition we will work with.
(For details on these processes, see Box 1).
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Figure 1. Epigenetic landscape by C.H.Waddington. Waddington’s metaphor of epigenetic land-
scape: the marble’s position in the landscape depicts the specific morphogenetic state which a
cell/tissue/organ/organism can attain in possible morphospace during its development. It moves
through an undulating landscape, which canalises the development into specific pathway (X) and
makes it resistant to perturbations. The course of morphogenesis can change, i.e., an embryo can
achieve to the same goal via more than one developmental pathway (Y).

Epigenetic inheritance across several generations has been known under various
names, including dauermodification, paramutation, or lingering mutation [4-6]. In plants,
it has been known for over a century. Modern studies, for instance research on Arabidopsis
thaliana [7], Taxaracum officinale [8], or Linaria vulgaris [9]—which showed the inheritance
of DNA methylation—further contributed to this direction of research. Along similar
lines, epigenetic inheritance has been demonstrated in yeast Schizosaccharomyces pombe
(inheritance of histone modification) [10], Drosophila melanogaster (trans-inheritance of the
chromatin state) [11,12], or in several studies on the nematode Caenorhabditis elegans ([13],
inheritance of RNA molecules [14], and histone modification [15,16]).

There are also known examples of transgenerational epigenetic inheritance (TEI)
in mammals, including the almost notorious example of intracisternal A-particle and
metastable epiallele A% in mice [17], which leads to diverse coat colouring in genetically
identical individuals. This intracisternal A-particle (see also Box 1) can be modified by
methylation, which depends on environmental signals (maternal diet with sufficient methyl
donor such as folic acid or B 12) and results in the brown pseudoagouti phenotype [18,19].
One can observe, meanwhile, that coat colour is transgenerationally inherited through the
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maternal germline [20] and the agouti phenotype is associated with various diseases [21].
The Axint* epiallele is a similar case [22,23]. (For review on metastable epialleles, see [24].)
In a related example, the exposure of guinea pigs to heat led to a transgenerational epige-
netic effect in the male progeny, where the DNA methylation pattern changed in relation to
the expression of thermoregulating genes in the liver [25]. In a similar way, heat condition-
ing of chicks led to a transgenerational heat and immunological resilience, which was once
again accompanied by changed methylation patterns [26].

As indicated above, nutrition is another subject of interest to TEI studies. The A%
studies were followed by numerous further studies on this subject. In pregnant rats, a
protein restriction diet led to a 20% lower methylation of hepatic peroxisome proliferator-
activated receptor « gene (PPAR«), which increased the activity of this gene [27]. It has
also been described that high-fat diet can lead to increased female body size in the paternal
lineage in mice [28], while folate and methyl-donor diet restrictions can alter the DNA
methylation patterns in rats [29].

Exposure to drugs also has an impact on TEL One of the first studies in this area
had shown that parental smoking (before child’s age of 11 years) was associated with a
greater body mass index at 9 years in sons, but not daughters [30]. Similarly, the exposure
of adolescent rats to cannabinoids had a transgenerational effect observable in morphine
sensitisation [31], while transgenerational effects after foetal alcohol exposure persisted in
the male (but not female) line until the F3 generation [32]. The observed effects involved
increased gene methylation of the POMC gene (proopiomelanocortin gene which is active
in the stress-regulation axis) and its reduced expression, increased corticosterone response,
and elevated anxiety in behavioural testing.

Another important chapter of environmental epigenetics is the exposure to toxins, for
example to vincozolin, which influences the development of testis and can later lead to
premature apoptosis of sperm cells in adults [33]. Pregnant mice exposed to vincozolin
during the period of foetal gonadal sex determination gave birth to infertile sons with
various organ defects [34,35]. This effect persisted through DNA methylation pattern
changes into generation F4 (subsequent generations were born from IVF). It also had an
impact on sexual selection, where naive, not exposed, control females did not want to mate
with defective males [36] even when the male exposed to vincozolin in utero was already
four generations away (the reverse did not hold, though—males were not so selective).
Later studies associated these effects in generations F3 and F4 with changes to the types
of small noncoding RNAs in sperm [37]. Another study, though, found that epigenetic
changes after exposure to vincozolin were erased in subsequent generations [38].

Similar effects have been documented in relation to other toxicants. For instance,
when pregnant female rats were exposed to bisphenol A, the males in F3 had defective
testes [39]. After exposure of mice to dioxin, another study [40] showed a transgenerational
effect of reduced fertility and increased incidence of premature birth. Naturally, mixtures
of toxicants can likewise have a transgenerational effect, as in the case of ovarian disease in
rats, which is similar to human polycystic ovary syndrome [41].

As noted above, TEI has been described in various mammalian models. This review
focuses on TEI of traumatic experience with emphasis on mammals, chiefly rodents and
humans, because in them, one can really talk about traumatic or stressful experience or
its analogues. For the purpose of the present overview, we define trauma as a distressing
experience or adverse event that can lead to emotional and/or behavioural responses.
Stress is a physiological response to a stressful stimulus which involves the hypothalamic-
pituitary-adrenal (HPA) axis. This axis plays a significant role in many processes related
to environmental cues involving digestion, energy storage, immunity, and emotional
responsivity. Its dysregulation is associated with elevated cortisol levels and consequently
also with changes in neurogenesis, neural density, and both glio- and synaptogenesis,
possibly leading to changes in cognition and behaviour or to psychopathological or affective
disorders [42]. In the following, we examine studies involving exposure to stress and



Genes 2023, 14, 120

4 0f 20

trauma of parental generations and subsequent intergenerational and transgenerational
inheritance of their impact.

Box 1. Possible epigenetic processes.

Epigenetic modifications can be induced randomly but also environmentally, and they can be
inherited over a number of generations. A vast number of macromolecules (nucleic acids, proteins,
sugars, and possibly all proteins in the cell, [6]) or even entire structures (chromatin, as mentioned
above, but also cytoskeleton, glycocalyx, intercellular mass), are epigenetically modified in the cell.
This box focuses on three basic epigenetic processes: DNA methylation, histone modification, and
categorisation of various RNA molecules (including, e.g., the role of exosomes). These processes
are responsible for the regulation of genome transcription, that is, for cellular differentiation and
the development of organism in general. They can be inherited both mitotically and meiotically.
Epigenetics is thus actually the study of Aristotelian epigenesis in the Waddingtonian sense, i.e., the
study of emergence of a body form from a single zygote, which involves various settings of DNA
transcription through differentiation of different cell types. For more detailed information on the
specific mechanisms of TEI in various model organisms and their signalling interactions, see [43].
DNA methylation

DNA, as well as different types of RNA, can undergo various reversible modifications. One of
the earliest epigenetic modifications discovered was DNA methylation, where a methyl group is
attached by methyltransferase to cytosines, giving rise to 5-methyl cytosine (5 mC). Adenines can
be also methylated (in bacteria, fungi, Drosophila or mammals [44]). In addition, 5 mC can be also
oxidized by Tet proteins to 5-hydroxymethyl cytosine, 5-formyl cytosine, or 5-carboxy cytosine [45].
As a rule, though, methylation of cytosines (in combination with the corresponding modifications
of histones) leads to the silencing of a given DNA region via binding of various proteins to the
promotor of the gene. Frequently, whole stretches of DNA (CpG islands) are modified in this way.
Methylation can take place de novo (in case of vertebrates by DNMT3) or be maintained across
several cell divisions by replication of the modified parental strand. In vertebrates, DNMT1 can
recognise DNA strands with unmodified cytosines and methylate them.

In mammals, DNA methylation is also associated with genomic imprinting, which involves
a differential expression of paternal and maternal alleles of the same genes. The genes concerned
are often related to foetal growth, where maternal alleles balance the products of expression of
paternal alleles (e.g., insulin-like growth factor 2 receptor gene [46]). Paternal alleles tend to promote
foetal growth, which is unfavourable for the maternal organism. Therefore, a balanced expression
depending of imprinted genes from both sexes is of pivotal significance, because uniparental diploid
embryos stop developing at the implantation stage [47]. Disrupted genomic imprinting in humans
leads to various disorders involving hormonal dysregulation, aberrant pre- and postnatal growth,
hypotonia, abnormal behaviour or mental retardation, psychiatric disorders, sleep disorders, and
many other symptoms [48]. Regulation of genomic imprinting also involves RNA molecules and
histone modifications (e.g., H3K27me3, i.e., the trimethylation of histone 3 on lysine 27 [47]).

In the course of their development, mammals undergo two main reprogramming events: one
during the early stages of embryonic development, in preimplantation embryos, and the other in the
primordial germ cells (PGCs) [49]. DNA methylation marks are deleted and later newly rewritten.
Such reprogramming is viewed as adaptive: its function is to remove epigenetic signatures acquired
randomly or from various environmental cues so that the development is not disrupted. Moreover,
reprogramming leads to cellular totipotency [50] required for development. Some regions, such
as imprinted genes, intracisternal A-particle elements (IAPs), or LINE 1 elements, can apparently
avoid such deletion in the preimplantation period [51]. During reprogramming in PGCs, the DNA
methylation is erased again (including imprinted genes which allows a re-establishment of sex
specific genomic imprints). However, a study reports that a significant fraction of IAP (but not LINE
1) remains methylated in PGCs [52,53]. This fact can explain the inheritance of metastable epialleles
such as A% in which an insertion of variably methylated IAP retrotransposon leads to ectopic
expression of the agouti gene. Sequences in proximity to IAPs have consistently high methylation
levels throughout of all developmental stages of PGCs [54]. Other research had concluded that IAP
are remethylated after fertilisation [24]. Genome-wide DNA methylation studies show that over
40% of 5 mC in PGCs escape demethylation [53]. These regions are usually the most active and
mobile, and therefore possibly highly mutagenic, repeat sequences of a type corresponding to IAP.
Seisenberger et al. [54] reported that a significant proportion of CpG islands remains methylated
during various developmental stages of PGCs (more in the case of sperm), representing a possible
carrier of TEL
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A study by Kremsky and Corces suggests [55] that some regions of the CpG sites bound by
transcription factors remain methylated during the reprogramming stages. In mice, there are several
transcription factors which bind histone modifications (e.g., H3K9me2) and block TET methylcyto-
sine dioxygenase 3 activity (which converts 5-methylcytosines to 5-hydroxymethylcytosines), thus
maintaining DNA methylation marks [56]. This indicates that transcription factors can also act as
(trans) mediators of epigenetic inheritance.

Histone modification

The DNA is wrapped around a heterooctamer of histones H2A, H2B, H3, and H4 (each in
two copies). The whole octamer is stabilised by histone 1 protein. Histone terminal tails can be
specifically modified by various enzymes, especially amino acids lysine, threonine, tyrosine, and
serine. Possible modifications include phosphorylation, acetylation, glycosylation, mono, di-, and
tri-methylation, ubiquitination, and citrullination [57,58]. Modifications can also be erased, rewritten
(histone modifiers can be viewed as writers, readers, or erasers [59]), or become the substrate for a
specific enzyme action, usually condensation or de-condensation of DNA from histones in order
to access DNA for transcription or repair. Histone modifications are conservative among the taxa.
For instance, methylation of lysine 4 on histone 3 (H3K4), H3K36, or H3K79 is usually associated
with active chromatin [57]. However, H3K9me3, H3K27me3, and H4K20 are usually involved
in chromatin silencing and associated with DNA methylation [57]. It is, moreover, known that
H3K27me3 [60] or siRNA-induced H3K9me3 [10] can be inherited epigenetically through several
generations. In sperms, histones are usually replaced by protamines, but recent evidence shows
that around 10% of histones in humans and 1% in mouse sperm do in fact remain [61]. Protamines
can likewise be modified [62]. Histones are multiplied and specifically modified, and each (human)
cell thus contains around 30 million of uniquely configured nucleosomes.

RNAs

RINA molecules are generally divided into long noncoding RNAs (around 200 nucleotides),
which form a kind of scaffolding for various proteins. These complexes also activate or silence
gene expression. Another category consists of the small noncoding RNAs of many different types,
which have many different functions. For example, microRNAs (around 22 nucleotides) silence
the RNAs in the cytoplasm, while piwi RNAs (in animals) or small interfering RNA (siRNA,
in S. pombe, C. elegans, or D. melanogaster) inactivate certain stretches of DNA, mostly unpaired
strands or retrotransposons in the sex cells (by methylation of cytosines) but can also silence RNAs
transcribed from these retrotransposons. Small interfering RNAs in plants are known to form the
paternal epigenetic signal leading to DNA methylation and gene silencing [63]. Transfer RNAs
(tRNAs) are known for their role in translating RNA into proteins. Their fragments, tsRNAs
(around 30 nucleotides), are dominant in mammalian sperm [64,65] and it is known their amount in
sperm can be influenced by diet [66]. They may also be responsible for inheritance of the specific
phenotype of mouse tail [67] or for intergenerational inheritance certain metabolic disorders [68-71].
For detailed information on the role of sperm RNA see [72].

All of the abovementioned regulatory RNAs can also be epigenetically modified. For instance,
RNA adenosines can be methylated to form 6-methyladenosine. The newly found variety of RNA
types in sperm and its modifications inspired the proposal of the ‘sperm RNA code” hypothesis [71].
Exosomes

Small noncoding RNAs are often transported around the body by exosomes, which are vesicles
often generated by the somatic tissue. For example, sperm cells of mice, as they mature in the
epididymis, fundamentally change the content of their RNA molecules as they progressively acquire
these RN A-loaded exosomes during their travel through the epididymis. The somatic tissue thus
communicates with germ cells and can transmit information about the environment which the
organism has encountered [73,74] (as it happens, these processes are strikingly reminiscent of
Darwin’s theory of pangenesis). These RNAs then have complex and diverse functions during
early development, where—as noted above—they regulate other epigenetic processes, such as DNA
methylation or modification of histone and other proteins. It has been proposed that RNA molecules
are the most likely mediator of TEI [75]. The discussion regarding whether the DNA methylation is
a true signal of TEI when it is erased and rewritten during epigenetic reprogramming thus need not
be relevant anymore, because RNA as a heritable molecule can be sufficient for catalysis of other
epigenetic processes, such as chromatin modification. So far, this is just a speculation because, as
Bohacek and Rassoulzadegan [65] point out, it is still not clear whether RN As are transmitted to
the sperm only via epididymosomes or also via circulating factors in blood or in consequence of
transcriptional changes in the sperm. Moreover, epididymosomes can also be changed via external
environmental changes [76].
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Possible epigenetic mechanisms also include certain self-assembling structures, such as pri-
ons [77], or self-propagating trans signals maintained through self-sustaining feedback loops [78],
such as lac operon bistable system in E.coli [79].

2. The Methodology of TEI Studies

Because transgenerational epigenetic inheritance in mammals also involves genetic,
ecological, and in the case of humans even cultural factors, scientists wishing to study TEI
usually need to take a series of steps.

2.1. Mutation

First of all, one needs to establish that the observed phenotypic trait one wishes to
study is not influenced by a change in DNA information. If it is, the studied phenomenon
would not be a case of epigenetic inheritance. Importantly, if the genes underlying the
desired phenotypic trait are unknown, one cannot rule out DNA mutation. This particular
challenge can be met for instance by using inbred mice as a model.

2.2. Social Transmission

One must also exclude social transmission. A stressed individual can influence naive
individuals by its own changed behaviour and these changes can be fast. On the other
hand, isolation itself can be a stressful factor [80]. Researchers who want to eliminate the
possibility of social transmission tend to resort to cross-fostering, which is in some studies
done in conjunction with in vitro fertilisation (IVF), embryonic transfer, or insemination.

2.3. Differentiate between Prenatal (Maternal) Influences, and Intergenerational and
Transgenerational Inheritance

Mammalian females communicate with their offspring during pregnancy through the
placenta and pregnancy lasts for a relatively long time (19-21 days in mouse, 21-24 days
in rats, 9 months in humans). The mother can thus easily influence her offspring already
in utero either via changes in uterine artery blood flow or though dysregulation of the
maternal-foetal HPA axis via (sometimes excessive amounts of) maternal glucocorticoids.
Catecholamines, mineralocorticoids, and sex steroids are also possibly involved in this
process. In humans, foetal HPA axis is fully developed by 22nd week of gestation [42]. The
epigenetic modifications which are the main focus of this paper are thus key mediators
and stabilisers of the prenatal effect. In summary, one must carefully distinguish between
prenatal, postnatal, or intergenerational influences on the one hand, and genuine TEI on
the other.

The prenatal effect is a process where the offspring are affected by the environment
through the mother in utero, but the epigenetic effect is not transmitted to subsequent
generations. Logically, this effect involves a different number of generations for females
and males. Imagine a signal from an environment which we know can leave an epigenetic
mark. In the case of a pregnant female (Figure 2a), up to three generations can be affected
at the same time! The first generation is the mother herself. The offspring she carries in
her womb are the second generation. This offspring, however, also have their own sexual
and somatic lineage already in place, since it forms relatively early in the development.
We must therefore also consider the possibility of the environmental influence affecting
the offspring’s germ cells. It is therefore only the fourth generation (F3, the mother being
F0), where one can tell whether the effect studied is a genuine case of TEI For generations
F1 and F2, we are only talking about a prenatal effect because we cannot exclude the
possibility that the cells were affected by a particular environmental effect all at the same
time (Weismann called this phenomenon ‘parallel induction’ [81]) and the effect was then
transmitted by the germ cells.
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« ENVIRONMENTAL INFLUENCE

THIRD GENERATION (F2, GERM CELL OF
FETUS)

. SECOND GENERATION (F1, FETUS)

FIRST GENERATION (F0)

ENVIRONMENTAL INFLUENCE

. FIRST GENERATION (F0)

. SECOND GENERATION (F1, GERM
CELL OF AN ADULT)

Figure 2. (a) In case of pregnant female, three generations can be simultaneously influenced by an
external factor from the environment. Only in generation F3, however, can one consider the observed
effect to be a genuine case of TEI. (b) In case of males, we can observe TEI already in the F2 generation.
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In males (Figure 2b), one can determine whether TEI is at play already in the third
generation (F2; with the father being F0). The signal from the environment may have
affected the father (FO) and the sex cells (F1) he carried in the testes at that time (this is,
once again, a prenatal influence). If the effect is manifested in his grandchildren (F2), we
can then talk about TEI Since studies with males require fewer generations and lack the
intrauterine factor, experiments are lately done mostly with males and their sperm. As a
result, much less is known about epigenetic inheritance through oocytes.

Intergenerational epigenetic inheritance overlaps with both the prenatal and postnatal
effect: in this case, exposure of the parental generation (F0) affects also the offspring of the
next generation (F1).

2.4. Type of Epigenetic Process

The next step is to determine which epigenetic process is responsible for transmission
of the studied phenotype. If this is possible, one can use this epigenetic factor (possibly
RNA molecules) on naive individuals.

2.5. Behavioural Tests

It is known that in mice, stress or a traumatic experience leads to the emergence of a
traumatised phenotype with changed social behaviour. Mice can display increased levels of
anxious behaviour: they spend less time exploring other mice, show repetitive behaviour,
spend a long time cleaning themselves, etc. Anxiety in mice is usually tested with two
standardised tests, the elevated plus maze and the forced swim test (Figure 3).

D

Enclosed

Enclosed

~—

Figure 3. Behavioural testing in mice: the elevated plus maze (left) and the forced swim test (right).

Elevated plus maze [82] is a construction that has two arms in the shape of the mathematical ‘+
sign. One arm has walls, while the other has none and is thus in an open space. The test works
on the assumption that rodents do not like open spaces and will spend more time in the closed
arms when anxiety is increased, and vice versa. The forced swim test [83] is used to assess the level
of depressed mood and potential effectiveness of antidepressants. A rodent is placed in a glass
cylinder of moderately cold water for 15 min and what is measured is the amount of time the rodent
spends swimming and attempting to free itself. Naturally, more depressed individuals spend less
time swimming or attempting to escape. There are also behavioural tests which involve testing the
recognition of novel objects or fear conditioning.
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3. Traumatic Experience and Epigenetic Mediators: Intergenerational Studies
3.1. Stress, the HPA Axis, and Glucocorticoid Receptor (GR)

While this review focuses on TEI, in this section we introduce some intergenerational
studies, because they show certain universal processes present in stressed or traumatised
phenotypes on several levels of biological organisation. The study of stressful experiences
or trauma recognisable on an epigenetic level probably started with papers on the intensity
of maternal care and possible epigenetic effects mediating the pathway of corticosteroid
response [84-86]. Intensity of maternal care is associated with the number of receptors for
glucocorticoid hormone in the hippocampus, and these changes are epigenetically mediated.
In rats, an enhancer of the GR gene is not methylated when pups are born but already one
day after birth this locus is being methylated. In pups that receive sufficient grooming, that
is, care from their mother where the mother is not only present but also stimulates them
by touch, these methylation marks are lost again, and the gene is transcribed more. Such
pups also have more GRs in their brains and can better cope with stressful environments
than their peers who receive less maternal care [86]. This traumatised phenotype can be
further transmitted via maternal behaviour into the next generation. Pups traumatised by
poor care have symptoms similar to human PTSD (which is also often associated with the
functioning of GR) and score worse on classic rodent experiments than their well-cared-for
peers. This also shows that a single locus can be epigenetically realtered during a specific
developmental window.

GR plays a central role in several processes including cardiovascular function, stress-
response regulation, immunity, metabolism, reproduction or development [87]. Changes in
GR sensitivity, together with changed cortisol levels, are the most studied factors investi-
gated in organisms that had been exposed to trauma or stress. They can have a long-term
impact on HPA axis modulation, which starts in utero when glucocorticoids impact brain
development and thus also the development of the HPA axis. Other hormones can be also
involved. Females and males of dams exposed to chronic stress had decreased basal concen-
trations of corticosterone (both sexes), while research found elevated juvenile oxytocin and
decreased adult prolactin in females [88]. Nevertheless, GR is probably most studied case.

The GR, and especially its decreased amount in hippocampus, is associated with a
higher activity of the HPA axis and in humans consequently with psychopathological
conditions including suicide, schizophrenia, or mood disorders [89]. A study on the
effect of prenatal stress in rats (gestational days 12-18) in three successive generations
revealed gradually elevated sensitivity of HPA axis, anxiety-like and aversive behaviour in
adult maternal line. The brains of the females had reduced neural density in the prefrontal
cortex and hippocampus as well as changed patterns of gene activation in genes influencing
synaptic plasticity, maturation of neurons, and arborization [90]. Bohacek et al. [91] reported
that the offspring of male mice that experienced postnatal traumatic stress had impaired
synaptic plasticity, neuronal signaling, and long-term memory in adulthood. Similarly,
post-mortem analyses of hippocampus of suicide victims with a history of abuse revealed
hypermethylation of the GR locus and its reduced expression, suggesting that similar
phenomena may persist into adulthood [92]. Childhood abuse in women is associated with
HPA sensitivity [93] and decreased hippocampal volume [94]. Cord blood from mothers
who suffered from depression and anxiety during the third trimester of pregnancy revealed
an increased methylation of the GR gene and, in their children, increased levels of salivary
cortisol at the age of three months [95].

It has also been demonstrated that RNA molecules serve as mediators of intergenera-
tional olfactory fear conditioning experiences in mice [96]: RNA acquired from conditioned
FO males that was injected into naive zygotes mediated a transmission of enhanced neu-
roanatomy and sensitivity to a specific odour. Gapp et al. [97] had shown that inheritance
of the traumatised phenotype in mice is mediated by two types of RNA molecules acting
in conjunction: long RNAs injected into a naive zygote lead in the developing individuals
to a later tendency to overeating, insulin sensitivity, and risk-taking in adulthood, while
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the short RNAs seem responsible for a tendency to depressive behaviour and greater
overweight.

All of the examples mentioned in this section are not TEI studies, but they do point to
an involvement of universal phenomena associated also with TEL

3.2. War Experience and Famine

A well-known example of epigenetic inheritance in humans is the Hungry Winter, that
is, the Dutch famine in the winter of 1944/1945. A sample from this population had been
included in a long-term study on several generations. It showed that people exposed to the
famine in utero during the sensitive window of early gestation had a higher occurrence
of heart disease [98], higher blood pressure at a younger age [99], and an increased risk of
schizophrenia [100]. Moreover, women who were exposed to the famine in utero reported
more often that their progeny (F2) were in poor health in later life and had a tendency
to obesity [101]. What is not clear is the extent to which these effects are just intergener-
ational, i.e., not a case of TEI, and some studies indeed report it as a transgenerational
effect [101,102]. Along similar lines, data from the Overkalix cohort showed sex-specific
effects when the grandfather’s experience of famine was associated with a mortality rate
of their grandsons that was more elevated than in the case of grandmothers and grand-
daughters [30]. Similarly, people who experienced famine during the siege of Leningrad,
either as children or in utero, had a higher prevalence of hypertension and shorter telomere
length [103].

A review by Lumey et al. [104] showed that there is a consistent relation between
famine experienced in utero and adult body size together with health consequences such
as diabetes or schizophrenia. In contrast, it had been shown that undernutrition of the
grandfathers or grandmothers around the period of slow growth in humans (around 9 years
of age) was associated with higher mental health scores in the third generation, that is, in
their grandchildren [105]. The timing of exposure to trauma or stress within the life of an
individual may also play a significant role in the outcome.

The impact of traumatic experience on people who experienced the Holocaust has
been studied by Rachel Yehuda [106]. Her studies focus mostly on intergenerational
transmission. They show, for instance, that the offspring of Holocaust survivors have a
higher prevalence of PTSD and other psychiatric diagnoses than the controls do, although
these descendants did not experience traumatic events themselves [107]. Another study
showed a similar effect for grandchildren of Holocaust survivors and the association of this
effect with hypomethylation of the gene for cortisol [108]. Maternal (but not paternal) PTSD
was also associated with a higher glucocorticoid sensitivity in the offspring of Holocaust
survivors [109]. Kertes et al. [110] show the effect of chronic maternal stress and war trauma
on methylation of key genes which regulate the HPA axis (FKBP5, NR3C1, CRHBP and
CRH). Elevated cytosine methylations of FKBP5 in Holocaust survivors and their adult
offspring have also been demonstrated by research conducted by Yehuda [111].

In the case of Holocaust, the effects can be just as easily explained by behavioural
transmission, which can likewise leave an epigenetic mark. It is highly likely that, in
natural systems, the processes of social transmission and epigenetic modifications mutually
reinforce and feed into each other. In humans, it is extremely difficult to exclude explanation
by social transmission. For instance, in the case of offspring of Holocaust survivors,
although they were not directly affected by the same experience as their parents, living
with a traumatised individual who had been affected by such traumatising experiences can
in itself have an impact. The offspring’s behavioural reaction can be triggered by feelings
of guilt or excessive identification in reaction to being exposed to the parents” (or even
the whole community’s) experience from their narratives. Aside from that, the parents
may display symptoms of PTSD and the children may mirror them. Children of Holocaust
survivors for instance often felt rejected by a parent, felt inappropriately high level of
responsibility for a parent at a young age, or guilt over the losses their parents experienced
in their lives. Aside from that, parents who experienced the Holocaust may downplay their
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children’s life experiences and contrast them to the Holocaust or may instil in them an
exaggerated fear of the outside world and a general feeling of distrust [112]. It all depends
on the manner and level to which the parent was able to cope with the abnormal experience
and how that was then reflected in the parent’s behaviour.

Nevertheless, it ought to be noted that a meta-analysis by van IJzendoorn et al. [113]
found no signs of secondary traumatization in children of Holocaust survivors: only studies
on those who already had a clinical diagnosis related to mental health showed this effect.

Similarly, Gapp et al. [114] showed in case of mice that separation of newborn offspring
from their mothers can be beneficial. In fact, males (but not females) whose mothers were
stressed and separated from them shortly after birth showed a greater behavioural flexibility
and better goal-directed behaviour in adulthood than the controls did. For instance, they
learned more quickly to select a preferred food source although they had to wait for it for
a longer time, and they quickly learned changed rules of the game. These changes were
accompanied by histone modifications of the mineralocorticoid receptor gene (which is in
humans associated with depression), and its reduced expression in the hippocampus, as
well as heritable changes in DNA methylation in the sperm. The authors believe that early
traumatic experience is not necessarily evaluated as negative or positive—it is assessed
contextually. In this case, the experience of separation from mother may have promoted an
adaptive response in the body which manifested itself in adulthood as an increased ability
to cope with adversity.

Similarly, studies from Israel report that subsequent generations of Holocaust sur-
vivors demonstrate resilience, do not suffer from a higher incidence of psychopathol-
ogy [115], and some individuals in fact report greater life satisfaction. A similar pattern has
been found specifically among grandchildren of Holocaust survivors [116].

4. Transgenerational Epigenetic Inheritance
4.1. Fearful Experiences

A study on heritability of olfactory preferences in mice [117] had attracted significant
attention. In this study, researchers repeatedly exposed male FO generation mice to electric
shocks in the presence of the smell of acetophenone. Each shock lasted quarter of a second,
was 0.4 mA in strength, and the shocks were repeated five times with three-minute breaks
at various times for three days. The male mouse subjects became hypersensitive to the
smell of acetophenone. Surprisingly, though, their offspring in F1 and F2 also showed
hypersensitive reactions to the presence of acetophenone although they had never been
exposed to any painful conditioning and other odours did not have a similar effect on
them. After obtaining the methylation profile from the sperm of all three generations,
the researchers observed a demethylation of the M71 receptor gene, which is a receptor
for acetophenone. Increased activity of this locus due to demethylation thus led to an
increased level of these receptors in the brain and an increase in the size of the olfactory
bulb for acetophenone, i.e., the area of the brain which processes specifically just this odour.
The control group of males that were exposed to acetophenone without the presence of
electroshock did not show these changes in the brain or their DNA.

To rule out social transmission, the researchers used cross-fostering experiments (the
offspring of traumatised fathers were raised by other parents) and artificial insemina-
tion (they used the sperm of conditioned males to inseminate naive, i.e., control, non-
traumatised females at the other end of the campus). These verifications yielded the same
result, i.e., offspring hypersensitive to the smell of acetophenone who had—in comparison
to controls—an enlarged area of the brain that is responsible for processing the smell.
Based on a commonly used cognitive behavioural strategy called extinction [118,119], the
authors later showed that the effects of traumatic experience can be reversed by retraining,
specifically by positive conditioning in a safe environment. Mice exposed to a particular
signal without any negative conditioning gradually became desensitised to the odour. They
also lost the epigenetic modifications associated with this experience and the abovemen-
tioned physiological changes in the brain likewise disappeared. Similarly, a study that
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focused on environmental enrichment, i.e., on improved environment in which mice are
kept in conjunction with increased physical activity, had shown that these changes had a
positive effect on synapse plasticity, learning ability, and memory [120]. This study has also
described novel microRNA molecules responsible for transmission of this effect between
generations, but in this particular case, we can speak only of an intergenerational effect.

4.2. Separation Trauma

Separation trauma and its possible role in TEI has been studied by Isabelle Mansuy and
her team [121]. They repeatedly separated male pups at unexpected and irregular intervals
from their mothers. When the mothers returned, they were stressed out and consequently
ignored their pups. The study showed that the males later exhibited a behaviour pattern
analogous to human depressive behaviour and were more anxious in adulthood. Mansuy
and her team moreover identified ncRNA molecules in the sperm of the traumatised males
which are probably responsible for transmission of the traumatised phenotype. To rule out
social transmission, they injected these ncRNAs into the cells of embryos obtained from non-
traumatised parents—and individuals that developed from these embryos displayed the
same behavioural patterns as the traumatised males. This is the first time it has been shown
that behaviour can be inherited through injection of ncRNA. Again, social transmission
was eliminated: the traumatised males mated with naive females but were subsequently
excluded from the experiment and thus had no contact with the offspring.

In this study, the researchers also introduced crossover experiments—with analogous
results. In conclusion, one can see that in all these procedures the traumatised phenotype
always reappeared in subsequent generations. This study had thus demonstrated a gen-
uinely transgenerational transmission which lasted in some cases for up to five generations.
In nature, social transmission undoubtedly plays an important role in these processes but
in this instance, the researchers only wanted to test for TEL Similarly, in a mouse model,
Rodgers et al. [122] showed transgenerational epigenetic inheritance of parental stressed
phenotype was mediated by nine types of microRNAs injected in naive zygotes.

Isabelle Mansuy and her team [123] also worked with a group of orphans from Pakistan
aged 7-12 years. These children reportedly had higher levels of miRNAs (in particular
miR-16 and miR-375) in their blood serum. These RNAs were also found in higher amounts
in the sperm of older individuals (18-25 years) who had a similar life experience (loss of a
parent). It is thought that these molecules may persist in the body into adulthood.

Van Steenwyk at al. [124] demonstrated a consistency in TEI of behavioural and
metabolic phenotypes up to the third (transmission of depressive behaviour) and fourth
(transmission of glucose dysregulation and risk-taking behaviour) generation of paternal
postnatal trauma in mice.

5. Back to Methodology: Difficulties with TEI Studies

Even if the right methodological procedures are in place (see Methodology of TEI),
studies on TEI face numerous challenges. Some critics [125] note that the studies are
usually done on very small sample sizes in both humans and rodents. This is linked to
the type of model subject; in a similar way, it is difficult to acquire much evidence on TEI
in humans, both for ethical reasons and time requirements of such studies (i.e., data up
to F2 or F3 generation). Not surprisingly, therefore, studies based on mammalian models
thus lack robust replication and, as mentioned above in connection with the vinclozolin
exposure or maternal separation, the outcomes of such studies can be quite incompatible.

As Bohacek [80] emphasises, epigenetics is a highly interdisciplinary field which
involves molecular biology, psychology, endocrinology, neurobiology, and several other
disciplines. The methodological standards used (sample size, chosen strain) and the tech-
niques, terminology, and language vary greatly. The breeding style of model animals, their
nutrition, types of stressors, specific details of the IVF practices or behavioural testing, etc.,
can have an impact on changes of patterns of epigenetic modifications and consequently on
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inconsistencies between the studies. As if that were not enough, many studies also show
that there are sex-specific differences in epigenetic and behavioural outcomes.

In addition, when one wants to avoid social transmission, the use of IVF in association
with the stimulation of ovaries, triggering of superovulation, manipulation of oocytes
in vitro, or other procedures can in themselves lead to artificially introduced epigenetic
changes [80] because these procedures take place during a highly sensitive period of
epigenetic reprogramming.

6. Discussion

From the perspective of the history of epigenetics, namely the long-recognised theory
of separation of the somatic and germinal line. It is especially interesting to show TEI in
mammals because in their case it has been rejected for a long time. Discussions about the
relevance and even existence of TEl in mammals continue [126-129]. When considering
TEI, there are two camps. There are those who believe it is a real phenomenon clearly
in need of further research (e.g., authors cited in this review doing experiments on TEI)
and, on the other hand, there are scholars who are sceptical of TEI, especially in case of
humans [127] or considering studies related to vincozolin [130].

Scholars who do not believe in existence of TEI tend to emphasise genetic inheritance
over the epigenetic one and often claim that epigenetic inheritance is almost always as-
sociated with the defence of sex cells against transposons, viruses, or transgenes. They
often use the example of secondary epimutation, citing cases when DNA methylation
of a gene is associated with mutation of a neighbouring gene [131] which removes the
transcription termination signal. Consequently, expression of the mutated gene leads to
abnormal promotor methylation and gene silencing, and that eventually leads to disease.
When the mutated gene is active also in the germ cell, methylation can also take place but
technically, this is not TEIL. Some opponents of TEI claim that all epigenetic processing is
gene-driven in a similar manner and that epigenetic marks do not survive reprogramming;
therefore, they conclude one cannot speak about TEI [132]. Additionally, epimutations
are believed to be rarely heritable or adaptive—they are usually considered to be merely
noise [133].

On top of that, the pathways of signals from the brain to the sex cells are often unknown
and the evidence regarding a causal mechanism of such transmission in often missing (e.g.,
the study on heritability of olfactory preferences [117]). Consequently, scientists are careful
not to posit in their interpretation of results any causal links between signals from the
environment, molecular data (such as methylation of certain sequences) and phenotypic
traits. This applies especially to the impact of complex events, such as individual traumatic
experience [80].

In defence of epigenetics, one should note that epigenetic modifications are reversible
by definition, so we cannot expect the same stability as in genetic inheritance. Yet, such a
stability requirement is inherently assumed when arguing that DNA methylation marks
cannot be erased during cellular reprogramming if we are to speak about genuine epi-
genetic inheritance. In eukaryotic genetic inheritance, although the genetic transcript
mutates, it is constantly stabilised by various processes in the cell and stably passed on
to the next generation. The dynamics of epigenetic processes, however, is often difficult
to capture. The modifications are numerous and some constantly rewritten and deleted.
In short, some of these processes are inherently reversible, and therefore unstable. Often
it is hard to decide whether they are induced randomly or in reaction to the environ-
ment. Moreover, incomplete epigenetic resetting is regarded as adaptive in fluctuating
environments [134,135].

Nevertheless, the aforementioned exosomes loaded with RNA molecules—which,
among other things, enrich sperm during their maturation in the epididymis—may be of
crucial significance for future epigenetic research. In theory, if sex cells acquire regulatory
RNA molecules from somatic cells, DNA in the sex cell itself may not carry as many memory
traces (methylation and modification of histone proteins) because the RNAs themselves
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are capable of rewriting these memory traces in each successive generation. To make this
even more complicated, Gapp and Bohacek [72] report that sperm RNAs found in fathers
does not have to be the same in the offspring, although behavioural and metabolic changes
were transmitted [121,136,137]. They hypothesize that sperm RNAs initiate TEI in the first
transmission (F0 to F1), but in the transmission of the signal to the F2 generation another
epigenetic process (e.g., chromatin modification) can take over.

7. Conclusions

Examples of transgenerational epigenetic inheritance show that changes in gene regula-
tion, which can be inherited over several generations, respond plastically to environmental
signals, and can therefore be thought of as acquired adaptations. We cannot speak of ac-
quired traits, but rather of acquired states of gene regulation [138]. In addition, one should
not extrapolate and conclude that all behaviour or experience are epigenetically inherited.
Our knowledge of this topic is still focused mainly on experiences such as contact with
environmental toxins, preparation for energy deficits, or other possible stress situations. It
is yet to be seen to what extent this epigenetic variation has an impact on adaptive fitness
or whether epivariation is just noise—as some claim.

Jablonka [81] and others believe [6,139] that all these new findings are changing our
view of evolution. They argue that epigenetic processes should be included in the theory
of evolution as novel processes leading to the emergence of adaptive traits, as processes
which may in fact represent a much faster and more plastic response to environmental
changes than waiting for random mutations. Epigenetic processes can also explain the
phenomenon of phenotypic accommodation by Eberhard [140], which unifies the Baldwin
effect [141] and Waddington assimilation [142,143]. Epigenetic changes can also influence
genetic changes. Methylated cytosines can affect the DNA sequence through spontaneous
hydrolytic deamination of cytosine to uracil, which can—in a few additional steps and
with the help of repair enzymes—lead to an A = T base pair in place of the previous
G = C pair [144]. Hypermethylated genomic stretches then often correlate with higher
mutation rates in these regions [145] and chromatin organization can contribute to mutation
rates [146]. In addition, the abovementioned examples point to a missing link in the eternal
nature vs. nurture debate, which may eventually become obsolete. TEI also has bearing on
the discussion on possible evolution of instincts, where instinct is thought of as an originally
learned behaviour that in a sense represents the memory of our ancestors [81,147,148].

To decide to what extent TEI is adaptive, especially in organisms with long generation
times such as humans, will require more work in the field. However, there are already
studies outside the focus of this review [149,150]. In addition, further studies on exosomes,
which could help explain the communication between soma and germ, will be necessary.
Such research should include genome- and epigenome-wide studies which could shed
more light on the details of interactions among chromatin structure and its modifications,
RNAs, and the genome.

Fundving: This research was funded by the Czech Science Foundation, grant No. 20-16633S, recipient
Jana Svorcova.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Acknowledgments: I am grateful to Anna Pilatova for her proofreading and editing.

Conflicts of Interest: The author declares no conflict of interest.

References
1. Mattei, A.L.; Bailly, N.; Meissner, A. DNA methylation: A historical perspective. Trends Genet. 2022, 38, 676-707. [CrossRef]
[PubMed]

2. Waddington, C.H. The Epigenotype. 1942. Int. |. Epidemiol. 2012, 41, 10-13. [CrossRef] [PubMed]


http://doi.org/10.1016/j.tig.2022.03.010
http://www.ncbi.nlm.nih.gov/pubmed/35504755
http://doi.org/10.1093/ije/dyr184
http://www.ncbi.nlm.nih.gov/pubmed/22186258

Genes 2023, 14, 120 15 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

Newman, S.A.; Forgacs, G.; Miiller, G.B. Before programs: The physical origination of multicellular forms. Int. J. Dev. Biol. 2006,
50, 289-299. [CrossRef] [PubMed]

Brink, R.A. Paramutation. Annu. Rev. Genet. 1973, 7, 129-152. [CrossRef] [PubMed]

Jablonka, E.; Lamb, M. Epigenetic Inheritance and Evolution: The Lamarckian Dimension; Oxford University Press: Oxford, UK, 1995.
Markos, A.; Svorcovd, J. Epigenetic Processes and the Evolution of Life; Taylor and Francis: Abingdon, UK; CRC Press: Boca Raton,
FL, USA, 2019.

Schmitz, R.J.; Ecker, J.R. Epigenetic and epigenomic variation in Arabidopsis thaliana. Trends Plant Sci. 2012, 17, 149-154. [CrossRef]
[PubMed]

Verhoeven, K.J.F; Jansen, ].J.; van Dijk, PJ.; Biere, A. Stress-induced DNA methylation changes and their heritability in asexual
dandelions. New Phytol. 2010, 185, 1108-1118. [CrossRef] [PubMed]

Cubas, P.; Vincent, C.; Coen, E. An epigenetic mutation responsible for natural variation in floral symmetry. Nature 1999, 401,
157-161. [CrossRef]

Yu, R.; Wang, X.; Moazed, D. Epigenetic inheritance mediated by coupling of RNAi and histone H3K9 methylation. Nature 2018,
558, 615-619. [CrossRef] [PubMed]

Seong, K.-H.; Li, D.; Shimizu, H.; Nakamura, R.; Ishii, S. Inheritance of stress-induced, ATF-2-dependent epigenetic change. Cell
2011, 145, 1049-1061. [CrossRef]

Bantignies, F.; Grimaud, C.; Lavrov, S.; Gabut, M.; Cavalli, G. Inheritance of polycomb-dependent chromosomal interactions in
Drosophila. Genes Dev. 2003, 17, 2406-2420. [CrossRef]

Greer, E.L.; Maures, T.].; Ucar, D.; Hauswirth, A.G.; Mancini, E.; Lim, ].P,; Benayoun, B.A.; Shi, Y.; Brunet, A. Transgenerational
epigenetic inheritance of longevity in Caenorhabditis elegans. Nature 2011, 479, 365-371. [CrossRef]

Rechavi, O.; Houri-Ze'evi, L.; Anava, S.; Goh, W.S.S,; Kerk, S.Y.; Hannon, G.J.; Hobert, O. Starvation-Induced Transgenerational
Inheritance of Small RNAs in C. elegans. Cell 2014, 158, 277-287. [CrossRef] [PubMed]

Greer, E.L.; Beese-Sims, S.E.; Brookes, E.; Spadafora, R.; Zhu, Y.; Rothbart, S.B.; Aristizabal-Corrales, D.; Chen, S.; Badeaux, A.L;
Jin, Q.; et al. A histone methylation network regulates transgenerational epigenetic memory in C. elegans. Cell Rep. 2014, 7,
113-126. [CrossRef] [PubMed]

Schwartz-Orbach, L.; Zhang, C.; Sidoli, S.; Amin, R.; Kaur, D.; Zhebrun, A.; Ni, J.; Gu, S.G. Caenorhabditis elegans nuclear RNAi
factor SET-32 deposits the transgenerational histone modification, H3K23me3. Elife 2020, 9, €54309. [CrossRef] [PubMed]
Morgan, H.D.; Sutherland, H.; Martin, D.I.; Whitelaw, E. Epigenetic inheritance at the agouti locus in the mouse. Nat. Genet. 1999,
23, 314-318. [CrossRef] [PubMed]

Waterland, R.A.; Jirtle, R.L. Transposable Elements: Targets for Early Nutritional Effects on Epigenetic Gene Regulation. Mol. Cell.
Biol. 2003, 23, 5293-5300. [CrossRef]

Cropley, ].E.; Suter, C.M.; Beckman, K.B.; Martin, D.LK. Germ-line epigenetic modification of the murine A% allele by nutritional
supplementation. Proc. Natl. Acad. Sci. USA 2006, 103, 17308-17312. [CrossRef] [PubMed]

Blewitt, M.; Vickaryous, N.K.; Paldi, A.; Koseki, H.; Whitelaw, E. Dynamic reprogramming of DNA methylation at an epigeneti-
cally sensitive allele in mice. PLoS Genet. 2006, 2, e49. [CrossRef] [PubMed]

Wolff, G.L. Influence of maternal phenotype on metabolic differentiation of agouti locus mutants in the mouse. Genetics 1978, 88,
529-539. [CrossRef] [PubMed]

Flood, W.D.; Ruvinsky, A. Alternative splicing and expressivity of the AxinF allele in mice. Heredity 2001, 87, 146-152. [CrossRef]
Waterland, R.A.; Dolinoy, D.C.; Lin, J.-R.; Smith, C.A.; Shi, X.; Tahiliani, K.G. Maternal Methyl Supplements Increase Offspring
DNA methylation at Axin Fused. Genesis 2006, 44, 401-406. [CrossRef] [PubMed]

Bertozzi, TM.; Ferguson-Smith, A.C. Metastable epialleles and their contribution to epigenetic inheritance in mammals. Semin.
Cell Dev. Biol. 2020, 97,93-105. [CrossRef]

Weyrich, A.; Benz, S.; Karl, S.; Jeschek, M.; Jewgenow, K.; Fickel, ]. Paternal heat exposure causes DNA methylation and gene
expression changes of Stat3 in Wild guinea pig sons. Ecol. Evol. 2016, 6, 2657-2666. [CrossRef] [PubMed]

Rosenberg, T.; Marco, A.; Kisliouk, T.; Haron, A.; Shinder, D.; Druyan, S.; Meiri, N. Embryonic heat conditioning in chicks induces
transgenerational heat/immunological resilience via methylation on regulatory elements. FASEB ]. 2022, 36, €22406. [CrossRef]
[PubMed]

Lillycrop, K.A.; Phillips, E.S.; Jackson, A.A.; Hanson, M.A.; Burdge, G.C. Dietary Protein Restriction of Pregnant Rats Induces and
Folic Acid Supplementation Prevents Epigenetic Modification of Hepatic Gene Expression in the Offspring. J. Nutr. 2005, 135,
1382-1386. [CrossRef]

Dunn, G.A; Bale, T.L. Maternal high-fat diet effects on third-generation female body size via the paternal lineage. Endocrinology
2011, 152, 2228-2236. [CrossRef]

Ghoshal, K; Li, X.; Datta, J.; Bai, S.; Pogribny, I.; Pogribny, M.; Huang, Y.; Young, D.; Jacob, S.T. A Folate- and Methyl-Deficient
Diet Alters the Expression of DNA Methyltransferases and Methyl CpG Binding Proteins Involved in Epigenetic Gene Silencing
in Livers of F344 Ratsl1. J. Nutr. 2006, 136, 1522-1527. [CrossRef]

Pembrey, M.E.; Bygren, L.O.; Kaati, G.; Edvinsson, S.; Northstone, K.; Sjostrom, M.; Golding, J.; the ALSPAC Study Team.
Sex-specific, male-line transgenerational responses in humans. Eur. . Hum. Genet. 2006, 14, 159-166. [CrossRef]

Vassoler, EM.; Johnson, N.L.; Byrnes, E.M. Female adolescent exposure to cannabinoids causes transgenerational effects on
morphine sensitization in female offspring in the absence of in utero exposure. J. Psychopharmacol. 2013, 27, 1015-1022. [CrossRef]


http://doi.org/10.1387/ijdb.052049sn
http://www.ncbi.nlm.nih.gov/pubmed/16479496
http://doi.org/10.1146/annurev.ge.07.120173.001021
http://www.ncbi.nlm.nih.gov/pubmed/4361265
http://doi.org/10.1016/j.tplants.2012.01.001
http://www.ncbi.nlm.nih.gov/pubmed/22342533
http://doi.org/10.1111/j.1469-8137.2009.03121.x
http://www.ncbi.nlm.nih.gov/pubmed/20003072
http://doi.org/10.1038/43657
http://doi.org/10.1038/s41586-018-0239-3
http://www.ncbi.nlm.nih.gov/pubmed/29925950
http://doi.org/10.1016/j.cell.2011.05.029
http://doi.org/10.1101/gad.269503
http://doi.org/10.1038/nature10572
http://doi.org/10.1016/j.cell.2014.06.020
http://www.ncbi.nlm.nih.gov/pubmed/25018105
http://doi.org/10.1016/j.celrep.2014.02.044
http://www.ncbi.nlm.nih.gov/pubmed/24685137
http://doi.org/10.7554/eLife.54309
http://www.ncbi.nlm.nih.gov/pubmed/32804637
http://doi.org/10.1038/15490
http://www.ncbi.nlm.nih.gov/pubmed/10545949
http://doi.org/10.1128/MCB.23.15.5293-5300.2003
http://doi.org/10.1073/pnas.0607090103
http://www.ncbi.nlm.nih.gov/pubmed/17101998
http://doi.org/10.1371/journal.pgen.0020049
http://www.ncbi.nlm.nih.gov/pubmed/16604157
http://doi.org/10.1093/genetics/88.3.529
http://www.ncbi.nlm.nih.gov/pubmed/640377
http://doi.org/10.1046/j.1365-2540.2001.00868.x
http://doi.org/10.1002/dvg.20230
http://www.ncbi.nlm.nih.gov/pubmed/16868943
http://doi.org/10.1016/j.semcdb.2019.08.002
http://doi.org/10.1002/ece3.1993
http://www.ncbi.nlm.nih.gov/pubmed/27066228
http://doi.org/10.1096/fj.202101948R
http://www.ncbi.nlm.nih.gov/pubmed/35713935
http://doi.org/10.1093/jn/135.6.1382
http://doi.org/10.1210/en.2010-1461
http://doi.org/10.1093/jn/136.6.1522
http://doi.org/10.1038/sj.ejhg.5201538
http://doi.org/10.1177/0269881113503504

Genes 2023, 14, 120 16 of 20

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Gangisetty, O.; Chaudhary, S.; Palagani, A.; Sarkar, D.K. Transgenerational inheritance of fetal alcohol effects on proopi-
omelanocortin gene expression and methylation, cortisol response to stress, and anxiety-like behaviors in offspring for three
generations in rats: Evidence for male germline transmission. PLoS ONE 2022, 17, €0263340. [CrossRef]

Uzumcu, M.; Suzuki, H.; Skinner, M.K. Effect of the anti-androgenic endocrine disruptor vinclozolin on embryonic testis cord
formation and postnatal testis development and function. Reprod. Toxicol. 2004, 18, 765-774. [CrossRef] [PubMed]

Anway, M.D.; Cupp, A.S.; Uzumcu, M.; Skinner, M.K. Toxicology: Epigenetic transgenerational actions of endocrine disruptors
and male fertility. Science 2005, 308, 1466-1469. [CrossRef] [PubMed]

Anway, M.D,; Leathers, C.; Skinner, M.K. Endocrine disruptor vinclozolin induced epigenetic transgenerational adult-onset
disease. Endocrinology 2006, 147, 5515-5523. [CrossRef] [PubMed]

Crews, D.; Gore, A.C.; Hsu, T.S.; Dangleben, M.; Spinetta, N.L.; Schallert, T.; Anway, M.K.; Skinner, M.D. Transgenerational
epigenetic imprints on mate preference. Proc. Natl. Acad. Sci. USA 2007, 104, 5942-5946. [CrossRef] [PubMed]

Schuster, A.; Skinner, M.K.; Yan, W. Ancestral vinclozolin exposure alters the epigenetic transgenerational inheritance of sperm
small noncoding RNAs. Environ. Epigenetics 2016, 2, dvw001. [CrossRef]

Igbal, K.; Tran, D.A.; Li, A.X.; Warden, C.; Bai, A.Y.; Singh, P.; Wu, X.; Pfeifer, G.P.; Szab6, P.E. Deleterious effects of endocrine
disruptors are corrected in the mammalian germline by epigenome reprogramming. Genome Biol. 2015, 16, 59. [CrossRef]
Salian, S.; Doshi, T.; Vanage, G. Perinatal exposure of rats to Bisphenol A affects the fertility of male offspring. Life Sci. 2009, 85,
742-752. [CrossRef]

Bruner-Tran, K.L.; Osteen, K.G. Developmental exposure to TCDD reduces fertility and negatively affects pregnancy outcomes
across multiple generations. Reprod. Toxicol. 2011, 31, 344-350. [CrossRef]

Nilsson, E.; Larsen, G.; Manikkam, M.; Guerrero-Bosagna, C.; Savenkova, M.I; Skinner, M.K. Environmentally induced epigenetic
transgenerational inheritance of ovarian disease. PLoS ONE 2012, 7, €36129. [CrossRef]

Mbiydzenyuy, N.E.; Hemmings, S.M.].; Qulu, L. Prenatal maternal stress and offspring aggressive behavior: Intergenerational
and transgenerational inheritance. Front. Behav. Neurosci. 2022, 16, 977416. [CrossRef]

Fitz-James, M.H.; Cavalli, G. Molecular mechanisms of transgenerational epigenetic inheritance. Nat. Rev. Genet. 2022, 23,
325-341. [CrossRef] [PubMed]

Sun, Q.; Huang, S.; Wang, X.; Zhu, Y.; Chen, Z.; Chen, D. Né—methyladenine functions as a potential epigenetic mark in eukaryotes.
Bioessays 2015, 37, 1155-1162. [CrossRef] [PubMed]

Klungland, A.; Robertson, A.B. Oxidized C5-methyl cytosine bases in DNA: 5-Hydroxymethylcytosine; 5-formylcytosine; and
5-carboxycytosine. Free. Radic. Biol. Med. 2017, 107, 62-68. [CrossRef]

Barlow, D.P; Stoger, R.; Herrmann, B.G.; Saito, K.; Schweifer, N. The mouse insulin-like growth factor type-2 receptor is imprinted
and closely linked to the Tme locus. Nature 1991, 354, 56-58. [CrossRef] [PubMed]

Santini, L.; Halbritter, F; Titz-Teixeira, F.; Suzuki, T.; Asami, M.; Ma, X.; Ramesmayer, J.; Lackner, A.; Warr, N.; Pauler, F; et al.
Genomic imprinting in mouse blastocysts is predominantly associated with H3K27me3. Nat. Commun. 2021, 12, 3804. [CrossRef]
[PubMed]

Butler, M.G. Imprinting disorders in humans: A review. Curr. Opin. Pediatr. 2020, 32, 719-729. [CrossRef] [PubMed]

Reik, W.; Dean, W.; Walter, J. Epigenetic reprogramming in mammalian development. Science 2001, 293, 1089-1093. [CrossRef]
[PubMed]

Wasson, J.A.; Ruppersburg, C.C.; Katz, D.J. Restoring totipotency through epigenetic reprogramming. Brief. Funct. Genom. 2013,
12, 118-128. [CrossRef] [PubMed]

Tucci, V.; Isles, A.; Kelsey, G.; Ferguson-Smith, A.C.; the Erice Imprinting Group. Genomic Imprinting and Physiological Processes
in Mammals. Cell 2019, 176, 952-965. [CrossRef]

Lane, N.; Dean, W.; Erhardt, S.; Hajkova, P; Surani, A.; Reik, W. Resistance of IAPs to methylation reprogramming may provide a
mechanism for epigenetic inheritance in the mouse. Genesis 2003, 35, 88-93. [CrossRef] [PubMed]

Hackett, ].A.; Sengupta, R.; Zylicz, ].J.; Murakami, K.; Lee, C.; Down, T.A.; Surani, M.A. Germline DNA demethylation dynamics
and imprint erasure through 5-hydroxymethylcytosine. Science 2013, 339, 448-452. [CrossRef] [PubMed]

Seisenberger, S.; Andrews, S.; Krueger, F.; Arand, J.; Walter, ].; Santos, E.; Popp, C.; Thienpont, B.; Dean, W.; Reik, W. The Dynamics
of Genome-wide DNA Methylation Reprogramming in Mouse Primordial Germ Cells. Mol. Cell 2012, 48, 849-862. [CrossRef]
Kremsky, I.; Corces, V.G. Protection from DNA re-methylation by transcription factors in primordial germ cells and pre-
implantation embryos can explain trans-generational epigenetic inheritance. Genome Biol. 2020, 21, 118. [CrossRef] [PubMed]
Nakamura, T; Liu, Y.-J.; Nakashima, H.; Umehara, H.; Inoue, K.; Matoba, S.; Tachibana, M.; Ogura, A.; Shinkai, Y.; Nakano,
T. PGC7 binds histone H3K9me?2 to protect against conversion of 5mC to 5hmC in early embryos. Nature 2012, 486, 415-419.
[CrossRef]

Kouzarides, T. Chromatin modifications and their function. Cell 2007, 128, 693-705. [CrossRef] [PubMed]

Zhu, D.; Zhang, Y.; Wang, S. Histone citrullination: A new target for tumors. Mol. Cancer 2021, 20, 90. [CrossRef] [PubMed]

Shi, H.; Wei, ].; He, C. Where, When, and How: Context-Dependent Functions of RNA Methylation Writers, Readers, and Erasers.
Mol. Cell 2019, 74, 640-650. [CrossRef] [PubMed]

Gaydos, L.J.; Wang, W.; Strome, S. H3K27me and PRC2 transmit a memory of repression across generations and during
development. Science 2014, 345, 1515-1518. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0263340
http://doi.org/10.1016/j.reprotox.2004.05.008
http://www.ncbi.nlm.nih.gov/pubmed/15279874
http://doi.org/10.1126/science.1108190
http://www.ncbi.nlm.nih.gov/pubmed/15933200
http://doi.org/10.1210/en.2006-0640
http://www.ncbi.nlm.nih.gov/pubmed/16973726
http://doi.org/10.1073/pnas.0610410104
http://www.ncbi.nlm.nih.gov/pubmed/17389367
http://doi.org/10.1093/eep/dvw001
http://doi.org/10.1186/s13059-015-0619-z
http://doi.org/10.1016/j.lfs.2009.10.004
http://doi.org/10.1016/j.reprotox.2010.10.003
http://doi.org/10.1371/journal.pone.0036129
http://doi.org/10.3389/fnbeh.2022.977416
http://doi.org/10.1038/s41576-021-00438-5
http://www.ncbi.nlm.nih.gov/pubmed/34983971
http://doi.org/10.1002/bies.201500076
http://www.ncbi.nlm.nih.gov/pubmed/26293475
http://doi.org/10.1016/j.freeradbiomed.2016.11.038
http://doi.org/10.1038/349084a0
http://www.ncbi.nlm.nih.gov/pubmed/1845916
http://doi.org/10.1038/s41467-021-23510-4
http://www.ncbi.nlm.nih.gov/pubmed/34155196
http://doi.org/10.1097/MOP.0000000000000965
http://www.ncbi.nlm.nih.gov/pubmed/33148967
http://doi.org/10.1126/science.1063443
http://www.ncbi.nlm.nih.gov/pubmed/11498579
http://doi.org/10.1093/bfgp/els042
http://www.ncbi.nlm.nih.gov/pubmed/23117862
http://doi.org/10.1016/j.cell.2019.01.043
http://doi.org/10.1002/gene.10168
http://www.ncbi.nlm.nih.gov/pubmed/12533790
http://doi.org/10.1126/science.1229277
http://www.ncbi.nlm.nih.gov/pubmed/23223451
http://doi.org/10.1016/j.molcel.2012.11.001
http://doi.org/10.1186/s13059-020-02036-w
http://www.ncbi.nlm.nih.gov/pubmed/32423419
http://doi.org/10.1038/nature11093
http://doi.org/10.1016/j.cell.2007.02.005
http://www.ncbi.nlm.nih.gov/pubmed/17320507
http://doi.org/10.1186/s12943-021-01373-z
http://www.ncbi.nlm.nih.gov/pubmed/34116679
http://doi.org/10.1016/j.molcel.2019.04.025
http://www.ncbi.nlm.nih.gov/pubmed/31100245
http://doi.org/10.1126/science.1255023
http://www.ncbi.nlm.nih.gov/pubmed/25237104

Genes 2023, 14, 120 17 of 20

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Hammoud, S.S.; Nix, D.A.; Zhang, H.; Purwar, J.; Carrell, D.T.; Cairns, B.R. Distinctive chromatin in human sperm packages
genes for embryo development. Nature 2009, 460, 473-478. [CrossRef] [PubMed]

Brunner, A.M.; Nanni, P; Mansuy, L M. Epigenetic marking of sperm by post-translational modification of histones and protamines.
Epigenetics Chromatin 2014, 7, 2. [CrossRef]

Long, J.; Walker, ].; She, W.; Aldridge, B.; Gao, H.; Deans, S.; Vickers, M.; Feng, X. Nurse cell -derived small RNAs define paternal
epigenetic inheritance in Arabidopsis. Science 2021, 373, eabh0556. [CrossRef] [PubMed]

Peng, H.; Shi, ].; Zhang, Y.; Zhang, H.; Liao, S.; Li, W,; Lei, L.; Han, C.; Ning, L.; Cao, Y.; et al. A novel class of tRNA-derived small
RNAs extremely enriched in mature mouse sperm. Cell Res. 2012, 22, 1609-1612. [CrossRef] [PubMed]

Bohacek, J.; Rassoulzadegan, M. Sperm RNA: Quo vadis? Semin. Cell Dev. Biol. 2020, 97, 123-130. [CrossRef]

Sharma, U.; Conine, C.C.; Shea, ].M.; Boskovic, A.; Derr, A.G.; Bing, X.Y.; Belleannee, C.; Kucukural, A.; Serra, RW.; Sun, F;
et al. Biogenesis and function of tRNA fragments during sperm maturation and fertilization in mammals. Sciernce 2015, 6780, 1-9.
[CrossRef]

Rassoulzadegan, M.; Grandjean, V.; Gounon, P; Vincent, S.; Gillot, I.; Cuzin, F. RNA-mediated non-mendelian inheritance of an
epigenetic change in the mouse. Nature 2006, 441, 469-474. [CrossRef]

Grandjean, V.; Fourré, S.; De Abreu, D.AF,; Derieppe, M.-A.; Remy, ].-].; Rassoulzadegan, M. RNA-mediated paternal heredity of
diet-induced obesity and metabolic disorders. Sci. Rep. 2015, 5, 18193. [CrossRef]

Chen, Q.; Yan, M,; Cao, Z; Li, X.; Zhang, Y.; Shi, ].; Feng, G.-H.; Peng, H.; Zhang, X.; Zhang, Y.; et al. Sperm tsRNAs contribute to
intergenerational inheritance of an acquired metabolic disorder. Science 2016, 351, 397—-400. [CrossRef] [PubMed]

Sarker, G.; Sun, W.; Rosenkranz, D.; Pelczar, P.; Opitz, L.; Efthymiou, V.; Wolfrum, C.; Peleg-Raibstein, D. Maternal overnutrition
programs hedonic and metabolic phenotypes across generations through sperm tsRNAs. Proc. Natl. Acad. Sci. USA 2019, 116,
10547-10556. [CrossRef]

Zhang, Y.; Shi, J.; Rassoulzadegan, M.; Tuorto, F.; Chen, Q. Sperm RNA code programmes the metabolic health of offspring. Nat.
Rev. Endocrinol. 2019, 15, 489-498. [CrossRef]

Gapp, K.; Bohacek, ]J. Epigenetic germline inheritance in mammals: Looking to the past to understand the future. Genes Brain
Behav. 2017, 17, €12407. [CrossRef]

Cossetti, C.; Lugini, L.; Astrologo, L.; Saggio, I.; Fais, S.; Spadafora, C. Soma-to-germline transmission of RNA in mice xenografted
with human tumour cells: Possible transport by exosomes. PLoS ONE 2014, 9, €101629. [CrossRef] [PubMed]

Sharma, U.; Sun, E; Conine, C.C.; Reichholf, B.; Kukreja, S.; Herzog, V.A.; Ameres, S.L.; Rando, O.]. Small RNAs Are Trafficked
from the Epididymis to Developing Mammalian Sperm. Dev. Cell 2018, 46, 481-494.e6. [CrossRef]

Sharma, A. Transgenerational epigenetic inheritance: Focus on soma to germline information transfer. Prog. Biophys. Mol. Biol.
2013, 113, 439-446. [CrossRef] [PubMed]

Chan, J.C.; Nugent, B.M.; Morrison, K.E.; Jasarevi¢, E.; Bhanu, N.V.; Garcia, B.A.; Bale, T.L. Epididymal glucocorticoid receptors
promote intergenerational transmission of paternal stress. bioRxiv 2018, preprint. [CrossRef]

Shorter, J.; Lindquist, S. Prions as adaptive conduits of memory and inheritance. Nat. Rev. Genet. 2005, 6, 435-450. [CrossRef]
[PubMed]

Bonasio, R.; Tu, S.; Reinberg, D. Molecular signals of epigenetic states. Science 2010, 330, 612-616. [CrossRef]

Jablonka, E.; Raz, G. Transgenerational epigenetic inheritance: Prevalence, mechanisms, and implications for the study of heredity
and evolution. Q. Rev. Biol. 2009, 84, 131-176. [CrossRef]

Bohacek, J.; Mansuy, ].B.I.LM. A guide to designing germline-dependent epigenetic inheritance experiments in mammals. Nat.
Methods 2017, 14, 243-249. [CrossRef] [PubMed]

Jablonka, E. Epigenetic inheritance and plasticity: The responsive germline. Prog. Biophys. Mol. Biol. 2013, 111, 99-107. [CrossRef]
Komada, M.; Takao, K.; Miyakawa, T. Elevated Plus Maze for Mice. J. Vis. Exp. 2008, 22, 1088. [CrossRef]

Can, A.; Dao, D.T.; Arad, M.; Terrillion, C.E.; Piantadosi, S.C.; Gould, T.D. The mouse forced swim test. ]. Vis. Exp. 2012, 59, 3638.
[CrossRef]

Francis, D.D.; Meaney, M.]. Maternal care and the development of stress responses. Curr. Opin. Neurobiol. 1999, 9, 128-134.
[CrossRef]

Champagne, F.A,; Francis, D.D.; Mar, A.; Meaney, M.]. Variations in maternal care in the rat as a mediating influence for the
effects of environment on development. Physiol. Behav. 2003, 79, 359-371. [CrossRef] [PubMed]

Weaver, 1.C.; Cervoni, N.; Champagne, F.A.; D’Alessio, A.C.; Sharma, S.; Seckl, ].R.; Dymov, S.; Szyf, M.; Meaney, M.]. Epi-genetic
programming by maternal behavior. Nat. Neurosci. 2004, 7, 847-854. [CrossRef] [PubMed]

Timmermans, S.; Souffriau, J.; Libert, C. A general introduction to glucocorticoid biology. Front. Immunol. 2019, 10, 1545.
[CrossRef] [PubMed]

Babb, J.A.; Carini, L.M.; Spears, S.L.; Nephew, B.C. Transgenerational effects of social stress on social behavior, corticosterone,
oxytocin, and prolactin in rats. Horm. Behav. 2014, 65, 386-393. [CrossRef]

McGowan, P.O.; Sasaki, A.; D"Alessio, A.C.; Dymov, S.; Labonté, B.; Szyf, M.; Turecki, G.; Meaney, M.]. Epigenetic regulation of
the glucocorticoid receptor in human brain associates with childhood abuse. Nat. Neurosci. 2009, 12, 342-348. [CrossRef]
McCreary, ] K.; Truica, L.S.; Friesen, B.; Yao, Y.; Olson, D.M.; Kovalchuk, L; Cross, A.R.; Metz, G.A. Altered brain morphology and
functional connectivity reflect a vulnerable affective state after cumulative multigenerational stress in rats. Neuroscience 2016, 330,
79-89. [CrossRef] [PubMed]


http://doi.org/10.1038/nature08162
http://www.ncbi.nlm.nih.gov/pubmed/19525931
http://doi.org/10.1186/1756-8935-7-2
http://doi.org/10.1126/science.abh0556
http://www.ncbi.nlm.nih.gov/pubmed/34210850
http://doi.org/10.1038/cr.2012.141
http://www.ncbi.nlm.nih.gov/pubmed/23044802
http://doi.org/10.1016/j.semcdb.2019.07.005
http://doi.org/10.1126/science.aad6780
http://doi.org/10.1038/nature04674
http://doi.org/10.1038/srep18193
http://doi.org/10.1126/science.aad7977
http://www.ncbi.nlm.nih.gov/pubmed/26721680
http://doi.org/10.1073/pnas.1820810116
http://doi.org/10.1038/s41574-019-0226-2
http://doi.org/10.1111/gbb.12407
http://doi.org/10.1371/journal.pone.0101629
http://www.ncbi.nlm.nih.gov/pubmed/24992257
http://doi.org/10.1016/j.devcel.2018.06.023
http://doi.org/10.1016/j.pbiomolbio.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23257323
http://doi.org/10.1101/321976
http://doi.org/10.1038/nrg1616
http://www.ncbi.nlm.nih.gov/pubmed/15931169
http://doi.org/10.1126/science.1191078
http://doi.org/10.1086/598822
http://doi.org/10.1038/nmeth.4181
http://www.ncbi.nlm.nih.gov/pubmed/28245210
http://doi.org/10.1016/j.pbiomolbio.2012.08.014
http://doi.org/10.3791/1088
http://doi.org/10.3791/3638
http://doi.org/10.1016/S0959-4388(99)80016-6
http://doi.org/10.1016/S0031-9384(03)00149-5
http://www.ncbi.nlm.nih.gov/pubmed/12954431
http://doi.org/10.1038/nn1276
http://www.ncbi.nlm.nih.gov/pubmed/15220929
http://doi.org/10.3389/fimmu.2019.01545
http://www.ncbi.nlm.nih.gov/pubmed/31333672
http://doi.org/10.1016/j.yhbeh.2014.03.005
http://doi.org/10.1038/nn.2270
http://doi.org/10.1016/j.neuroscience.2016.05.046
http://www.ncbi.nlm.nih.gov/pubmed/27241944

Genes 2023, 14, 120 18 of 20

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Bohacek, J.; Farinelli, M.; Mirante, O.; Steiner, G.; Gapp, K.; Coiret, G.; Ebeling, M.; Durdn-Pacheco, G.; Iniguez, A.L.; Manuella, E;
et al. Pathological brain plasticity and cognition in the offspring of males subjected to postnatal traumatic stress. Mol. Psychiatry
2015, 20, 621-631. [CrossRef] [PubMed]

Labonte, B.; Yerko, V.; Gross, J.; Mechawar, N.; Meaney, M.].; Szyf, M.; Turecki, G. Differential glucocorticoid receptor exon 1 B,
1C, and 1 H expression and methylation in suicide completers with a history of childhood abuse. Biol. Psychiatry 2012, 72, 41-48.
[CrossRef]

De Bellis, M.D.; Chrousos, G.P.; Dorn, L.D.; Burke, L.; Helmers, K.; Kling, M.A.; Trickett, PK.; Putnam, EW. Hypothalamic-
Pituitary-Adrenal Axis Dysregulation in Sexually abused Girls. |. Clin. Endocrinol. Metab. 1994, 78, 249-255.

Vythilingam, M.; Heim, C.; Newport, D.J.; Miller, A.H.; Anderson, E.; Bronen, R.; Brummer, M.; Staib, L.; Vermetten, E.; Charney,
D.S.; et al. Childhood Trauma Associated With Smaller Hippocampal Volume in Women With Major Depression. Am. J. Psychiatry
2002, 159, 2072-2080. [CrossRef]

Oberlander, T.F; Weinberg, J.; Papsdorf, M.; Grunau, R.; Misri, S.; Devlin, A.M. Prenatal exposure to maternal depression,
neonatal methylation of human glucocorticoid receptor gene (NR3C1) and infant cortisol stress responses. Epigenetics 2008, 3,
97-106. [CrossRef]

Aoued, H.S.; Sannigrahi, S.; Hunter, S.C.; Doshi, N.; Sathi, Z.S.; Chan, A.W.S.; Walum, H.; Dias, B.G. Proximate causes and
consequences of intergenerational influences of salient sensory experience. Genes Brain Behav. 2020, 19, €12638. [CrossRef]
Gapp, K.; van Steenwyk, G.; Germain, P.L.; Matsushima, W.; Rudolph, K.L.M.; Manuella, E; Roszkowski, M.; Vernaz, G.; Ghosh,
T.; Pelczar, P; et al. Alterations in sperm long RNA contribute to the epigenetic inheritance of the effects of postnatal trauma. Mol.
Psychiatry 2020, 25, 2162-2174. [CrossRef]

Roseboom, T.J.; van der Meulen, ].H.P,; Osmond, C.; Barker, D.J.P,; Ravelli, A.C.].; Schroeder-Tanka, ].M.; van Montfrans, G.A.;
Michels, R.PJ.; Bleker, O.P. Coronary heart disease after prenatal exposure to the Dutch famine, 1944-45. Heart 2000, 84, 595-598.
[CrossRef]

Painter, R.C.; De Rooij, S.R.; Bossuyt, PM.; Simmers, T.A.; Osmond, C.; Barker, D.J.; Bleker, O.P,; Roseboom, T.J. Early onset of
coronary artery disease after prenatal exposure to the Dutch faminel-3. Am. J. Clin. Nutr. 2006, 84, 322-327. [CrossRef]

Hoek, HW.; Susser, E.; Buck, K.A.; Lumey, L.H.; Lin, S.P; Gorman, ].M. Schizoid Personality Disorder After Prenatal Exposure to
Famine. Am. |. Psychiatry 1996, 153, 1637-1639.

Painter, R.; Osmond, C.; Gluckman, P.; Hanson, M.; Phillips, D.; Roseboom, T. Transgenerational effects of prenatal exposure to
the Dutch famine on neonatal adiposity and health in later life. BJOG Int. ]. Obstet. Gynaecol. 2008, 115, 1243-1249. [CrossRef]
Veenendaal, M.V,; Painter, R.C.; de Rooij, S.R.; Bossuyt, PM.; van der Post, ]J.A.; Gluckman, P.D.; Hanson, M.A.; Roseboom, T.].
Transgenerational effects of prenatal exposure to the 1944—45 Dutch famine. BJOG Int. ]. Obstet. Gynaecol. 2013, 120, 548-554.
[CrossRef]

Rotar, O.; Moguchaia, E.; Boyarinova, M.; Kolesova, E.; Khromova, N.; Freylikhman, O.; Smolina, N.; Solntsev, V.; Kostareva, A.;
Konradi, A.; et al. Seventy years after the siege of Leningrad: Does early life famine still affect cardiovascular risk and aging? J.
Hypertens. 2015, 33, 1772-1779. [CrossRef]

Lumey, L; Stein, A.D.; Susser, E. Prenatal famine and adult health. Annu. Rev. Public Health 2011, 32, 237-262. [CrossRef]

van den Berg, G.]J.; Pinger, P.R. Transgenerational effects of childhood conditions on third generation health and education
outcomes. Econ. Hum. Biol. 2016, 23, 103-120. [CrossRef]

Lehrner, A.; Yehuda, R. Trauma across generations and paths to adaptation and resilience. Psychol. Trauma Theory Res. Pract.
Policy 2018, 10, 22-29. [CrossRef]

Yehuda, R.; Schmeidler, J.; Wainberg, M.; Binder-Brynes, K.; Duvdevani, T. Vulnerability to posttraumatic stress disorder in adult
offspring of Holocaust survivors. Am. J. Psychiatry 1998, 155, 1163-1171. [CrossRef]

Yehuda, R.; Koenen, K.C.; Galea, S.; Flory, J.D. The role of genes in defining a molecular biology of PTSD. Dis. Markers 2011, 30,
67-76. [CrossRef]

Lehrner, A.; Bierer, L.M.; Passarelli, V.; Pratchett, L.C.; Flory, ].D.; Bader, H.N.; Harris, I.R; Bedi, A.; Daskalakis, N.P.; Makotkine,
I.; et al. Maternal PTSD associates with greater glucocorticoid sensitivity in offspring of Holocaust survivors. Psychoneuroen-
docrinology 2014, 40, 213-220. [CrossRef]

Kertes, D.A.; Kamin, H.S.; Hughes, D.A.; Rodney, N.C.; Bhatt, S.; Mulligan, C.J. Prenatal Maternal Stress Predicts Methylation of
Genes Regulating the Hypothalamic-Pituitary-Adrenocortical System in Mothers and Newborns in the Democratic Republic of
Congo. Child Dev. 2016, 87, 61-72. [CrossRef]

Yehuda, R.; Daskalakis, N.P,; Bierer, L.M.; Bader, H.N.; Klengel, T.; Holsboer, F.; Binder, E.B. Holocaust Exposure Induced
Intergenerational Effects on FKBP5 Methylation. Biol. Psychiatry 2016, 80, 372-380. [CrossRef]

Rowland-Klein, D.; Dunlop, R. The Transmission of Trauma across Generations: Identification with Parental Trauma in Children
of Holocaust Survivors. In Handbook of Stress, Trauma, and the Family; Routledge/Taylor & Francis Group: London, UK, 2013;
pp- 117-136.

Van Iljzendoorn, M.H.; Bakermans-Kranenburg, M.J.; Sagi-Schwartz, A. Are Children of Holocaust Survivors Less Well-Adapted?
A Meta-Analytic Investigation of Secondary Traumatization. J. Trauma. Stress 2003, 16, 459—469. [CrossRef]

Gapp, K.; Soldado-Magraner, S.; Alvarez-Sanchez, M.; Bohacek, J.; Vernaz, G.; Shu, H.; Franklin, T.; Wolfer, D.P.; Mansuy, LM.
Early life stress in fathers improves behavioural flexibility in their offspring. Nat. Commun. 2014, 5, 5466. [CrossRef]


http://doi.org/10.1038/mp.2014.80
http://www.ncbi.nlm.nih.gov/pubmed/25092246
http://doi.org/10.1016/j.biopsych.2012.01.034
http://doi.org/10.1176/appi.ajp.159.12.2072
http://doi.org/10.4161/epi.3.2.6034
http://doi.org/10.1111/gbb.12638
http://doi.org/10.1038/s41380-018-0271-6
http://doi.org/10.1136/heart.84.6.595
http://doi.org/10.1093/ajcn/84.2.322
http://doi.org/10.1111/j.1471-0528.2008.01822.x
http://doi.org/10.1111/1471-0528.12136
http://doi.org/10.1097/HJH.0000000000000640
http://doi.org/10.1146/annurev-publhealth-031210-101230
http://doi.org/10.1016/j.ehb.2016.07.001
http://doi.org/10.1037/tra0000302
http://doi.org/10.1176/ajp.155.9.1163
http://doi.org/10.1155/2011/185354
http://doi.org/10.1016/j.psyneuen.2013.11.019
http://doi.org/10.1111/cdev.12487
http://doi.org/10.1016/j.biopsych.2015.08.005
http://doi.org/10.1023/A:1025706427300
http://doi.org/10.1038/ncomms6466

Genes 2023, 14, 120 19 of 20

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.
128.

129.

130.
131.

132.

133.

134.

135.

136.

137.

138.

139.

140.
141.

Levav, L; Levinson, D.; Radomislensky, I.; Shemesh, A.A.; Kohn, R. Psychopathology and other health dimensions among the
offspring of Holocaust survivors: Results from the Israel National Health Survey. Isr. J. Psychiatry Relat. Sci. 2007, 44, 144-151.
Sagi-Schwartz, A.; Van Ijzendoorn, M.H.; Bakermans-Kranenburg, M.]. Does intergenerational transmission of trauma skip a
generation? No meta-analytic evidence for tertiary traumatization with third generation of Holocaust survivors. Attach. Hum.
Dev. 2008, 10, 105-121. [CrossRef]

Dias, B.G.; Ressler, K. Parental olfactory experience influences behavior and neural structure in subsequent generations. Nat.
Neurosci. 2014, 17, 89-96. [CrossRef]

Morrison, E.G.; Dias, B.G.; Ressler, K.J. Extinction reverses olfactory fear-conditioned increases in neuron number and glomerular
size. Proc. Natl. Acad. Sci. USA 2015, 112, 12846-12851. [CrossRef]

Aoued, H.S; Sannigrahi, S.; Doshi, N.; Morrison, F.G.; Linsenbaum, H.; Hunter, S.C.; Walum, H.; Baman, J.; Yao, B.; Jin, P; et al.
Reversing Behavioral, Neuroanatomical, and Germline Influences of Intergenerational Stress. Biol. Psychiatry 2019, 85, 248-256.
[CrossRef] [PubMed]

Benito, E.; Kerimoglu, C.; Ramachandran, B.; Pena-Centeno, T; Jain, G.; Stilling, R.M.; Islam, R.; Capece, V.; Zhou, Q.; Edbauer, D.;
et al. RNA-Dependent Intergenerational Inheritance of Enhanced Synaptic Plasticity after Environmental Enrichment. Cell Rep.
2018, 23, 546-554. [CrossRef] [PubMed]

Gapp, K,; Jawaid, A.; Sarkies, P.; Bohacek, J.; Pelczar, P; Prados, J.; Farinelli, L.; Miska, E.; Mansuy, LM. Implication of sperm RNAs
in transgenerational inheritance of the effects of early trauma in mice. Nat. Neurosci. 2014, 17, 667-669. [CrossRef] [PubMed]
Rodgers, A.B.; Morgan, C.P,; Leu, N.A ; Bale, T.L. Transgenerational epigenetic programming via sperm microRNA recapitulates
effects of paternal stress. Proc. Natl. Acad. Sci. USA 2015, 112, 13699-13704. [CrossRef]

Jawaid, A.; Kunzi, M.; Mansoor, M.; Khan, Z.Y.; Abid, A.; Taha, M,; Rigotti, S.; Thumfart, K.; Faisal, S.; Chughtai, O.; et al. Distinct
microRNA signature in human serum and germline after childhood trauma. medRxiv 2020, preprint. [CrossRef]

Van Steenwyk, G.; Roszkowski, M.; Manuella, E; Franklin, T.B.; Mansuy, .M. Transgenerational inheritance of behavioral
and metabolic effects of paternal exposure to traumatic stress in early postnatal life: Evidence in the 4th generation. Environ.
Epigenetics 2018, 4, dvy023. [CrossRef] [PubMed]

Ptashne, M. Epigenetics: Core misconcept. Proc. Natl. Acad. Sci. USA 2013, 110, 7101-7103. [CrossRef] [PubMed]

Heard, E.; Martienssen, R.A. Transgenerational epigenetic inheritance: Myths and mechanisms. Cell 2014, 157, 95-109. [CrossRef]
[PubMed]

Horsthemke, B. A critical view on transgenerational epigenetic inheritance in humans. Nat. Commun. 2018, 9, 2973. [CrossRef]
Grossniklaus, U.; Kelly, W.; Ferguson-Smith, A.; Pembrey, M.; Lindquist, S. Transgenerational epigenetic inheritance: How
important is it? Nat. Rev. Genet. 2013, 14, 228-235. Available online: www.nature.com/reviews/genetics%0Ahttp:/ /lindquistlab.
wi.mit.edu/wp-content/uploads/2013/06/Grossniklaus2013NatRevGenet.pdf (accessed on 10 November 2022). [CrossRef]
[PubMed]

van Otterdijk, S.D.; Michels, K.B. Transgenerational epigenetic inheritance in mammals: How good is the evidence? FASEB ].
2016, 30, 2457-2465. [CrossRef]

Kaiser, J. The Epigenetics Heretic. Science 2014, 343, 361-363. [CrossRef]

Guéant, J.-L.; Chéry, C.; Oussalah, A.; Nadaf, J.; Coelho, D.; Josse, T.; Flayac, J.; Robert, A.; Koscinski, I.; Gastin, I.; et al.
APRDX1 mutant allele causes a MMACHC secondary epimutation in cblC patients. Nat. Commun. 2018, 9, 67. [CrossRef]
Tufarelli, C.; Sloane-Stanley, J.A.; Garrick, D.; Sharpe, J.A.; Ayyub, H.; Wood, W.G.; Higgs, D.R. Transcription of antisense RNA
leading to gene silencing and methylation as a novel cause of human genetic disease. Nat. Genet. 2003, 34, 157-165. [CrossRef]
Mitchell, K. Calibrating Scientific Skepticism—A Wider Look at the Field of Transgenerational Epigenetics. 2018. Blog Entry. Avail-
able online: http://www.wiringthebrain.com /2018 /07 / calibrating-scientific-skepticism-wider.html (accessed on 10 November
2022).

Uller, T.; English, S.; Pen, I. When is incomplete epigenetic resetting in germ cells favoured by natural selection? Proc. R. Soc. B
Boil. Sci. 2015, 282, 20150682. [CrossRef]

Lachmann, M.; Jablonka, E. The inheritance of phenotypes: An adaptation to fluctuating environments. J. Theor. Biol. 1996, 181,
1-9. [CrossRef] [PubMed]

Fullston, T.; Teague, E.M.C.O.; Palmer, N.O.; DeBlasio, M.].; Mitchell, M.; Corbett, M.; Print, C.G.; Owens, ].A.; Lane, M. Paternal
obesity initiates metabolic disturbances in two generations of mice with incomplete penetrance to the F2 generation and alters the
transcriptional profile of testis and sperm microRNA content. FASEB J. 2013, 27, 4226—4243. [CrossRef]

Fullston, T.; Ohlsson-Teague, E.M.C.; Print, C.G.; Sandeman, L.Y.; Lane, M. Sperm microRNA content is altered in a mouse model
of male obesity, but the same suite of microRNAs are not altered in offspring’s sperm. PLoS ONE 2016, 11, e0166076. [CrossRef]
Portin, P. Does epigenetic inheritance revolutionize the foundations of the theory of evolution? Curr. Top. Genet. 2012, 5. Available
online: http://www.researchtrends.net/tia/article_pdf.asp?in=0&vn=5&tid=45&aid=3652 (accessed on 14 November 2022).
Laland, K.N.; Uller, T.; Feldman, M.W.,; Sterelny, K.; Miiller, G.B.; Moczek, A.P; Jablonka, E.; Odling-Smee, E]J. The extended
evolutionary synthesis: Its structure, assumptions and predictions. Proc. R. Soc. B Boil. Sci. 2015, 282, 20151019. [CrossRef]
West-Eberhard, M.J. Developmental Plasticity and Evolution; Oxford University Press: Oxford, UK, 2003.

Baldwin, J.M. A New Factor in Evolution Published by: The University of Chicago Press for the American Society of Naturalists
Stable. Am. Nat. 1896, 30, 441-451. Available online: http://www.jstor.org/stable/2453130 (accessed on 10 November 2022).
[CrossRef]


http://doi.org/10.1080/14616730802113661
http://doi.org/10.1038/nn.3594
http://doi.org/10.1073/pnas.1505068112
http://doi.org/10.1016/j.biopsych.2018.07.028
http://www.ncbi.nlm.nih.gov/pubmed/30292395
http://doi.org/10.1016/j.celrep.2018.03.059
http://www.ncbi.nlm.nih.gov/pubmed/29642011
http://doi.org/10.1038/nn.3695
http://www.ncbi.nlm.nih.gov/pubmed/24728267
http://doi.org/10.1073/pnas.1508347112
http://doi.org/10.1101/2020.08.11.20168393
http://doi.org/10.1093/eep/dvy023
http://www.ncbi.nlm.nih.gov/pubmed/30349741
http://doi.org/10.1073/pnas.1305399110
http://www.ncbi.nlm.nih.gov/pubmed/23584020
http://doi.org/10.1016/j.cell.2014.02.045
http://www.ncbi.nlm.nih.gov/pubmed/24679529
http://doi.org/10.1038/s41467-018-05445-5
www.nature.com/reviews/genetics%0Ahttp://lindquistlab.wi.mit.edu/wp-content/uploads/2013/06/Grossniklaus2013NatRevGenet.pdf
www.nature.com/reviews/genetics%0Ahttp://lindquistlab.wi.mit.edu/wp-content/uploads/2013/06/Grossniklaus2013NatRevGenet.pdf
http://doi.org/10.1038/nrg3435
http://www.ncbi.nlm.nih.gov/pubmed/23416892
http://doi.org/10.1096/fj.201500083
http://doi.org/10.1126/science.343.6169.361
http://doi.org/10.1038/s41467-017-02306-5
http://doi.org/10.1038/ng1157
http://www.wiringthebrain.com/2018/07/calibrating-scientific-skepticism-wider.html
http://doi.org/10.1098/rspb.2015.0682
http://doi.org/10.1006/jtbi.1996.0109
http://www.ncbi.nlm.nih.gov/pubmed/8796186
http://doi.org/10.1096/fj.12-224048
http://doi.org/10.1371/journal.pone.0166076
http://www.researchtrends.net/tia/article_pdf.asp?in=0&vn=5&tid=45&aid=3652
http://doi.org/10.1098/rspb.2015.1019
http://www.jstor.org/stable/2453130
http://doi.org/10.1086/276408

Genes 2023, 14, 120 20 of 20

142.
143.
144.

145.

146.

147.

148.

149.

150.

Waddington, C. Genetic Assimilation of an Acquired Character. Evolution 1952, 7, 118-126.

Waddington, C.H. Genetic Assimilation of the Bithorax Phenotype. Evolution 1956, 10, 1-13. [CrossRef]

Turner, B.M. Epigenetic responses to environmental change and their evolutionary implications. Philos. Trans. R. Soc. B Biol. Sci.
2009, 364, 3403-3418. [CrossRef]

Hernando-Herraez, 1.; Heyn, H.; Fernandez-Callejo, M.; Vidal, E.; Bellon, H.F; Prado-Martinez, J.; Sharp, A.J.; Esteller, M;
Marques-Bonet, T. The interplay between DNA methylation and sequence divergence in recent human evolution. Nucleic Acids
Res. 2015, 43, 8204-8214. [CrossRef] [PubMed]

Makova, K.D.; Hardison, R. The effects of chromatin organization on variation in mutation rates in the genome. Nat. Rev. Genet.
2015, 16, 213-223. [CrossRef]

Stotz, K. Extended evolutionary psychology: The importance of transgenerational developmental plasticity. Front. Psychol. 2014,
5,908. [CrossRef]

Robinson, G.E.; Barron, A.B. Epigenetics and the evolution of instincts: Instincts may evolve from learning and share the same
cellular and molecular mechanisms. Science 2017, 356, 26-27. [CrossRef] [PubMed]

Weiner, A.K.M.; Katz, L.A. Epigenetics as Driver of Adaptation and Diversification in Microbial Eukaryotes. Front. Genet. 2021,
12, 642220. [CrossRef] [PubMed]

Thorson, J.L.; Smithson, M.; Beck, D.; Sadler-Riggleman, I.; Nilsson, E.; Dybdahl, M.; Skinner, M.K. Epigenetics and adaptive
phenotypic variation between habitats in an asexual snail. Sci. Rep. 2017, 7, 14139. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.2307/2406091
http://doi.org/10.1098/rstb.2009.0125
http://doi.org/10.1093/nar/gkv693
http://www.ncbi.nlm.nih.gov/pubmed/26170231
http://doi.org/10.1038/nrg3890
http://doi.org/10.3389/fpsyg.2014.00908
http://doi.org/10.1126/science.aam6142
http://www.ncbi.nlm.nih.gov/pubmed/28385970
http://doi.org/10.3389/fgene.2021.642220
http://www.ncbi.nlm.nih.gov/pubmed/33796133
http://doi.org/10.1038/s41598-017-14673-6
http://www.ncbi.nlm.nih.gov/pubmed/29074962

	Introduction 
	The Methodology of TEI Studies 
	Mutation 
	Social Transmission 
	Differentiate between Prenatal (Maternal) Influences, and Intergenerational and Transgenerational Inheritance 
	Type of Epigenetic Process 
	Behavioural Tests 

	Traumatic Experience and Epigenetic Mediators: Intergenerational Studies 
	Stress, the HPA Axis, and Glucocorticoid Receptor (GR) 
	War Experience and Famine 

	Transgenerational Epigenetic Inheritance 
	Fearful Experiences 
	Separation Trauma 

	Back to Methodology: Difficulties with TEI Studies 
	Discussion 
	Conclusions 
	References

