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Abstract 

Growing evidence suggests that epigenetic changes through various parental environmental factors alter the phenotypes of descen-
dants in various organisms. Environmental factors, including exposure to chemicals, stress and abnormal nutrition, affect the 
epigenome in parental germ cells by different epigenetic mechanisms, such as DNA methylation, histone modification as well as small 
RNAs via metabolites. Some current remaining questions are the causal relationship between environment-induced epigenetic changes 
in germ cells and altered phenotypes of descendants, and the molecular basis of how the abnormal epigenetic changes escape repro-
gramming in germ cells. In this review, we introduce representative examples of intergenerational and transgenerational inheritance 
of phenotypic changes through parental environmental factors and the accompanied epigenetic and metabolic changes, with a focus 
on animal species. We also discuss the molecular mechanisms of epigenomic inheritance and their possible biological significance.
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Introduction
It has been generally thought that phenotypic inheritance occurs 
only through genomic DNA; however, experimental evidence sug-
gests that epigenetic changes via various parental environmental 
factors also contribute to phenotypic alterations in descendants 
of various organisms including humans. Although the detailed 
mechanisms of epigenomic inheritance are difficult to examine 
using human studies, studies using model organisms, including 
bacteria, fungi, plants and invertebrates as well as other mam-
mals, have suggested molecular mechanisms [1, 2]. For instance, 
certain chemicals cause abnormal spermatogenesis and concomi-
tant changes of DNA methylation in sperm over multiple genera-
tions [3–6], and a paternal high-fat diet (HFD) and stress result 
in metabolic diseases and behavioral changes in generations up 
to the grandchildren [7, 8]. However, most of these studies only 
showed the correlation of epigenetic and phenotypic changes, and 
their causal relationship is still unclear.

It is well known that germ cells undergo extensive epige-
netic reprogramming [9], and it is therefore important to show 
how induced abnormal epigenetic changes in germ cells over-
come reprogramming and are transmitted to successive gener-
ations. Another crucial issue is how environmental stimuli are 
converted into epigenetic alterations. In this regard, metabolism 
in germ cells may play a role, as environmental conditions affect 
metabolism, which may influence the epigenomic state in general 
and may do so in developing germ cells as well [10].

As a result of the increase in seemingly nontoxic artificial 
chemicals in our daily commodities and foods, as well as dietary 
and lifestyle changes, the unknown risks of abnormal epigenetic 
changes in our bodies and even in germ cells are likely to be 
heightened in current society. In this review, we summarize rep-
resentative examples of phenotypic and associated epigenetic 
changes across generations that are induced by various parental 
environmental factors, and also touch on the possible involve-
ment of metabolites and metabolism in epigenetic changes in 
germ cells. Finally, we discuss the mechanisms of epigenomic 
memory and provide a perspective of the possible biological sig-
nificance of the inheritance of epigenomic changes.

Definition of Intergenerational and 
Transgenerational Inheritance
It is important to distinguish between ‘intergenerational inheri-
tance’ and ‘transgenerational inheritance’ when discussing the 
inheritance of environmental influences [2]. Intergenerational 
inheritance is defined as the transmission of influences in an indi-
vidual by an environmental stimulus to its offspring, derived from 
direct exposure of the fetus or germ cells to the stimulus. Male 
and female parental environmental influences in F1 progeny are 
intergenerational. In the case of mammals, environmental expo-
sure of a pregnant female could directly affect her fetus as well as 
fetal germ cells, and therefore the influence in her F2 progeny is 
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Figure 1: Intergenerational and transgenerational inheritance. Inheritance by the immediate offspring of an individual in which the change arose by 
an environmental stimulus is termed intergenerational inheritance. In the case of transgenerational inheritance, environmental influences are 
maintained even in the absence of the initial stimulus or epigenetic trigger

also considered to be intergenerational inheritance. Meanwhile, F2 
progeny from a male and a non-pregnant female and F3 progeny 
from a pregnant female exposed to an environmental stimulus 
are derived from germ cells without direct exposure to the stim-
ulus, which is defined as transgenerational inheritance (Fig. 1). 
The existence and mechanisms of transgenerational epigenetic 
inheritance (TEI) are emerging from studies using animal models, 
in particular flies and nematodes. On the other hand, in mam-
mals, such studies have been mainly correlational, and there are 
few examples that have elucidated mechanisms, but observa-
tions suggesting TEI in mammals have been accumulating. The 
following sections describe examples of both intergenerational 
epigenetic inheritance (IEI) and TEI in animals through various 
environmental factors, as summarized in Table 1, and discuss 
their possible mechanisms.

How Does a Specific Environment Cause 
Epigenetic Changes in Germ Cells?
A variety of environmental factors affect offspring phenotypes. For 
example, it is well known that smoking and alcohol consumption 
during pregnancy adversely affect fetal development. Growing evi-
dence has also suggested the effects of paternal environmental 
factors on offspring. In this section, we review representative envi-
ronmental factors affecting offspring with associated epigenetic 
changes.

Influences of Chemical Exposure
A number of studies have reported that maternal exposure to 
several chemicals during gestation alters the phenotypes of off-
spring including germ cell development. Bisphenol-A (BPA) is 
one example of a chemical widely used as a material in plas-
tic products. Epidemiological studies showed correlations of in 
utero exposure to BPA and anogenital distance in male offspring, 

which is a marker of androgenic and antiandrogenic effects of in 
utero chemical exposure, and is used as an endpoint for evaluat-
ing the reproductive toxicity of chemicals [11]. In utero exposure 
to BPA is also correlated to smaller fetus size during gestation, 
lower birth weight and high leptin and low adiponectin secre-
tion in the F1 generation [12]. In mice, maternal exposure to 
BPA during embryonic day (E)12.5 to E18.5 inhibits the develop-
ment of oocytes [13, 14] and alters DNA methylation of genomic 
imprinted genes in both male and female germ cells in the F1
generation [13].

Di(2-ethylhexyl) phthalate (DEHP) is another chemical used 
in a variety of plastic products. Several epidemiological studies 
have highlighted an increased risk of preterm birth after phthalate 
exposure in utero. Spontaneous preterm labor and preterm birth 
after obstetrical complications are correlated with the concentra-
tion of urinary phthalate metabolites [15]. Maternal exposure to 
DEHP during E7 to E14 in mice impairs spermatogenesis from F1 
to F4 generations [3], and that during E8 to E18 in mice alters 
DNA methylation and gene expression in several genes associated 
with sperm physiology such as seminal vesicle secretory proteins 
gene (Svs) in sperm in maternally exposed F1 generations [4, 16]. 
In addition, we previously showed that promoter methylation of 
genes involved in spermatogenesis is increased in F1 fetal male 
germ cells immediately after maternal DEHP exposure from E8 to 
E18, and some of those genes persist in a hypermethylated state 
and are downregulated in adult sperm stem cells in F1 progeny 
[17].

Dichlorodiphenyltrichloroethane (DDT) is one of the well-
studied chemicals used as a pesticide. Human cohort studies 
demonstrated the correlation of maternal serum DDT levels 
with preterm birth and small-for-gestational-age babies [18], and 
of the concentration of p,p′-dichlorodiphenyldichloroethylene 
(DDE), one of the primary metabolites of DDT in cord blood, 
with being overweight at 6.5 years of age [19]. In a rat model, 
maternal exposure to DDT in the gestation period from E8 to E14 
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results in obesity, diseases of the kidneys, prostate and ovaries, 
as well as tumor development in F1 males and females, which 
are also observed in F3 through both paternal and maternal lin-
eages [20], and differentially methylated regions (DMRs) in F3 
sperm are associated with the pathological phenotypes [21]. A 
study using the same experimental design of maternal DDT expo-
sure revealed that approximately 40–50% of the sperm DMRs in 
the F1 generation are retained in the sperm of F2 and F3 gener-
ations, suggesting transgenerational inheritance of altered DNA 
methylation [6]. In addition, the increase of spermatogenic cell 
apoptosis and decrease of sperm number in the F3 generation 
but not in the F1 generation from DDT-exposed mothers were 
observed [20, 22]. Alterations in male fertility and expression of 
genomic imprinted genes H19 and Igf2 with hypomethylation of 
Igf2 DMR2 in sperm from F1 to F3 generations through paternal 
line were also observed via maternal exposure to DDE from E8 to 
E15 [23]. Although their causal relationship is unclear, the results 
together imply that maternal exposure to several chemicals alters 
the epigenomic state of fetal germ cells, which may be transgen-
erationally inherited and affect fertility and other phenotypes in 
the offspring.

Besides the negative influences of parental chemical expo-
sure on their descendants, paternal carbon tetrachloride (CCl4) 
exposure causes heritable adaptation of hepatic wound heal-
ing in rats [24]. In this study, CCl4 exposure in male rats 
caused fibrosis in the F0 male liver, but suppressed the hepatic 
fibrosis in the F2 male liver through the paternal linage with 
hypomethylation of DNA, hyperacetylation of histone H3 and 
upregulation of an antifibrogenic gene, peroxisome proliferator 
activated receptor (Ppar)-𝛾, and the opposite epigenetic modifi-
cations and downregulation of a profibrogenic gene, Tgf-𝛽1. In 
addition, CCl4 treatment induces enrichment of one of histone 
variants, H2A.Z, which is exclusive to DNA methylation, and of 
trimethylation of lysine 27 in histone H3 (H3K27me3), a histone 
modification which represses transcription, in a Ppar-𝛾 promoter 
region in the CCl4-treated F0 sperm. Remarkably, serum trans-
fer from CCl4-treated rats also induces enrichment of the same 
histone modifications in the Ppar-𝛾 promoter in CCl4-untreated 
rat sperm, suggesting that the liver damage by treatment of CCl4

results in the accumulation of an unknown soluble factor in the 
serum that might modify the chromatin signatures in sperm, 
and influence the heritable suppression of CCl4-induced hepatic
fibrosis.

During spermatogenesis, histones are progressively exchanged 
with more basic and smaller protamine proteins. However, a 
recent study has shown that sperm retains a significant amount 
of histones, and around 7.5% and 4% of that in somatic cells in 
mouse and human sperm, respectively [25, 26]. These histones 
bear modifications including methylation and acetylation, which 
may influence paternal chromatin landscapes and prefigure the 
expression patterns of genes in the early embryo [25, 27, 28]. 
This supports the idea that abnormal histone modifications at cer-
tain loci in sperm detected after environmental exposure can be 
inherited by the offspring.

Possible Mechanisms of DNA Methylation by 
Chemicals
It is currently unclear how chemicals cause epigenetic changes 
in germ cells, but reactive oxygen species (ROS) are one of the 
candidate molecules involved in chemical-mediated epigenetic 
changes. For instance, DDT and BPA induce ROS in various 
cell types [29, 30], and mono (2-ethylhexyl) phthalate (MEHP),

a hydrolyzed metabolite of DEHP, also induces ROS production in 
adult testicular germ cells [31] and other cell types [32–34]. Pos-
sible mechanisms of ROS-mediated DNA methylation have been 
proposed [35], one of which is DNA methylation by ROS as a cata-
lyst [36]. A superoxide molecule could react with the C-5 atom in 
cytosine and deprotonate it, which then acquires a nucleophilic 
property because of its negative charge. The nucleophilic C-5 atom 
then reacts with a positively charged S-atom in a methyl group 
in S-adenosyl methionine (SAM), which generates a methylated 
cytosine (Fig. 2A).

The formation of DNA methyltransferase (DNMT)-containing 
silencing complexes may also play a role in DNA methylation by 
oxidative damage of DNA by ROS. ROS is known to induce dou-
ble strand breaks (DSBs), and an in vitro study using inducible 
DSBs in an exogenous E-cadherin gene promoter with a CpG 
Island, which is frequently DNA hypermethylated in epithelial 
cancer cells, demonstrated a model for DSB-induced gene silenc-
ing [37]. In this model, the key epigenetic regulators involved in 
establishing and maintaining transcriptional repression, namely 
SIRT1, EZH2, DNMT1 and DNMT3B, are recruited to the damaged 
sites in the exogenous E-cadherin CpG Island in human breast 
cancer cells during the DSB-induced DNA repair (DSBR) process. 
Although the promoter activity is preserved in most cells after 
DSBR, a small percentage of the cells demonstrate heritable DNA 
methylation and gene silencing, probably by the recruited DNMTs
(Fig. 2B).

Another example of ROS-induced DNA methylation by forma-
tion of a DNMT-containing silencing complex is the enhancement 
of DNMT1 binding to ROS-induced damaged regions in guanine 
and cytosine-rich promoters by 8-oxoguanine DNA glycosylase 
(OGG1), a DNA glycosylase responsible for excising ROS-induced 8-
oxo-2′deoxyguanosine during base excision repair (BER) [38]. Since 
guanine is prone to oxidation compared to other deoxyribonucleo-
sides [39], GC-enriched genomic regions may readily undergo BER, 
in which DNMTs may be recruited to methylate the regions.

An additional possible mechanism of DNA methylation by 
ROS is the induction of Dnmt gene expression by ROS [40]. The 
activator protein-1 (AP-1) transcription factor (TF) is activated 
by ROS via mitogen-activated protein kinase (MAPK) signaling 
[41, 42], and Dnmt1 expression is upregulated by activation 
and binding of AP-1 to the Dnmt1 promoter via Ras signaling 
[43], together suggesting transcriptional regulation of Dnmt1 by 
ROS (Fig. 2C). In addition, upregulation of DNMT1 by H2O2 treat-
ment [44] and downregulation of Dnmt3b by treatment with the 
antioxidant N-acetyl-L-cysteine (NAC) [40] support the induc-
tion of DNMTs’ expression by ROS. The mechanism of selec-
tive DNA methylation in specific gene promoters by chemical 
exposure is not yet well understood, but as described above, 
methylation of CpG Islands (CGIs) by DNMT recruitment after 
ROS-induced DNA damage may contribute to preferential DNA 
methylation of specific genes. Another possibility is that the highly 
accessible chromatin structure around the spermatogenesis-
related genes in fetal germ cells [45] may facilitate preferential 
DNA methylation of those genes in fetal germ cells by DEHP
exposure [17].

Effects of Maternal Exercise
Recent cohort studies have shown that exercise during pregnancy 
has a positive impact on the health of offspring including pre-
vention of metabolic disease, cardiovascular disease and cancer
[46, 47]. Several rodent strains with different duration and modal-
ities of maternal exercise also showed the effects of maternal 
exercise on the metabolic health of offspring [48–54], and the 
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Figure 2: Possible mechanisms of DNA methylation via reactive oxygen species (ROS). (A) In DNA methylation by ROS as a catalyst, a superoxide 
molecule deprotonates the C-5 atom of cytosine. (B) Recruitment of a DNA methyltransferase (DNMT)-containing silencing complex by double strand 
break (DSB) or damaged guanine induced by ROS in the CpG Island. (C) Induction of Dnmt gene expression by ROS via mitogen-activated protein kinase 
(MAPK) signaling and activator protein-1 (AP-1)

majority of those studies showed that maternal exercise before 
and during pregnancy improves glucose tolerance and insulin 
sensitivity in F1 offspring.

Exercise during pregnancy has multiple effects on the placenta 
including vascularization [55], distribution of nutrient trans-
porters [56] and autocrine signaling [57]. These findings suggest 
that the placenta functions as a secretory organ in response 
to exercise during pregnancy. Additionally, a study showed that 
maternal exercise throughout pregnancy improves the metabolic 
health of F1 offspring through a vitamin D receptor (VDR)-
mediated increase in placental superoxide dismutase 3 (SOD3) 
expression and secretion in mice [58]. In more detail, mater-
nal exercise induces the expression of VDR, which in turn acti-
vates SOD3 expression in trophoblasts in the placenta. SOD3 
secreted from trophoblasts then induces glucose metabolic genes 
in the fetal liver by ten-eleven translocation (TET)-mediated DNA 
demethylation of their promotors, resulting in improved glucose 
homeostasis in F1 offspring. Although the results only demon-
strated the effect of maternal exercise in the F1 generation, 
the influence of maternal exercise in subsequent generations is 
an attractive possibility, which requires investigation in further 
studies.

Influences of Parental Stress
Changes in phenotypes associated with epigenomic alterations in 
response to certain stresses have been reported in a diverse range 
of animal species, from invertebrates to mammals. In addition, 
these phenotypes and epigenetic changes are transgenerationally 
inherited. For instance, stress-induced loss of H3K9 methyla-
tion and subsequent de-repression of certain genes are heritable 
over multiple generations in both Drosophila melanogaster [59] and 
Caenorhabditis elegans [60]. In D. melanogaster, 1 h heat shock (HS) 
at 37∘C induces de-repression of white gene in the position effect 
variegation (PEV) reporter via phosphorylation of Drosophila homo-
logue of activation transcription factor 2 (dATF-2). The activated 
dATF-2 is released from H3K9me2, which causes loss of H3K9me2 
and subsequent heterochromatic disruption in early embryonic 
somatic cells as well as in primordial germ cells (PGCs) by HS 
[59], and the heterochromatic disruption represented by white eye 
color by white gene activation is transmitted to the next generation 
(G1). Although the influence of HS is also inherited by the sec-
ond generation (G2), the white gene activation is decreased, and 
is not observed in the following generations (G3–G5), indicating 
that HS-induced heterochromatic disruption is de-stabilized over 
generations.
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In C. elegans, upregulation of the HS gene (daf-21) reporter by 
HS stress in the embryonic stage is inherited by at least two gen-
erations after single exposure of HS through both maternal and 
paternal lines [60]. In addition, decreased H3K9me3 is observed 
in the F2 progeny from grandparents who developed under a high 
temperature condition, at 25∘C for 48 h from embryos to young 
adult stage, and upregulation of the reporter in F1 progeny from 
the heat-shocked parents is dependent on inactivation of the 
putative histone methyltransferase SET-25. De-repression of mul-
tiple classes of repetitive elements in the descendants was also 
dependent on SET-25 inactivation. Although the physiological sig-
nificance of the HS-induced changes in histone modifications and 
gene expression in Drosophila and C. elegans is currently unclear, 
these results suggest that transgenerational inheritance of his-
tone modifications could occur under environmental stress in 
these animals. In addition, heat stress also alters gene expres-
sion transgenerationally through small RNAs in C. elegans, lasting 
two to three generations after a return to normal temperature 
conditions [61].

As a good example of transgenerational inheritance of a phys-
iologically meaningful phenotypic change by pathogenic stress, 
exposure of a pathogenic strain of Pseudomonas aeruginosa (PA14) 
to C. elegans larvae induces avoidance of the same pathogen up to 
the F4 generation [62]. This transgenerational avoidance behavior 
depends at least to some extend on the expression of the TGF-β
ligand DAF-7 in ASI sensory neurons. In more detail, ingested 
small non-coding RNAs (ncRNAs) in PA14 are processed by the 
RNAi pathway in the gut of a host organism, followed by further 
processing by the piRNA pathway in the germ line, which may 
transmit the pathogenic memory to descendants. The processed 
small RNA subsequently targets maco-1 in ASI neurons and down-
regulates it, and decreased MACO-1 upregulates daf-7 expression 
in ASI neurons, which results in the avoidance behavior [63].

In the case of traumatic stress in mice, daily 3 h proximal 
separation of male pups (F1) from the mother during postnatal 
days 1–14, namely unpredictable maternal separation combined 
with unpredictable maternal stress (MSUS), induces alteration 
of behavior including reduced avoidance, fear and an altered 
response to aversive conditions in F1 and F2 male offspring 
through the paternal line [8]. In addition, glucose metabolism is 
also affected, such as lower blood insulin and glucose levels as 
well as insulin hypersensitivity, especially in F2 males, after MSUS 
exposure [8]. MSUS also causes alteration of the expression of 
several micro RNAs (miRNAs) in F1 sperm and in F2 serum and 
hippocampus, but not in F2 sperm, although F3 mice also show 
similar abnormal behaviors as F1 and F2 mice [64], suggesting 
that the MSUS-induced changes of miRNAs in F1 may be con-
verted to other epigenetic marks in F3 mice. Intriguingly, injection 
of total RNA of MSUS sperm to fertilized oocytes obtained from 
untreated females could recapitulate MSUS-induced behavioral 
and metabolic abnormalities in the resulting offspring [8], sug-
gesting the involvement of the affected sperm RNA-dependent 
mechanisms in transmission of the MSUS-induced traits to the 
next generation.

Not only model animals, but also non-model animals have 
been studied for epigenetic inheritance. One example is influ-
ence of heat stress in wild Guinea pigs [65]. Exposure of F0 adult 
male Guinea pig to an increased ambient temperature at 30∘C 
for 2 months resulted in hypermethylation and downregulation 
of Signal Transducer and Activator of Transcription 3 (Stat3) in 
F1 male liver. Studies of birds also demonstrated the influence 
of parental stress on offspring [66]. For instance, combination 
of stresses such as food deprivation, physical restraint or social 

isolation of laying hen influences the offspring’s hypothalamus-
pituitary-adrenal-axis response by elevation of corticosterone 
(CORT), a stress-related hormone [67]. These findings show the 
parental stresses affect offspring in non-model animals as well.

Roles of Nutrition
A growing number of studies focusing on the developmental ori-
gins of health and disease have identified links between early 
nutrition and diseases in humans [68–70]. Studies using model 
animals also demonstrated the epigenetic changes coupled with 
phenotypic alterations in the offspring through parental or early 
developmental nutritional conditions, which are transgenera-
tionally inherited in the case of nutritional changes in paternal 
mice and nematodes in early development.

In mouse models of maternal nutritional changes, phenotypic 
and epigenetic changes occur up to the F2 generation, namely 
intergenerational inheritance. As an example of maternal nutri-
tional influence only on the F1 generation, feeding a protein-
restricted diet during pregnancy induces hypomethylation of the 
glucocorticoid receptor (Gr) and Ppar-𝛼 gene promoters, accom-
panied by their upregulation and that of downstream genes in 
juvenile and adult livers and impaired lipid homeostasis in F1 
offspring [71–73].

Concerning the influence of maternal nutrition over genera-
tions, feeding of a poor nutritional diet in pregnant mice from 
E12.5 until birth results in inheritance of glucose intolerance in 
F1 as well as F2 generations through both male and female F1 
parents [74]. Further study showed that maternal undernutri-
tion during E12.5 to E18.5 causes locus-specific hypomethylation 
in intergenic regions and CGIs including regulatory elements as 
well as in nucleosome-retaining regions in adult F1 sperm [75]. 
Although the abnormal methylation status is lost in liver and 
brain in the F2 embryo, the glucose tolerance-related genes near 
the undernutrition-induced DMRs in F1 sperm persisted in abnor-
mal expression in the F2 embryonic tissues, suggesting that the 
undernutrition had induced hypomethylation in F1 sperm, and 
influenced the expression of the genes nearby via uncharacterized 
mechanisms in F2 tissues [75]. A similar maternal undernutrition 
model from another research group demonstrated downregula-
tion of lipogenic genes including the liver X receptor-alpha (Lxra) 
gene encoding an upstream TF regulating de novo lipogenesis, con-
comitant reduction of DNA methylation in its untranslated region 
(UTR) and enrichment of repressive histone modifications in the 
F2 liver [76]. In addition, the abnormal DNA methylation is also 
found in F1 sperm.

In the case of the influences of excess nutrition, a luciferase 
reporter knock-in mouse for the genomic imprinted Dlk1 locus 
was applied to visualize epigenetic fidelity after maternal expo-
sure to a HFD from E0.5 to E18.5 [77]. As a result, normally silent 
maternal Dlk1 reporter is activated and expressed in tissues such 
as brain, liver, thyroid, testes and adipose tissues with increased 
DNA methylation in male and female F1 offspring. The mecha-
nistic connection between the increased DNA methylation in Dlk1
DMR and upregulation of the Dlk1 reporter is currently unclear. 
However, the results showed that maternal HFD feeding induces 
the loss of imprinting in F1 offspring. In F2 progeny from mater-
nally HFD-exposed F1 females but not males, the Dlk1 reporter is 
variably expressed among tissues. DNA methylation of the Dlk1
DMR in oocytes is not largely different between HFD-exposed and 
control F1 females, but the expression of some genes including 
those encoding miRNAs in the Dlk1 cluster is upregulated in the 
HFD-exposed F1 oocytes, which may cause the misexpression of 
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Dlk1 in F2 offspring. The results suggest that two different epi-
genetic influences, i.e. altered DNA methylation in Dlk1 DMR in 
F1 somatic tissues and aberrant upregulation of miRNAs in the 
Dlk1 cluster in F1 oocytes by a maternal HFD, may result in loss of 
imprinting and its upregulation in F1, and misexpression of Dlk1
in F2, respectively. These studies suggest that changes in maternal 
nutritional status during gestation, such as HFD or nutritionally 
poor diets, induce epigenetic changes in fetal germ cells, which 
influences F2 phenotypes.

In addition to maternal effects, a paternal HFD also affects off-
spring phenotypes associated with epigenomic alterations, which 
are transgenerationally inherited. Paternal obesity by HFD induces 
alteration of H3K4me3 in genes implicated in metabolic, inflam-
matory and developmental processes in F0 sperm, which is asso-
ciated with the altered expression of metabolism-related genes 
in preimplantation embryos but not in the adult liver, and with 
metabolic dysfunctions in F1 adult male mice [7]. In this model, 
transgenerational susceptibility to metabolic abnormalities in F2 
offspring is observed only when obese F0 have a pre-existing 
abnormally modified sperm epigenome by overexpression of a 
transgene for the histone demethylase KDM1A. This suggests that 
the risk of transgenerational transmission of abnormal nutrition-
induced diseases may be greater if an ancestor has pre-existing 
damage to the sperm epigenome, possibly induced by prior expo-
sure to adverse environments. Using the same Kdm1a overexpres-
sion male mice, it was demonstrated that developmental defects 
induced by KDM1A overexpression in one generation last for two 
subsequent generations without a Kdm1a transgene in germ cells 
[78, 79], implying a transgenerational influence of the abnormal 
histone modification in mammals. As in the case of paternal 
traumatic stress, as mentioned above, paternal HFD also alters 
miRNA expression in F0 sperm [80], although the relationship 
between alteration of miRNA and phenotypic changes is currently
unclear.

As in the case of the influences of stresses, parental nutri-
tional status also affects epigenomic changes in offspring in a 
non-model animal, wild Guinea pig, and low protein diet results in 
DNA methylation changes in liver and testis in F1 male [81]. The 
transgenerational influence of nutritional changes has also been 
studied in C. elegans. Starvation at the larval stage induces expres-
sion of small RNAs targeting several nutritional genes, which are 
inherited for at least three generations after returning the organ-
ism to nutritionally rich conditions, and these descendants have 
an increased lifespan compared to control organisms [82].

Cross-talk of Metabolites and Epigenetic 
Changes in the Fetus Induced by Maternal 
Environmental Factors
Epigenetic Regulation in Offspring via 
Metabolites from Maternal Gut Microbiota
The gut microbiota could modify the host epigenome and 
gene expression through microbiota-derived bioactive compounds
[83, 84]. Epigenetic changes in somatic tissues mediated by gut 
microbial metabolites participate in metabolic disorders via alter-
ations in intestinal permeability, immune responses, inflamma-
tory reactions and insulin resistance [85]. In addition, gut micro-
biota in pregnant mothers could also influence fetal physiology 
and the epigenome via microbial metabolites.

Short chain fatty acids (SCFAs) including butyrate, propi-
onate and acetate are produced from carbohydrates and fibers 
by the gut microbiota as a product of anaerobic fermentation, 
but not in host cells. Rodent models showed that commensal 

microbiota-derived SCFAs emerge as central players mediating 
crosstalk between the microbiota and host [84, 86]. Since the 
maternal gut microbiota appears to constitutively supply SCFAs to 
embryos via the bloodstream, the plasma levels of SCFAs are sig-
nificantly lower in germ-free (GF) mothers and their embryos than 
in the specific pathogen-free (SPF) controls, which are free from 
only mouse-specific pathogens. The offspring from GF mothers 
are susceptible to obesity, glucose intolerance and insulin resis-
tance by HFD after weaning, because SCFAs supplied from the 
mother are sensed by SCFA receptors, G-protein coupled recep-
tor 41 (GPR41) and GPR43 expressed in the embryonic tissues 
including pancreatic β cells, and promote their differentiation and 
subsequent insulin secretion [87]. In addition to GPR activation 
by SCFAs, the expression of Gpr43 may be stimulated by SCFAs. 
Studies showed that intracellular butyrate and propionate [88] as 
well as acetate [89] inhibit the activity of histone deacetylases 
(HDACs), implying a possible epigenetic mechanism of Gpr43 gene 
expression by HDACs [87]. Meanwhile, it is currently unknown 
whether SCFAs could influence the epigenome of germ cells, but 
as mentioned below, the gut microbiota likely affects germ cells in
Drosophila.

In Drosophila, transient exposure to low concentrations of oxi-
dants during development leads to an extension of adult lifespan 
via selective depletion of Acetobacter aceti, one of the dominant 
species of gut microbiota in flies, which causes gut dysfunction 
and shortens the lifespan [90]. In addition, this effect of low-dose 
antioxidants can be passed to the next generation, which lives 
longer with decreased A. aceti without additional exposure to oxi-
dants. Although its mechanism is currently unclear, the results 
suggest that changes in gut microbes in the parents by low-dose 
oxidants transmit some signals that influence the epigenome of 
their germ cells. In addition to shortened life span, depletion 
of A. aceti in Drosophila also causes repression of oogenesis and 
enhancement of embryonic development of a subsequent gen-
eration [91]. Taken together, dysbiosis of the parental microbiota 
likely influences the epigenome of the offspring.

Another major gut-derived metabolite is folate [84]. Because 
folate is involved in SAM production, which serves as a methyl-
donor in methylation of DNA and histones, maternal folate likely 
influences epigenetic changes in fetal germ cells after passing 
through the placenta. Supporting this idea, wild-type F2 mice 
from a mother carrying a mutation in methionine synthase reduc-
tase (Mtrr), a gene involved in folate metabolism, show congenital 
malformations, developmental delays and tissue-specific loss of 
DNA methylation [92]. In addition, maternal supplementation of 
methyl-donor increases DNA methylation at the CpG sites of Avy

alleles and suppresses the expression of the corresponding genes, 
resulting in changed coat color in the offspring [93]. However, it 
is currently unclear whether maternal gut bacteria-derived folate 
influences the epigenome of the offspring.

Metabolism of Fetal Germ Cells
Cellular metabolism is closely correlated to environmental condi-
tions including nutrition, and in terms of metabolites that cause 
epigenetic changes, the metabolic state of germ cells is an impor-
tant factor influencing their epigenome [10, 94, 95]. We previously 
showed that the major energy metabolic pathway is gradually 
converted from glycolysis to OXPHOS in fetal germ cells during 
differentiation, and that glycolysis plays a role in PGC specifica-
tion and reprogramming to pluripotent stem cells [96]. In addition, 
the Tricarboxylic acid (TCA) cycle, Ser-Gly-one carbon metabolism 
(SGOC) including the folate and methionine cycles, is consistently 
upregulated in fetal male germ cells during differentiation [97], 
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and those pathways are closely related to epigenetic regulation via 
several metabolites such as α-ketoglutaric acid (α-KG), flavin ade-
nine dinucleotide (FAD), succinate, fumarate in the TCA cycle and 
SAM in SGOC [98]. Meanwhile, in fetal female germ cells, mito-
chondrial metabolism as well as protein stability are increased 
during differentiation, suggesting their possible importance in 
oogenesis [97]. Further, pyruvate and fatty acid metabolism are 
involved in the early steps of oocyte maturation [99], and the DNA 
demethylase TET1, whose cofactor is α-KG, plays an important 
role in regulating meiosis through DNA demethylation of a subset 
of meiotic genes in oocytes [100].

The various above-mentioned environmental factors likely 
result in metabolic and subsequent epigenetic changes in the 
fetus as well as in fetal germ cells, which may consequently cause 
phenotypic alterations in the offspring. Among maternal envi-
ronmental factors, certain chemicals, metabolites and proteins 
may pass through the placenta, while others may be metabol-
ically converted in maternal tissues and by the gut microbiota, 
and resultant substances in the blood stream may be trans-
ferred to the fetus, which likely influences the epigenome of fetal 
germ cells. Yet, the connection among certain environmental 
factors, metabolites in parent and fetal germ cells and their epi-
genetic changes are currently largely unknown, which should be 
addressed in future studies.

Mechanisms Underlying TEI in Mammals
In the previous sections, we mainly discussed the correlation 
between phenotypic and related epigenetic changes through 
parental environmental factors in the offspring. We then focus on 
the mechanisms underlying TEI in more detail and discuss a possi-
ble causal relationship between environment-induced epigenetic 
changes and offspring phenotypes.

Causal Relationship between Changes in DNA 
Methylation of Germ Cells and Phenotypic 
Alterations in Offspring
Although a number of studies have shown that the transmission 
of DNA methylation changes by parental environmental factors 
to the next generation is correlated to changes in the expression 
of phenotype-related genes [24, 76], little information is available 
on whether changes in DNA methylation actually cause pheno-
typic consequences. Recently, a new method for DNA methyla-
tion editing enabled us to understand that artificially induced 
DNA methylation in particular gene loci is indeed transgener-
ationally inherited along with changes in their expression and 
related metabolic traits [101]. In this study, a previously estab-
lished method to induce variable levels of de novo DNA methyla-
tion at promoter-associated CGIs by insertion of a CpG-free DNA 
cassette [102] was applied to two metabolic genes (Ankrd26 and 
Ldlr) [101]. DNA hypermethylation and transcriptional downregu-
lation of those genes are stably maintained across multiple cell 
divisions in the CpG-free DNA cassette-inserted mouse embry-
onic stem cells (ESCs), even after removal of the cassette. The 
manipulated ESCs were then injected into eight-cell embryos 
to generate DNA methylation-edited mice, whose descendants 
show hypermethylation and downregulation of Ankrd26 and Ldlr
along with related metabolic defects such as obesity and hyperc-
holesterolemia across more than three generations. This study is 
therefore the first instance of transgenerational transmission of 
phenotypic changes induced by parental epigenetic alterations in 
mammals. Strikingly, the engineered CGI methylation was once 

erased in PGCs, and is faithfully re-established at early post-
implantation stages of the subsequent generation. The nature of 
this DNA methylation memory is extremely interesting. It is likely 
that other epigenetic signatures or chromatin structures may tem-
porally mediate altered DNA methylation, which may function as 
a heritable epigenomic memory to re-establish DNA methylation 
of the CGI in offspring. This possibility is further discussed in the 
following section. It is also an important open question whether 
CpG-free DNA insertion can be generally applied to a wide variety 
of genes harboring CGIs.

Transmission of Epigenomic Memories
The mechanisms of epigenomic memory in germ cells are cru-
cial issues in understanding the transgenerational inheritance 
of environmentally induced phenotypic changes, because exten-
sive epigenetic reprogramming in PGCs and fertilized eggs likely 
erases the altered epigenetic states [103]. For TEI, specific epige-
nomic information is likely protected from the reprogramming 
process and/or is converted into more robust chromatin informa-
tion, which circumvents the programming in germ cells. A recent 
study suggested a TF-mediated control mechanism of epigenomic 
memory [104]. The study suggested that the DNA methylation 
status of genomic regions depends on binding of TF; TF-bound 
CpG sites remain hypomethylated before, during and after the 
reprogramming in germ cells and early embryonic cells, while 
TF-free CpG sites are hypermethylated before and after the repro-
gramming, which undergoes demethylation and re-methylation 
during the reprogramming (Fig. 3). This suggests that TFs impede 
methylation reprogramming of their bound loci, and act as carri-
ers of epigenomic memory during germ cell and pre-implantation 
development.

Consistent with this hypothesis, a mouse model of maternal 
BPA exposure-induced obesity suggested TEI by environmental 
factors via TFs [105]. In this study, BPA exposure to pregnant mice 
from E7.5 to E13.5, which corresponds to the period of global DNA 
demethylation in PGCs, caused obesity in F1 through F6 offspring 
via both paternal and maternal lineages. Maternal exposure to 
BPA results in increased chromatin accessibility in cis-regulatory 
elements (CREs) containing binding motifs of CCCTC-binding fac-
tor (CTCF) within the Fto gene in F1 to F5 sperm. In addition, the 
CREs increase interaction with neighboring Irx3 and Irx5 genes in 
F3 sperm by maternal BPA exposure. Irx3 and Irx5 are involved 
in the differentiation of appetite-controlling neurons, and this 
interaction possibly affects those gene expressions. Importantly, 
deletion of the CTCF site in the Fto CRE results in restoration of 
the obesity phenotype induced by maternal BPA in the F2 and F3 
mice, supporting the importance of the CTCF site in the Fto CRE 
for transgenerational inheritance of BPA-induced obesity. Because 
this study also showed hypomethylation of the Fto CRE in F3 
sperm by maternal BPA; it is likely that TF binding by increased 
chromatin accessibility in the hypomethylated site may protect 
from its DNA re-methylation to serve the epigenomic memory
(Fig. 3).

As an additional mechanism for epigenomic memory, inter-
action of different epigenetic machinery may also be involved. 
Maternal exposure to vinclozolin or DDT in rats alters sperm 
ncRNA expression in the F1 generation, whose sequences have 
substantial overlap with the sequences in the DMRs suggesting 
their interaction in the F1–F3 generations. In addition, the DMRs 
also have significant overlap with the differential histone reten-
tion sites in sperm, suggesting a potential role for RNA-directed 
DNA methylation as well as DNA methylation-directed histone 
retention [6]. This suggests the possibility that changes in certain 
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Figure 3: A model for the transmission of transcription factor (TF)-mediated epigenome memories by exposure to parental environmental factors 
during pregnancy. TF-binding sites escape epigenetic reprogramming in germ cells. TFs also mediate change in the chromatin structure, which is 
inherited by the next generation

types of epigenomic information are interpreted differently in 
sperm, which may subsequently result in altered chromatin struc-
tures and gene expression after fertilization.

Possible Biological Meaning of Epigenetic 
Inheritance and Future Perspectives
If environment-induced epigenetic changes are transgenetically 
inherited, what does this mean for organisms? As described above, 
many studies showed parental environmental factors negatively 
affect offspring; however, adaptation to chemically induced liver 
damage in rats, prolonged life span by low-dose oxidants in 
Drosophila and prolonged life span by starvation and avoidance 
behavior for pathogens by pathogenic stress in C. elegans are 
apparently positive influences for descendants. This supports 
the idea that environmentally induced heritable epigenetic alter-
ations could, in some situations, play a role in the adaptation 
towards better fitness for living in a changing environment. Find-
ing a positive influence of the parental environment on descen-
dants is not as easy as finding a negative influence, which likely 
resulted in bias in the number of medical, stress and trauma stud-
ies. Meanwhile, there are positive outcomes in human studies 
on meditation [106, 107], exercise as mentioned above and also 
the EpiTrain project showing changes of DNA methylation by the 
training intervention [108], though their influences in germ cells 
are unknown. Therefore, it would be interesting to examine tol-
erance to parental-stress-related environments in offspring in an 
effort to identify positive consequences of the parental environ-
ment by using small organisms with a short lifespan, such as 
invertebrates and small fishes. Such an experimental approach 
may be helpful for further understanding of possible benefits of 
ancestral environmental influences on offspring. On the other 
hand, the negative effects of the parental environment on off-
spring could be useful for identifying pollutants and undesirable 
lifestyle habits in today’s society, and even for predicting the 
susceptibility to some diseases in offspring based on parental 
epigenomic information.

Considering the possible involvement of epigenomic inher-
itance in adaptation to environmental changes over genera-
tions, and ultimately in evolution, the question remains of 
how long epigenomic inheritance could contribute to pheno-
typic adaptation in offspring in light of the short-term nature 
of epigenomic memory over generations. Finding examples of 
environmentally induced long-lasting epigenomic memory in 
future studies may shed light on this issue. Meanwhile, stud-
ies have suggested that methylated CpGs are prone to muta-
tions, indicating the possibility that environmentally induced 
epigenetic changes are converted into gene mutations [109, 
110]. Uncovering how non-mutagenic environmental factors 
could cause long-lasting heritable consequences in germ cells 
will help to understand the possible biological significance
of TEI.
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