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Abstract: The occurrence and mechanisms of develop-
mental adult diseases have gradually attracted attention in
recent years. Exposure of gametes and embryos to adverse
environments, especially during plastic development,
can alter the expression of certain tissue-specific genes,
leading to increased susceptibility to certain diseases in
adulthood, such as diabetes, cardiovascular disease,
neuropsychiatric, and reproductive system diseases, etc.
The occurrence of chronic disease in adulthood is partly
due to genetic factors, and the remaining risk is partly
due to environmental-dependent epigenetic information
alteration, including DNA methylation, histone modifica-
tions, and noncoding RNAs. Changes in this epigenetic
information potentially damage our health, which has also
been supported by numerous epidemiological and animal

studies in recent years. Environmental factors functionally
affect embryo development through epimutation, trans-
mitting diseases to offspring and even later generations.
This review mainly elaborated on the concept of develop-
mental origins of adult diseases, and revealed the
epigeneticmechanisms underlying these events, discussed
the theoretical basis for the prevention and treatment of
related diseases.

Keywords: embryos development; epigenetic; gametes;
non-communicable diseases.

Introduction

Do the origins of adult disease lie in early life events? How
is individual susceptibility to adult disease programmedby
gametes and embryonic developmental environmental
conditions? Answers to these questions are at the center of
the emerging field, the “developmental origins of health
and disease (DOHaD)” hypothesis. This hypothesis is
initially proposed by Barker 50 years ago, linking the state
of health in adult life with the environmental conditions of
early life, based on his observation on epidemiology [1, 2]
Suboptimal perinatal environment influences susceptibil-
ity to non-communicable diseases (NCDs) in adulthood, as
demonstrated by numerous epidemiological and genome-
wide studies [3]. Previous studies mostly focused on
the metabolic and cardiovascular system related dis-
eases [4]. However, the scope of the developmental origin
of adult diseases has now been expanded, and the types of
diseases have gradually expanded from metabolic and
cardiovascular diseases to mental and reproductive-
related diseases [5, 6]. Here, we will fill in the gaps in
terms of disease diversity.

NCDs, mainly cardiovascular diseases, cancers, dia-
betes, and chronic respiratory diseases, are responsible
for 71% of global deaths [7]. The rising incidence of these
diseases, which cannot be explained by genes alone, in-
dicates that epigenetic but not genetic inheritance may
play an important role in disease development [8].
Environment-induced epigenetic information perturbations,
including DNA methylation, histone modifications, and
noncoding RNA, are observed in various adult diseases
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and proved to be important in the etiology [8–11]. Moreover,
parental lifestyles, including diet, environmental factors and
lifestyle stress, and even infectious and inflammatory events
during pregnancy, can negatively impact the health of the
offspring through modified epigenetic features in gametes
and embryos [12–15]. Multiple epidemiological and experi-
mental animal studies revealed how epigenetic information
affects fetal development intergenerationally or even across
generations [14, 16, 17]. Among them, the importance of
germline-mediated intergenerational inheritance has not
been fully recognized in the field of developmental diseases,
which is also a research hotspot in recent years [12–14, 18].
For example, our prior study elucidated that adverse
maternal environment can affect offspring glucose meta-
bolism through the impaired Tet3-deficient oocyte [19]. Qi
Zhou and colleagues conducted a seminal study proved that
a class of highly enriched small RNAs, tsRNAs, in mature
spermatozoa, can act as a carrier of epigenetic information
and transmit a high-fat-induced metabolic disorder pheno-
type from the parent to the offspring [20].

With this in mind, this review summarizes the epige-
netic plasticity of various systemic diseases caused by
environmental stimuli and diet, etc., and discusses how
gametes and embryos act as vectors for introducing
epimutations in the next generation through epigenetic
mechanisms. This will help us identify critical periods for
earlier prevention and more effective treatment.

Multisystem diseases

Parental exposure to adverse environments alters various
biological systems in the developing embryo, fetus, and
postnatal individuals (including the metabolic system, car-
diovascular system, central nervous system, reproductive
system, etc.). The altered expression of certain tissue-specific
genes results in widespread organ dysfunctions and sus-
ceptibility to disease in themature offspring [10, 21] (Figure 1).

Metabolic system

The world is now facing a global epidemic of obesity
accompanied by a “double burden of malnutrition”,
including overweight, underweight, and micronutrient
deficiency. The prevalence of metabolic diseases is
increasing worldwide, and multiple researches claimed
that environmental rather than genetic factors are themain
drivers [22–24]. We mainly focused on how external
disturbances increase the risk of chronic metabolic disease
in adults (Table 1).

Growing epidemiological studies connected perinatal
factors to the later risk of obesity andmetabolic diseases in
adults [21]. Maternal obesity is an important factor [21].
Clinical data showed that a higher pre-pregnancy body
mass index (BMI, weight [kg]/height [m]2) is associated

Figure 1: Overviewof various biological systemdiseases causedby adverse environmental exposure of parents.Disorders of different systems
are listed from left to right (indicated by the red lines): cardiovascular system (Hypertension，Abnormal vascular reactivity and Pulmonary
arterial hypertension); metabolic system (Non-alcoholic fatty liver disease, Diabetes, Metabolic syndrome, Fat accumulation andOverweight/
obesity); central nervous system (Major Depressive Disorder, Autism, Schizophrenia and Neurodevelopmental disorders); reproductive
system (Polycystic ovary syndrome, Subfertility, Ovarian dysfunction, Delayed puberty and Testicular hypoplasia). MDD, Major Depressive
Disorder; PCOS, Polycystic ovary syndrome; NAFLD, Non-alcoholic fatty liver disease.
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Table : Metabolic system.

Exposure
conditions

Exposure factors Species Epigenetic perturbations Offspring adverse outcomes References

Gametogenesis High-fat diet (HFD) SD rats (M) Not applicable/Hypomethylation
of the Ilra gene

Growth deficit in males (F) (birth
weight↓, fat pads and skeletal
muscles↓), risk of potential meta-
bolic↑, β-cell dysfunction’ in female
(F)

[, ]

Paternal obesity and
F were fed HFD

SD rats (M) Not applicable Metabolic (body weight and leptin
level↑) and reproductive distur-
bances (luteinizing hormone (LH),
testosterone and LH responses to
central kisspeptin-↓) in male (F)

[]

Maternal high BMI/
adiposity

Human Not applicable Overweight/obesity/circulating
lipid levels↑

[, ]

Low-protein diet C/Bl mice
(M)

Cytosine methylation patterns in
sperm

Metabolic disorders (cholesterol
and lipid)

[]

Hyperglycaemia CBL/ n (F) Insufficient demethylation by
oocyte TET

Metabolic disorders (glucose
intolerance)

[]

Inflammation CBL/ mice
(M)

Ang-mediated biogenesis of
′-tsRNAs in sperm

Metabolic disorders (glucose intol-
erance and obesity)

[]

Traumatic stress CBl/J mice
(M)

Small non-coding RNAs in sperm Behavioral and metabolic disorders []

Low-protein diet Rats (F) Histone modifications at the gene
enhancer region of Hnfa

Insulin resistance (IR) and obesity []

In utero High-calorie diet
(HCD)

CBL/J mice Not applicable Metabolic disorders (body weight↑,
impaired glucose metabolism, in-
sulin sensitivity↓, serum choles-
terol and hepatic steatosis↑)

[, ]

HFD SD rats Not applicable IR and pancreatic beta-cell
dysfunction

[]

Japanese ma-
caques/
CBL/J mice

Not applicable Risk of nonalcoholic fatty liver dis-
ease (NAFLD) ↑

[–]

Nutrition
deprivation

Human Not applicable Obesity rates↓ (last trimester of
pregnancy and the first months of
life) and obesity rates↑ (thefirst half
of pregnancy)/risk of overweight,
type  diabetes (TDM), hypergly-
cemia, metabolic syndrome, and
schizophrenia ↑

[, ]

Maternal diabetes Human Not applicable Risk of diabetes and obesity↑ [–]
Maternal smoking Human Not applicable Risk of type  diabetes（TDM） []
Maternal obesity Human Not applicable Metabolic disorders (adiposity and

IR)
[]

Human Not applicable Risk of being overweight↑ []
Post-natal Caesarean section

delivery
Human Not applicable Risk of TDM and obesity↑ [–]

Antibiotics Human Not applicable Risk of being overweight↑ (normal
weight mothers) and risk of over-
weight ↓ (overweight mothers)

[]

Low rates of fetal
growth/small size at
birth

Human Not applicable Risk of TDM↑/high growth rates []

Early catch-up
growth/rapid
weight gain

Human Not applicable Risk of being overweight↑ [, ]

Fed with breast milk Human Not applicable Risk of being overweight↓ []
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with an increased risk of overweight offspring [24, 26].
Children whose mothers with a pre-pregnancy BMI ≥ 25
were 1.7 times more likely to be overweight in early child-
hood and twice as likely to be overweight in later child-
hood [24]. What’s more, Catalano et al. found that obese
mothers may induce fetal hyperinsulinemia accompanied
with increased fetal lipogenesis [46]. Our group recently
reported that maternal pre-pregnancy hyperglycemia
makes offspring more susceptible to glucose intolerance
through oocyte TET3 deficiency [19]. Interestingly,
offspring of paternal diabetes are also at greater risk of
developing diabetes [39–42, 45], which suggests that
changes in sperm can also be transmitted to offspring
and affect subsequent development. Carone et al. revealed
that paternal exposure to a low-protein diet can affect
offspring’s cholesterol and lipid metabolism [27]. The
female offspring, whose father has long-term exposure to a
high-fat diet, are more prone to impaired glucose-insulin
homeostasis [25]. Paternal inflammation [28], traumatic
stress [29] can also alter the sperm epigenomic profile,
leading to metabolic disturbances in offspring.

A strong relationship between female dietary intake and
physical activity during pregnancy and offspringmetabolism
is supported by epidemiological and animal studies [21].
Numerous animal studies have demonstrated that a high-fat
diet or dietary restrictions during pregnancy can lead to
impaired glucose homeostasis [31, 33] and lipid homeosta-
sis [32] in offspring adulthood, leading to increased
morbidity of obesity [31], non-alcoholic fatty liver disease
(NAFLD) [34–36], diabetes,metabolic syndrome and so forth.
Other studies revealed that excess weight gain during preg-
nancy increases the risk of childhood being overweight, in-
dependent of pre-pregnancy BMI [57]. In addition, a classic
early cohort study found starvation during pregnancy is also
associated with obesity in adulthood [37, 38]. Sandovici et al.
showed that maternal low-protein diets in rats result in low
expression of the islet Hnf4a gene in offspring. At the mo-
lecular level, this low expression is partly attributable to
histone modification changes in the enhancer region of
Hnf4a [30]. Last but not the least, Gestational Diabetes Mel-
litus (GDM), one of the most common pregnancy disorders,
may increase long-term metabolic risks in offspring, such as
diabetes [43, 44] and obesity [47].

Interestingly, the mode of delivery also affects the risk
of chronicmetabolic disease in offspring. There is evidence
suggesting that offspring born by cesarean section have a
significantly higher risk of diabetes, although the overall
risk is small [48]. More epidemiological investigations have
shown that cesarean delivery is also associated with early
offspring overweight [49, 50]. Furthermore, childhood

overweight in offspring caused by different delivery
methodsmay be related to differences in themicrobialflora
colonizing the mother’s vagina and the infant’s gastroin-
testinal tract [51, 52]. Nutritional status in early life can also
affect long-term metabolism in offspring. One example is
that growing too fast in early lifemay lead to a higher risk of
developing type 2 diabetes in adulthood [53]. Other similar
cases declared that excessive weight gain in infancy is
positively associated with obesity in childhood [54, 55] and
adolescence [56].

In conclusion, there are now substantial evidence
showing that exposure to different environments, including
gametes, embryos, fetuses, and neonates, is associatedwith
the risk of developing chronic metabolic diseases in
offspring adulthood. With the advent of metabolomics and
early imaging of the placenta and fetus, the understanding
andprediction ofmetabolic diseases in adultswill be further
developed.

Cardiovascular system

The most influential early epidemiology of DOHaD theory
focus on this system [2] (Table 2). Adverse intrauterine
environments, usually derived from pregnancy complica-
tions, are closely related to abnormal cardiovascular
development in offspring. Epidemiologic studies showed
that offspring born to mothers with preeclampsia have
higher childhood blood pressures and body mass index
which increase the risk of cardiovascular disease (CVD)
later in life [58]. Intrauterine growth restriction (IUGR),
accompanied by preeclampsia, can lead to a higher risk of
developing CVD in later life. Shah et al. performed sham or
myocardial infarction (MI) surgery in adult rat offspring
exposed to prenatal hypoxia (11% O2) or normoxia (21% O2)
in utero. It turns out that male offspring exposed to prenatal
hypoxia have increased cardiac superoxide levels and tend
to have an ischemic myocardial injury [59]. These studies
indicated that early prevention aiming at pregnancy com-
plications is of great importance for the cardiovascular
development of offspring.

The maternal nutrition state during pregnancy is also
significant for the cardiovascular development of offspring.
A number of animal studies have demonstrated that a high-
fat diet during pregnancy affects the aorta and vascular
development in adult offspring [67, 76–79]. Mdaki et al.
reported that maternal high-fat diet, additively with dia-
betes, can cause diastolic/systolic cardiac dysfunction in
offspring. It attributes to a high-fat diet-induced metabolic
stress and mitochondrial dysfunction [80]. High fructose
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intake during pregnancy can lead to cardiometabolic
disturbances in offspring, which is a major risk factor
for cardiovascular disease [68, 69]. Malnutrition during
pregnancy can also be harmful. Maternal low-protein diets
in the pre-pregnancy period affect gamete development,
and result in abnormal cardiovascular development in
offspring [61, 81–83].

The effect of medication intake during pregnancy on
offspring has been a wide concern, and its effect on long-
term cardiovascular development in offspring is one of the
most important topics [84]. Though antibiotics are effective
and potentially life-saving for pregnant women with
infections, their side effects are not yet known. Theusage of
minocycline, a tetracycline, during pregnancy causes the
elevation of BP in adult male offspring by shaping the off-
spring’s gut microbiome [70]. Apart from these, a series of

animal studies have demonstrated that drug intake during
pregnancy can also affect cardiovascular development,
including cyclosporine [71], gentamicin [72], tenofovir [73],
and glucocorticoids [74].

There are also plenty of evidences showing that the
cardiovascular outcomes of offspring in later life may be
closely related to paternal exposure, such as unhealthy
diet [60, 85], smoking, and environmental pollutants [86].
A paternal low-protein diet can alter the angiotensin-
converting enzyme (ACE) activities of offspring, which
makes the offspring’s blood vessels respond abnormally to
vascular inhibitors and dilators. The above phenomenon
passes on to F2 offspring by modified testicular expression
of central epigenetic regulators in F1 male offspring,
including DNA methylation, histone modifications and
RNA methylation [60]. Another animal study found male

Table : Cardiovascular system.

Exposure
conditions

Exposure factors Species Epigenetic perturbations Offspring adverse outcomes References

Gametogenesis Low-protein diet CBL/
mice (M)

DNA methylation, histone
modifications and RNA
methylation in testes

Adverse effect on vascular function and
RAS pathway function

[]

MF-mice
(F)

Not applicable Impaired vasodilation, elevated serum
and pulmonary ACE activity, and signifi-
cantly attenuated mesenteric arterial
response to the β-adrenoceptor agonist
isoproterenol in male offspring

[]

High-fructose diet C BL/ Not applicable Increase the cardiovascular risk in later
life

[]

PM. Rat (M) Increased expressions of
ATR and GRK in the
kidney of their offspring

Hypertension in male offspring []

Smoking Human (M) Not applicable Increased risk of adult-onset hyperten-
sion and congenital heart defects (CHDs)
in offspring

[]

Reproductive
technologies

CBL/J Not applicable Elevated systoloc blood pressure [, ]

In utero Preeclampsia; prenatal
hypoxia

Human Not applicable Increased risk of cardiovascular disease
in the offspring

[, ]

High-fat diet Rabbits Leptin receptor↑ andBDNF
expression↑

Hypertension []

High-fructose diet CBL/J Not applicable Hypertension, insulin resistance, and
obesity

[]

Rats Not applicable Exacerbates post-weaning high-fat diet-
induced programmed hypertension in
male offspring

[]

Minocycline, cyclo-
sporine, gentamicin,
tenofovir, glucocorticoids

CBL/
mice; rat

Not applicable High blood pressure, hypertension [–]

Tobacco exposure Human Increased CYPA
expression through DNA
methylation

Fetal growth restriction []
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offspring born to a paternal high-fructose diet have higher
BP and uric acid, which may increase the cardiovascular
risk in later life [62]. These results indicate that a paternal
unhealthy diet has profound consequences for offspring.

Environment toxicants exposure such as smoking and
PM2.5 can increase the level of reactive oxygen species
(ROS) in sperm and negatively impact the cardiovascular
outcomes of offspring. In rat, researchers revealed that
paternal chronic exposure to PM2.5 impairs urine output
and sodium excretion and lead to hypertension in themale
offspring. An antioxidant used in combination with PM2.5
in paternal rats can reverse the hypertension phenotype of
offspring [63]. Human epidemiology indicates paternal
smokingmaybe associatedwith the increased risk of adult-
onset hypertension and congenital heart defects (CHDs) in
offspring [64, 87]. Similarly, smoking is a risk factor for
exposure during pregnancy, which can lead to dysregula-
tion of placental gene expression, which further affects
fetal growth by altering DNA methylation [75].

Except for maternal and paternal exposure, assisted
reproductive technologies, such as embryo culture, can
also lead to elevated systolic blood pressure in
offspring [65, 66, 88]. In sum, we should pay close attention
to the exposures which may increase the incidence of car-
diovascular disease in early life.

Central nervous system

Substantial evidence from human epidemiologic and ani-
mal studies revealed that the challenges in early life,
including the pre-, peri-and early postnatal periods, may
have profound effects on offspring neurodevelopment [89]
(Table 3). The intrauterine period, in particular, is the most
discussed periodwhenmaternal exposure can disrupt fetal
neural development and lay a potential risk for neuropsy-
chiatric disorders [90]. According to human epidemiolog-
ical studies, maternal Immune Activation (MIA) resulting
from bacterial or viral infection during pregnancy is a risk
factor for two neurodevelopmental disorders, autism (ASD)
and schizophrenia (SZ) [5]. Many MIA animal models have
shown that the production of cytokines by maternal
immune cells rather than the infection itself is responsible
for neuronal dysregulation in offspring. For example, Choi
et al. [91] constructed an MIA model by intraperitoneal
injection of synthetic double-stranded RNA (dsRNA) (poly
[I: C]) rodents at E12.5, and found the cortical defects and
associated ASD behaviors in offspring resulted from the
increased maternal IL-17a, suggesting that TH17 cells in
susceptible pregnant mothers may be a therapeutic target
to prevent bearing children with inflammation-induced
ASD-like phenotypes. In addition, the covid-19 virus is

Table : Central nervous system.

Exposure
conditions

Exposure factors Species Epigenetic perturbations Offspring adverse outcomes References

Gametogenesis Paternal age Mice (M) Sperm small RNAs
(sRNAs) have been identi-
fied as vector

Anxiety levels↑ and social communication
defects

[]

Depression-like
model

CBL/
J mice (M)

Sperm microRNAs Depression-like symptoms (F) []

In utero HFD CBl/J
mice (F)

Not applicable Structural and neurobehavioral deficits in males;
behavioral abnormalities and neuro-
developmental disorders

[, ]

HFD/Fructose Mice(M) Methylation of the Bdnf
gene promoter↑

Cognitive impairments []

SD rats DNA methylation Cognitive performance and hippocampal
neurogenesis↓

[]

High-fiber diet Mice Microbiota-metabolites-
brain axis

Cognitive impairments and social dysfunction↑ []

Hyperglycemia ICR mice Methylated modification of
F sperm

Memory impairment; neurological disorders (F
and F)

[]

Cadmium CD- mice Placenta-fetal-brain axis Cognitive impairments in male []
Manganese (Mn) SD rats Not applicable Memory and learning impairment []
Lead (Pb)/Pb and
stress

SD rats/
Human

Not applicable Learning and memory deficits; impaired infant
neuro-development

[, ]

Bisphenol a (BPA) CD- mice Not applicable Cognitive and neuro-developmental impair-
ments in male (F)

[]

Post-natal Preterm birth Human Placental DNA methylation Neurodevelopmental impairment []
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also a hot spot in today’s society, but the relevant epide-
miological and animal model studies about the effects of
pregnancy infection on the nervous system of offspring
have not yet been reported,which is also a directionworthy
of our attention in the future.

In recent years, the worldwide obesity epidemic
has increased the prevalence of pregnancy-associated
obesity [106]. Maternal obesity can cause adverse outcomes
on the long-term health of offspring, including not only
metabolic syndrome and cardiovascular defects, but also
neurodevelopmental disorders [107]. Some clinical studies
have shown that high maternal body mass index is corre-
lated with lower offspring cognitive function and social
behavior problems [108, 109]. Mouse fed with a high-fat diet
during gestation and lactation can increase offspring’s DNA
methylation at the Bdnf promoter and drive the release of
inflammatory factors in the brain, which may explain
cognitive deficit in offspring [94, 97]. On the other hand,
some researches support that maternal microbial ecology is
the mediator between maternal obesity and the cognition of
offspring [95, 98]. Maternal obesity can disrupt the synaptic
structure and microglia maturation, and cause social and
cognitive impairments in offspring. These negative effects
canbe reserved by ahighfibermaternal diet,which reshapes
the gut microbiome in both mother and offspring mice [98].

In addition to maternal obesity, paternal obesity also
plays an important role in offspring neurodevelopment [90].
A prospective cohort study has shown that paternal obesity
increases the risk of offspring failing in personal-social
tasks [17]. In a mouse model, diet-induced paternal obesity
can also elevate CpG methylation in the Bdnf promoter
region in HFD-fed F0 spermatozoa and this epigenetic
change may be transmitted to F1 and cause cognitive
impairment [96]. Hyperglycemia, which is usually accom-
panied by overnutrition, can cause serious consequences as
well [110]. Fetus exposed to intrauterine hyperglycemia
suffersmemory impairment and this phenotype can pass on
to F2 through the abnormally methylated F1 sperm [99]. All
indications support that the parental metabolic state is
crucial for the neurodevelopment of offspring.

Environmental toxicants such as Cd, bisphenol-A, Pb,
and manganese are public health concerns. Early life
exposure to these environmental pollutants is associated
with cognitive deficits and behavioral abnormalities in later
life [111, 112]. Gestational Cd exposure inhibits placental
estrogen synthesis via activating GCN2 signaling, thus
downregulating the expression of synapse-associated pro-
teins in the fetus’s brain and causing cognitive dysfunc-
tion [100]. Lead (Pb) and manganese (Mn) are common
neurotoxins, they can cause neurodevelopmental disorders
independently [101–103]. Recent research proved that the

effect of co-exposure to Mn and Pb is greater than single
metal exposure in early life [113]. Researchers established a
rat model exposed to Mn or Pb or both from weaning to
postnatal day. It turns out that co-exposure to Pb and Mn
causes microglial and astrocytic activation, and this acti-
vation likely leads to more pronounced inhibitory effects on
the hippocampal long-term potentiation [113]. Apart from
metal toxicants, endocrine-disrupting chemicals (EDCs)
such as bisphenol-A also impacts the behaviors of
offspring [114]. The expression of hippocampal PSD-95 and
Synapsin-1 are significantly downregulated after exposure
toBPAperinatally, but only inmale offspring [104]. This sex-
specific manner may be associated with differential
methylation pattern in ERα promoters of different sexes.
Based on these scientific results, measures should be taken
to avoid early life exposure to environmental pollutants.

Last but not the least, parental stress can store a great
amountof environmental information (“epigeneticmemory”)
in their germ cells and pass it on to the next generation. The
stress-induced paternal differential DNA Methylation
Regions (DMRs) can partially survive offspring embryonic
reprogramming, which is attributed to enriched sncRNAs
(Small non-coding RNAs) in sperm [92, 115]. Using a chronic
mild stress-induced F0 males of depression-like model,
researchers found that F1 offspring are susceptible to
depression-like symptoms [93]. Sperm small RNAs, particu-
larlymicroRNAs, reshape the early embryonic transcriptional
profiles and explain depressive-like phenotypes in F1
offspring [93]. A longitudinal observational cohort study
showed that prenatal maternal anxiety or depression can
impair fetal brain metabolism and hippocampal growth, and
decrease infant social-emotional scores in 18 months old
mice [116]. The mechanism underlying this phenomenon is
complicated. Serotonin (5-hydroxytryptamine [5-HT]) is
considered as an important mediator in regulating fetal brain
development [117]. The synthetic pathway of 5-HT in the
placenta can be disturbed by a change of maternal trypto-
phan precursor and thus affect fetal affect neurogenesis [118].
Besides, excessive secretion of maternal glucocorticoid can
influence offspring behavior in epigenetic ways [105, 119]. All
these studies remind us to pay close attention to the inter-
generation inheritance of mental illness.

Reproductive system

Parental environmental factors and lifestyles, including a
wide range of endocrine-disrupting chemicals, nutrition
and lifestyle stressors, influence the reproductive systemof
the next generation through the epigenetic remodeling in
gametes and embryos (Table 4). Chronic parental arsenic,
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Table : Reproductive system.

Exposure
conditions

Exposure factors Species Epigenetic perturbations Offspring adverse outcomes References

Gametogenesis Chronic arsenic exposure Rats (F/M) Ggenotoxic damage (DNA
strand breaks) ↑; global DNA
methylation in gonadal tissue
↓

Alterations in physical and
reproductive parameters;
aberrant morphology in the
ovaries (F and F) and testicles
(F–F); quality of sperm (F–
F, except F) ↓

[]

Chronic low dose uranium
exposure

SD rats (F/M) Global DNA methylation in
testes tissue↑, but in ovaries↓

Not applicable []

Methoxychlor SD rats (F) Epimutation in DNA methyl-
ated regions

Incidence of kidney disease,
ovary disease, and obesity↑ (F
and F), multiple diseases in F↑

[]

Permethrin and DEET SD rats (F) Epimutation in DNA methyl-
ated regions

Incidence of total diseases↑ (F
and F), especially pubertal
abnormalities, testis disease,
and ovarian disease in F

[]

NHCl and/or NaS Mice (M) ERα-related DNA methylation
and histone methylation
pathways

Transgenerational disruption in
spermatogenesis

[]

 In utero Hypercaloric diet Wistar rats Not applicable Early peripubertal development
(F and F); reproductive param-
eters were affected (F–F)

[]

Streptozotocin- and high-fat
and high-sugar-induced

Wistar rats Not applicable Maternal effect: Spermatid
number↓, daily sperm produc-
tion↓, caput/corpus sperm
number↓, TNF-α↓ and CAT↑ in
epididymis; paternal effect:
Absolute testis weight↑, serum
testosterone↓, GST↓ and CP↓ in
epididymis; interaction effect:
Spermatid number↓, daily sperm
production↓, CP↓ in epididymis

[]

CBL/J mice Histone methylation and
acetylation

Fertility problems (negatively
affect folliculogenesis)

[]

Low protein maternal diet Rats Not applicable Testis weight, epididymal sperm
count, number of sertoli cells,
testosterone (T) concentration
and luteinizing hormone (LH)
concentration↓

[]

Bisphenol A/E/S (BPA/E/S) CD- mice Disruption of DNA methyla-
tions and histone marks in
the neonatal and/or adult
testis

Sperm counts and/or motility↓
and disrupted the progression of
germ cell development; dysre-
gulated serum estradiol-β and
testosterone; DNA methylation
modified (F)

[]

Rare minnow
Gobiocypris
rarus

DNA methylation and histone
trimethylation

Inhibited ovary development (the
number of mature oocytes↓，the
steroidogenic genes (cypa,
cypa, cypaa and star)
were significantly affected). aThe
negative effects were reversible.

[]

Stress Human Not applicable Total sperm count, number of
progressive motile sperm and
morning serum testosterone
concentration↓

[]
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uranium, and methoxychlor exposure cause changes in
global DNA methylation with negative transgenerational
effects on the adult-onset reproductive phenotypes in
female and male rats [6, 120, 121]. Permethrin and DEET
exposure also increase abnormal puberty, testicular dis-
ease, and ovarian disease (primordial follicle loss and
polycystic ovary disease) in F3 generation animals [122].
The paternal or maternal intake of high-fat diets has been
shown to affect not only the metabolism [123–125] but also
the reproductive health of both male and female offspring.
The maternal effect seems to be more pronounced than the
paternal effect [126, 127].

The causes of male subfertility are wide-ranging in

the majority of cases, in addition to genetic and direct sper-

matogenesis impairment, there is increasing evidence

showing that male reproductive function may be regulated

by early life environment [143, 144]. Several early prenatal
exposures, primarily endocrine disrupting chemicals (EDCs)

such as pesticides, chemicals, plasticizers, phthalates, etc.,

are proved to have direct and transgenerational effects on

male reproductive development [145]. Bisphenol A (BPA) is a
well-known reproductive toxicant that can affect male and
female fertility and have transgenerational effects on repro-
ductive function [131, 132, 146, 147]. This transgenerational
inheritance may also be explained by the gamete trans-
mission of dysregulated epigenetic marks, such as markedly
reduced overall DNA methylation in the testis and ovary in
zebrafish [148], the levels of histone acetylation in the
reproductive system of male rats [149], and the altered
mRNA levels of DNA methyltransferases, histone methyl-
transferases, and their associated factors in rare minnow
germ cells [150]. Although human health is impaired by
environmental exposure at any time, the potential effects of
exposures during pregnancy are magnified during the most
critical developmental period for male fetal develop-
ment [151]. Maternal exposures to low dietary protein, high
milk, alcohol, and nicotine [136] may adversely affect male
fertility through epigenetic mechanisms [151]. Epidemiolog-
ical and experimental studies have shown that exposure to a
maternal lowdietary protein during pregnancy reducesmale

Table : (continued)

Exposure
conditions

Exposure factors Species Epigenetic perturbations Offspring adverse outcomes References

Wistar rats Not applicable Neurotransmitter levels and
sexual behavior testosterone
levels↓, delayed latency to the
first mount and first intromis-
sion, number of ejaculations↓

[]

Mice Not applicable Sexual behavior and fertility↓,
latencies to mount and to
achieve intromission and ejacu-
lation ↑

[]

Environment
toxicant
exposure

Nicotine
and
ethanol

Mice DNA methylation have
changed

Testicular and sperm parameters
(seminiferous tubules, sperm
number, motility, viability↓, DNA
fragmentation↑)

[]

PM. CBL/ mice Inhibin B hypermethylation
and activate the p/Cleaved
Caspase- pathway

Sperm motility, the number of
offspring ↓; vacuolization in the
sertoli cells ↑; inhibin and
testosterone ↓, LH and FSH ↑

[]

DEHP CBL/J mice Sperm transcriptome and
methylome have changed

Symptoms similar to the human
testicular dysgenesis syndrome

[]

CYP Rats Sperm global hyper-
methylation and H DMR
hypomethylation

Effects on gonadal steroidogen-
esis, gametogenesis and sperm
epigenome

[]

ATZ CD mice Not applicable Affected meiosis, spermiogen-
esis and reduces the spermato-
zoa number (F)

[]

Diuron Medaka
(Oryzias
melastigma)

DNA methylation Hatching of F ↓; ovarian devel-
opment was retarded (F)

[]

Benzo
(a) pyrene

Zebrafish DNA methylation Spawned egg number, fertiliza-
tion rate and hatching success ↓

[]
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fertility in adult male rats [130]. Exposure to stressful life
events in early pregnancy is also associated with reduced
reproductive function in adult males in a prospective longi-
tudinal cohort [133]. Extensive animal experimental studies
have shown that male offspring exposed to maternal stress
prenatally have decreased fertility, decreased sexual activity,
and delayed puberty compared to controls [134, 135]. In
addition, exposure to environmental toxicants during preg-
nancy is noxious for offspring reproductive health. Environ-
mental factors such as PM2.5 [137], NH4Cl and/or Na2S [128],
and even the endocrine disruptors bis(2-ethylhexyl) phtha-
late (DEHP) [138], cypermethrin [139] and atrazine [140] can
alter epigenetic marks in the germline, resulting in testicular
hypoplasia in offspring.

The ovary plays an important role in the female
reproductive system, which is affected by various factors.
Epidemiological studies of maternal effects on offspring
fertility are rare, but the possible correlation between
maternal environment and female offspring reproductive
function has been explored through animal models [151].
Some environmental pollutants mentioned above have a
significant impact on the reproductive health of offspring.
Prenatal exposure to some toxic substances, especially a
class of endocrine disruptors, such as phthalates [152],
metoclopramide [121], etc., may directly target the ovary
and affect follicular development, alter the epigenetic in-
formation in oocytes, and lay out epigenetic effects across
generations [153]. Long-term exposure to environmental
diuron in F0 marine medaka inhibits F1 ovary develop-
ment [141]. DNA methyltransferases are significantly
upregulated in adult ovaries, suggesting a possible mech-
anism related to the altered expression of epigenetic
modifiers [141]. Exposure of embryos to BaP resulted in
markedly elevated DNA methylation of the gonadotropin-
releasing hormone (GnRH) gene gnrh3 in the adult
zebrafish brain, resulting in abnormal female reproduc-
tion through physiological changes in the brain-pituitary-
gonadal axis [142]. In addition, female offspring from
gestational diabetes dams are prone to fertility problems
later in life [129]. The underlying mechanism of this
fertility issue may be correlated with impaired fetal epi-
genome reprogramming, which manifests in ovarian
dysfunction and subfertility in adulthood [129]. Polycystic
ovary syndrome (PCOS) is one of the most common
endocrine disorders in women and a leading cause of
female infertility [154]. PCOS has a strong genetic
component [155]. Daughters born to mothers with PCOS
have a 60%–70% chance of developing this dis-
ease [156, 157]. Due to the complexity of the disease, the
specific mechanisms have not yet been elucidated, and the
epigenetic changes associated with PCOS have not been

interpreted. In 2008, an accepted explanation for the etiol-
ogy of PCOS claimed that intrauterine androgen over-
exposure may interfere with epigenetic reprogramming of
fetal germ cells, leading to susceptibility to PCOS in
offspring [158]. Recently, Mimouni et al. proved that PCOS
neuroendocrine reproductive and metabolic dysfunction is
transmitted in PAMH (prenatal AMH exposed) mice through
altered DNA methylation and gene expression for at least
three generations [159].

Adult lifestyle and environmental conditions are
important factors affecting male and female fertility, and
also the reproductive health of their offspring. We need
early prevention and intervention for these factors. Thus, a
healthy and nutritious diet and regular exercise is very
important for reproductive health.

Epigenetic regulation in
developmental diseases

Recently studies have slowly identified the mechanisms
linking the environment to parental and offspring health.
One connection between environmental exposure and
disease is epigenetic regulation-Environments trigger
epigenetic changes, while the altered epigenetic modifi-
cation generates the unique birth phenotype [8, 9, 160].
Epigenetic modifications, including DNA methylation,
histone modifications, RNA methylation, genomic
imprinting, noncoding RNA, etc., refer to stable heritable
changes in biological phenotype or gene expression
without changes in nucleotide sequence [161]. It plays an
important role in normal development. Disordered
epigenetic information can disrupt gene expression
and lead to the occurrence of various diseases, such
as tumors, senile diseases, and developmental dis-
eases [162]. A large number of studies have found that
epigenetic dysregulation may play an essential role in the
occurrence of developmental diseases [10, 163–165]
(Figure 2).

DNA methylation

DNAmethylation is vital epigenetic information that can be
altered across the life course and transited to the next
generation. It is characterized by the addition of a methyl
group at the carbon-5 position of the cytosine base
(5-methylcytosine [5mC]), which usually occurs in the CpG
dinucleotide context. The DNMT methyltransferase family
contains a conserved set of DNA-modifying enzymes,
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including DNMT1, DNMT2, DNMT3A, DNMT3B, and
DNMT3L [166]. The establishment of de novo DNA
methylation needsDNMT3A, DNMT3B, andDNMT3L,while
the maintenance of DNA methylation pattern requires
DNMT1. Ten-eleven translocation (TET) family of enzymes
can actively reverse DNA methylation by oxidizing
5-methylcytosine (m5C) to produce 5-hydroxymethylcy
tosine (hm5C), 5-formylcytosine (f5C) and 5-carboxy
lcytosine (ca5C) [167]. Global DNA demethylation hap-
pens after fertilization to erase the gametic epigenome.
Early adverse exposure in life can changeDNAmethylation
in germ cells or embryos by regulating the activity of
corresponding enzymes [19, 168, 169]. Abnormalities in
demethylation may affect the healthy development of
offspring [170]. Our recent study revealed that pregesta-
tional hyperglycemia can reduce the expression of TET3 in
oocytes, result in hypermethylation of the Gck gene at the
paternal alleles and lead to glucose intolerance in
offspring [19]. This is vital evidence showing that gamete cell
is sensitive to environmental factors and influence
the epigenetic landscape of offspring. The intrauterine
environment can also alter parental DNA methylation and
have long-term effects on the health of offspring [171, 172].
For example, maternal exercise can activate the AMPK-IDH-
αKG-TET signaling pathway in the fetal liver, which controls
DNA demethylation at the promoters of glucose metabolic
genes and improve offspring health [173].

Genomic imprinting is a critical epigenetic feature that
is regulated by differential DNAmethylation inherited from

the parental germline [174]. Imprinted gene typically con-
tains an ICR (imprinting control region) which harbors
parental-allele-specific methylation and controls the
allelic expression of genes [175]. Subtle changes in ICRs in
the germline can influence the long-term health of
offspring. Our previous research reported that intrauterine
hyperglycemia can cause abnormalmethylation of ICR and
downregulate the expression of imprinted genes Igf2 and
H19. This altered genomic imprinting pattern retains in F1
sperm and thus contributes to transgenerational trans-
mission [176]. Similarly, exposure to a high-fat diet during
pregnancy can cause the loss of Dlk1 imprinting, a pater-
nally expressed imprinted gene, in offspring, Dysregula-
tion ofDlk1 can pass on to F2 generation [14]. This evidence
indicated that imprinted gene plays an important role in
transgenerational inheritance.

Histone modifications

The nucleosome is the basic structural unit of chromo-
somes, consisting of a histone octamer (one H2A–H2B
tetramer and two H3–H4 dimers) and 146−147 bp of DNA
wrapped around the outside [177]. The amino acids in the
free N-and C-terminal tails of histones that make up the
core region of the nucleosome can undergo different
modifications under the action of related enzymes. These
modifications regulate chromatin state and transcriptional
activity by altering the electronic charge and structure of

Figure 2: Links of epigenetic modifications
to developmental diseases. The timeline
represents three distinct time periods of
disease exposure: gametogenesis, in utero
periods, and post-natal periods; The black
arrows represent the mechanisms of four
different epigenetic modifications during
disease development, which play different
roles at the DNA (DNAmethylation), histone
(acetylation and methylation), and RNA
(non-coding RNAs) levels, respectively.
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these histones [177, 178]. The main types of histone modi-
fications are acetylation, methylation, phosphorylation,
ubiquitination, SUMOylation, and ADP-ribosylation.
Interestingly, Zhang and colleagues [179] described a
newly discovered histone modification, lactation, derived
from the cellular metabolite lactate, which directly stimu-
lated gene transcription in chromatin. Compared with
other types of proteinmodifications, lactationmodification
research is still in its infancy, but considering the existence
of aerobic glycolysis during the growth of many cells in
the living body [180]. Therefore, lactation modification is
closely related to a variety of physiological and patho-
logical processes, and also provides new ideas for disease
research [180]. For example, lipopolysaccharide regulates
histone lactate modification through Toll-like receptor/
BCAP signaling, which ultimately affects the process of
macrophage polarization [181]. The most common modi-
fication forms are histone methylation and acetyla-
tion [182, 183]. Histone acetylation is a post-translational
modification that mostly occurs at specific lysine residues
in the N-terminal basic amino acid concentration region
of core histones, and is very important for the regulation
of chromatin structure, transcription, and DNA repair.
Two competing enzyme families, histone lysine acetyl-
transferases (HATs) and histone deacetylases (HDACs)
regulate histone acetylation [183, 184]. HATs catalyze the
transfer of acetyl groups from acetyl-CoA to the amino
groups of histone lysine residues. Acetylation of histone
tails can neutralize positively charged lysine, which is
thought to disrupt the interaction between the tails and
negatively charged nucleosomal DNA, thereby promoting
the opening of chromatin for positive transcription [184].
There are lots of lysine residues in histones that can be
acetylated, including H3K4, H3K9, H3K27, H3K36, H3K79,
H4K5, H4K12, H4K20, etc. Among them, H3K27ac is the
most well-studied one.

To date, histone modifications in adult-onset dis-
eases following IUGR, including type 2 diabetes and hy-
pertension, have been extensively investigated [185, 186]
For example, studies revealed that the acetylation of
H3/H4 at the proximal promoter of Pdx1 in IUGR fetal
pancreatic islets is significantly reduced, and the down-
regulation of Pdx1 gene expression alters β-cell function,
ultimately leads to insulin resistance and susceptibility
to type 2 diabetes [187, 188]. Other study also reported
that the histone acetylation level in the promoter of
endothelin 1 (ET-1) gene in pulmonary vascular endo-
thelial cells of IUGR rats was increased. This change may
cause varying degrees of Pulmonary Arterial Hyperten-
sion (PAH) or pulmonary vascular remodeling in later
life [189].

Histone methylation typically occurs at arginine (Arg
or R) and lysine (Lys or K) residues of H3 and H4. These
arginine and lysine can be mono- or dimethylated, and
lysine can be trimethylated. This methylation is regulated
by histone methyltransferases (HMTs) and histone deme-
thylases (HDMs) [177]. Unlike acetylation modification,
methylated histone lysine residues can either activate or
repress gene transcription, depending on the specific
situation (such as methylation site, state, etc.). Histone
methylation is involved in developmental gene expression
from the onset of pre-fertilization to the late postnatal
period, so methylation defects caused by environmental
factors affect early embryogenesis and have profound ef-
fects on organ development [183, 190, 191]. A recent study
reported that the ectopic increase of H3K4me3 in In Vitro
Fertilization (IVF) extraembryonic ectoderm tissues resul-
ted in the ectopic expression of the epiblast gene in IVF
extraembryonic tissues, which is also an important cause
of abnormal development of IVF extraembryonic tis-
sues [192]. Parental nematodes can transmit obesity signals
to offspring, and histone H3K4me3 modification was
identified as a contributing factor to the transgenerational
epigenetic inheritance (TEI) of obesity effect [193]; Addi-
tionally, another study also reported that H3K9me2 was
involved in heat shock-induced TEI [194]. A father’s health
and lifestyle can also impact his children’s health, but the
role of sperm chromatin in the non-genetic inheritance of
metabolic disorders remains unknown. To study the
epigenetic role of histone retention in sperm on embryonic
development and intergenerational epigenetics, Siklenka
targets the methylation of H3K4, an epigenetic mark
associated with developmental genes in sperm [170].
Overexpression of the histone demethylase KDM1A during
mouse spermatogenesis shows a decrease in H3K4me2 at
the transcription start site (TSS) ofmore than 2000 genes in
sperm. Loss of H3K4me2 enrichment in sperm is associated
with abnormal gene expression in embryos, and severe
birth defects in offspring [170]. Recent studies have
demonstrated that these epigenomic changes at the chro-
matin level can be transmitted through sperm, thereby
altering embryonic gene expression, development, and
offspring health [170, 195]. Sperm H3K4me3 can be altered
by folate deficiency and influences embryonic develop-
ment and gene expression [195]. In addition, sperm
H3K4me3 acts as a metabolic sensor and is associated with
the paternal transmission of obesity-related diseases in
offspring [196]. Identification of epigenetic mechanisms
that are transmitted from sperm to affect offspring health,
especially in the context of toxicant screening, could help
to better assess paternal effect models and improve
paternal preconception advice.
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Non-coding RNAs, ncRNAs

It is now generally accepted that genetic information in the
germline can be encoded at the transcriptional and/or
post-transcriptional level, not just DNA sequences [197].
Non-coding RNAs (ncRNAs) refer to RNAs that do not
encode proteins, including short-chain microRNAs (miR-
NAs) and long-chain lncRNAs, which have the properties of
regulating gene expression and protein function [177]. More
andmore studies have shown that ncRNAs are involved in a
variety of complex biological processes and may be key
regulators in the occurrence and development of
diseases [198–200]. miRNAs can bind to target mRNAs in a
complementary manner at the post-transcriptional level,
leading to their translational repression or degrada-
tion [184, 201, 202]. Compared with miRNAs, lncRNAs
also act in a variety of human diseases [203–205], but their
regulatory mechanisms are more complex, involving chro-
mosomal imprinting, epigenetic regulation, and transcrip-
tional processes. A recent review by Arzua et al. [206]
described an association between dysregulation of ncRNA
biogenesis and abnormal brain development related to
environmental factors (alcohol, narcotics, nicotine, and
viral infections). miRNAs and lincRNAs are dysregulated in
various animal and human models following early alcohol
exposure. Inhibition of miR-9 in zebrafish and mouse
resulted in a highly similar phenotype to patients with Fetal
Alcohol Syndrome (FAS) [207]. Recently, lncRNA Lrap
knockout was shown to have increased alcohol consump-
tion and preference in early rats [208].

The discovery of RNA (mRNA and noncoding RNA)
in sperm unlocked its role in providing paternal genetic
information [18]. There is growing evidence supporting that
microRNAs (miRNAs), transfer RNA (tRNA)-derived small
RNAs (tsRNAs), and long RNAs (lRNAs) (mRNAs and long
noncoding RNAs) play essential roles in epigenetic trans-
mission [29, 209]. They can mediate the intergenerational
transmission of paternal phenotypes, including psychiat-
ric problems [29, 210] andmetabolic abnormalities [20, 211].
For example, a high-fat diet (HFD) [219] and inflammation
(LPS) [28] induce changes in sperm tsRNA and lead to
metabolic-related phenotypes in their offspring. Traumatic
stress [29] and stress [210] alter miRNA expression in mice,
resulting in behavioral and metabolic abnormalities in
offspring. Depressed mouse sperm miRNAs can also
mediate intergenerational inheritance and play a key role
in the process of passing phenotypes from parent to
offspring [93]. Genetic information carriers based on non-
DNA sequences all have the potential to encode and store
information and may be passed on to offspring in a

coordinated manner. Recently, it has been reported that a
paternal low-protein diet affects the binding activity of the
transcription factor ATF7, alters the histone modification
levels of its target genes and the generation of non-coding
small RNAs (sncRNAs), ultimately leading to changes in
the expression profiles of offspring liver genes [212]. A high-
fat diet during pregnancy induces irreversible changes in
microRNA expression in developing oocytes that are
associated with Dlk1 dysregulation in subsequent F2
generations [14].

Future perspectives

This review focused on developmental diseases inmultiple
systems, and also discussed the associations and under-
lying mechanisms of parental factors in offspring adult
diseases.With the continuous changes of the human living
environment and pressure, these adverse environmental
factors impair the development of gametes and embryos
through epigenetic modifications, which further lead to
a greatly increased risk of certain chronic diseases in
adulthood. Epigeneticmodificationsmay arise through our
interactions with the environment. For example, obesity
gained with a high-fat diet, can lead to changes in the
epigenetic status of certain genes, including DNA methyl-
ation, histone modifications and small RNAs, which
further bring in health potential damage [20, 79, 96]. Prof.
Surani and his colleagues [213] found that the methylation
process did not wipe out the entire epigenome, about 5% of
the DNA appeared to resist reprogramming. These
“escape” regions of the genome contain genes associated
with diseases such as obesity and schizophrenia, which
may play important roles in development. It provides us
with a good resource for targeting potential candidate re-
gions being passed on to the next generation, and even
across generations. Several recent studies have demon-
strated that these epigenomic changes at the chromatin
level and small RNAs can also be transmitted through germ
cells, thereby altering embryonic gene expression, devel-
opment, and offspring health [28, 195, 196, 211]. For
example, H3K4me3 and tsRNAs in sperm can evade epi-
genome reprogramming, thereby altering gene expression
in offspring [20, 195]. How these altered epigenetic features
escape the global reprogramming processes during PGC
and early embryo development, and then pass on to
offspring to cause disease still awaits further investigation,
and this is a major challenge in the field. Once the epige-
netic mechanisms underlying certain diseases are identi-
fied, it will be of great importance for us to develop specific
drugs or manipulation to avoid this disease.
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The application of epigenetic modification in clinical
diagnosis and treatment is currently limited, although
some clinical trials have been developed for tumor gene
methylation therapy [214]. However, the diagnosis and
treatment of developmental-related disorders are still in
their infancy. The field is of exciting potential, including
the identification of early potential biomarkers associated
with the epigenetics for early prevention of disease, and the
discovery of possible therapeutic targets for future trans-
lational research. Despite the positive outlook, many
challenges remain. Thefirst challenge is how to identify the
epigenetic biomarkers within blood or certain tissues. It
may require high-risk populations to detect changes in
epigenetic modifications of targeted genes, which will
facilitate the early diagnosis of diseases. For example,
altered methylation status of a single CpG site in the
promoter region of the RXRA nuclear receptor in umbilical
cord tissue is closely associated with childhood obesity,
which can be used as an early diagnosticmarker [215]. Most
of the current work exploring the mechanisms of
developmental-related diseases utilized animal models,
which may not be suitable for clinical application. The
second challenge is how to develop effective interventions,
such as diet or exercise interventions, which may mitigate
or even prevent the development of adult disease in
susceptible individuals. For example, paternal exercise
before pregnancy and maternal exercise interventions
during pregnancy have been shown to improve metabolic
health [216]. However, to date, the intervention methods
are limited. Thus, in the search formore effective therapies,
we believe that further studies centered on downstream
effectors such as apoptosis, mitochondrial dysfunction,
and increased oxidative stress are required. Pharmacology
targeting epigenetic signals may improve these compo-
nents, thereby improving some of the symptoms associated
with disease dysfunction.

Collectively, the booming epigenetics field helps us
answer scientific questions underlying developmental
diseases, opening up new and exciting research areas. It
is believed that the studies of epigenetic regulation
may benefit the development of early diagnosis a of
developmental-related diseases, and will surely become a
brand-new approach for the treatment of human diseases.
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