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Preface

We have the great pleasure of presenting the first book entitled Developmental
Origins of Health and Disease (DOHaD): From Biological Basis to Clinical
Significance. The editors sincerely appreciate the contributions from all of the
authors and their valuable reviews on the theme of this book.

Recent epidemiological studies conducted in various countries, such as
England, the Netherlands, and China, suggested that early life deprivation
leads to cardiovascular, metabolic, and mental disorders later in life. The
DOHabD concept now encompasses a wider scope of early life exposures and
a longer list of health outcomes at different life stages. Despite substantial
growth in this field of study, major challenges remain, including: (1) identify-
ing the environmental factors responsible for the origins of noncommunica-
ble disorders in fetuses and infants, (2) clarifying the biological mechanisms
involved in how environmental factors ultimately cause adult disorders in
fetuses and infants, and (3) developing biological markers that can be used
during infancy to predict adult disorders in infants exposed to such environ-
mental factors.

Recent studies have also reported that the number of patients with environ-
mental factor-induced noncommunicable disorders, such as diabetes melli-
tus, is increasing not only in Western countries but also in Eastern countries,
such as Asia, the South East, and Africa. Environmental effects during early
development can accelerate this trend, resulting in decreased economic
power. Therefore, advances in DOHaD studies are important not only for
natural science but also for social science.

We hope that this collection of articles will help readers gain a better
understanding of the biological mechanisms of DOHabD that affect cardiovas-
cular, metabolic, and neurological systems. We also hope that some of the
readers will contribute to the field of DOHaD and make the world healthier.

Chiba, Japan Takeo Kubota
Tokyo, Japan Hideoki Fukuoka
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One-Carbon Metabolism and Lipid
Metabolism in DOHaD

Hideoki Fukuoka and Takeo Kubota

Abstract

The predisposing factors to lifestyle-
associated diseases are established in the early
period of life with underlying gene-
environment interaction. Epigenetics is a
chemical modification-based genetic mecha-
nism that is affected by various nutritional fac-
tors. One-carbon metabolism is a metabolic
system associated with methyl residue that is
supplied from folic acid. Therefore, from the
epigenetic point of view, proper intake of folic
acid is important for pregnant women not only
to prevent congenital abnormalities such as
neural tube defect but also to prevent various
adult disorders of the offspring. Dyslipidemia
is an important risk factor of coronary heart
disease, and epidemiological studies on Dutch
winter famine, Jewish holocaust survivors,
and Chinese famine suggested that prenatal
malnutrition was associated with the dyslipid-
emia. Recent animal studies revealed that mal-
nutrition in utero causes an epigenetic change
in the Ppara gene, which accelerates the
activity of delta-6 desaturase and delta-5

desaturase, that potentially induces dyslipid-
emia in adulthood. It has been known that
overnutrition also increased the risk of cardio-
vascular diseases. Recent animal studies
revealed that high-fat diet increased DNA
methylation in the promoter region of delta-6
desaturase gene (Fads 2) that downregulates
the gene expression in the arterial smooth
muscle, which potentially contributes to car-
diovascular diseases. Taken together, either
insufficient or excessive nutrition alters epi-
genetic modification of genes that encodes
enzymes associated with lipid metabolism.
This altered epigenetic state persists during
one’s lifetime, which is potentially involved in
noncommunicable diseases in adulthood.

Keywords
One-carbon metabolism - Lipid metabolism -
DOHabD - Epigenetics - Fads 2
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Introduction

A number of epidemiological studies provided

H. Fukuoka (D<)

Research Organization for Nano & Life Innovation,
Waseda University, Tokyo, Japan

e-mail: hideoki.fukuoka@ gmail.com

T. Kubota
Faculty of Child Studies, Seitoku University,
Matsudo, Chiba, Japan

evidence that support the concept of developmen-
tal origins of health and disease (DOHaD). Recent
animal studies revealed that malnutrition affects
epigenetic modifications, and this is a potential
molecular mechanism for DOHaD. These dis-
eases are caused via the two stages, first and sec-
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lifestyle-associated diseases are established in the
early period of life, such as periconceptional,
embryonic, fetal, and neonatal periods with under-
lying gene-environment interaction (first insult). If
individuals with epigenetic changes during fetal
period induced by malnutrition have an unideal
lifestyle, such as taking excessive nutrition or sed-
entary lifestyle after birth (second insult), they
may develop lifestyle-associated diseases [1].

Epigenetic modifications include DNA meth-
ylation, histone modifications, chromatin rear-
rangements, and noncoding RNAs. Methyl
residue is an essential substrate to chemical modi-
fication of DNA and histone proteins. One-carbon
metabolism is a metabolic system associated with
the methyl residue that is donated by folic acid
(folate) (Fig. 1). Numerous nutraceuticals directly
supply methyl donors in the methyl activation
cycle or serve as cofactors in this metabolic path-
way which includes methionine, vitamin Bg, beta-
ines (trimethylglycine), vitamin B,,, and zinc. In
this chapter, I would like to review the relation
between fetal nutritional environment and epigen-
etic modification as predisposing factors, the
metabolism of one-carbon metabolism, epigene-
tic change of PPAR« in malnutrition in utero, and
fatty acid desaturases induced by PPARa.

2 Importance of Folic Acid in One-
Carbon Metabolism

It has been known that deficiency dietary of folic
acid in the periconceptional and early stage of
pregnancy causes serious congenital anomalies,

vous system defects. It is recommended globally
for women to take folic acid and multivitamins
from 1 to 3 months prior to conception through-
out the pregnancy. In fact, folic acid is now forti-
fied to grain or cereal in North and South America.

Folic acid is an important nutrient that acts as
donor for methyl residue that is a potent regulator
in epigenetic gene regulation. One carbon metab-
olism is the metabolic pathway that consists of
methyl residue donating cycle, nucleotide pro-
viding and sulfur transsulfuration (Fig. 1). Many
enzymes and coenzymes, such as vitamins B,,
Bs, and B, and zinc, participate to this system.
Final metabolic product, S-adenosylmethionine
(SAM), donates the methyl residue to the DNA,
histone, and neurotransmitters. SAM is changed
into S-adenosylhomocysteine (SAH) by releas-
ing methyl residue, and then SAH is changed into
homocysteine.

Homocysteine is methylated and changed into
methionine via two enzymes: 5-methyltetrahydro
folate-homocysteine methyltransferase (MTR)
and betaine-homocysteine  methyltransferase
(BHMT), respectively [2]. MTR is an enzyme
that catalyzes the final step of methionine biosyn-
thesis from 5-methyl tetrahydrofolate (5-methyl-
THF) and homocysteine. Itis known as methionine
synthase. MTR contains methylcobalamin
(Me-Vitamin By,) as cofactor. 5-Methyl-THF and
homocysteine are used as substrates. This enzy-
matic reaction proceeds with a two-step ping-
pong mechanism. At the first step, MTR transfers
methyl residue from 5-methyl-THF to cobalamin
(vitamin B,; VB,), and Me-VB, and tetrahydro-
folic acid (THF) are produced. At the second step,
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methyl residue is transferred from Me-B,, to
homocysteine, and methionine is produced, and
VB,, is regenerated (Fig. 1). Betaine-
homocysteine S-methyltransferase (BHMT) is
expressed most predominantly in the liver and
kidney. BHMT transfers methyl residue from
betaine (trimethylglycine) and a hydrogen ion
from homocysteine to produce dimethylglycine
and methionine, respectively.

In the sulfur transfer cycle, cystathionine-f3-
synthase (CBS) converts homocysteine to cysta-
thionine by transsulfuration. In this cycle,
cystathionine y lyase converts to cysteine using
vitamin Bg as a coenzyme (Fig. 1). CBS occupies
a pivotal position in sulfur metabolism at the
homocysteine junction to convert cystathionine
to methionine or convert cystathionine to cyste-
ine through the transsulfuration pathway.
Moreover, the transsulfuration pathway is the
only one that is capable of removing excess
sulfur-containing amino acids [3].

In addition to the preventive effect of malfor-
mations, folic acid functions as a donor of the
methyl residue that contributes to epigenetic
modification. Proper intake of supplements or
food is important from periconceptional period
throughout pregnancy. Undesirable epigenetic
modifications can be caused by higher or lower
amount of folic acid. With food fortification of
folic acid, unmetabolized folic acid (UMFA) was
recently detected in blood samples collected in
the US and Canada surveys [4]. The detection of
UMFA in the blood indicates saturation of dihy-
drofolate reductase in the liver and also suggests
excess intake of folic acid, which potentially
cause cognitive dysfunction or cancer in adult by
changing epigenetic modification [5]. Therefore,
the serum UMFA level can be a marker of high
intake of folic acid. Based on this concept, upper
limit of folic acid intake has recently been deter-
mined (i.e., 1000 pg per day) in Garman.

Since homocysteine produces radical oxygen
and inhibit NO production, individuals with high
homocysteine levels in blood have higher risk of
thrombosis, stroke, Alzheimer’s disease, and car-
diovascular diseases [6]. Whereas the prevalence
of mild hyperhomocysteinemia is only 5-7%, it
is detected in 30% of the patients with coronary

heart disease and in 42% of the patients with
cerebrovascular disorders [7].

Blood level of homocysteine, as an intermedi-
ate metabolite, is thought to be another marker of
one-carbon metabolism homeostasis. Either high
or low level of homocysteine indicates abnormal
metabolic state: high level of homocysteine indi-
cates low intake of folic acid or VB,,, and low
level indicates high intake of these nutrients.
Administration of folic acid or VB,, to the
patients with peripheral circulatory insufficiency
with high homocysteine level improved various
symptoms [8]. Therefore, the optimal amount
intake of folic acid is important for pregnant
women not only to prevent congenital anomalies
(e.g. neural tube defects) but also to reduce the
risk of various life style related diseases.

3 Abnormal Lipid Metabolism
(Dyslipidemia) Affected by Fetal
Malnutrition

Dyslipidemia is an important risk factor of coro-
nary heart disease, which is one of the leading
causes of death in developing and developed
counties. Studies on Dutch winter famine showed
that prenatal malnutrition was associated with the
dyslipidemia (e.g., elevated total cholesterol and
triglycerides) in females [9]. Studies on Jewish
holocaust survivors and Chinese famine also
revealed that early-life famine caused dyslipid-
emia in males and females [10, 11].

Lillycrop and Burdge et al. investigated epi-
genetic change of the genes associated with lipid
metabolism in weaning rats [12]. Protein-
restricted diet to the pregnant rat decreased DNA
methylation levels of peroxisomal proliferator-
activated receptor a (Ppara) by 23% and gluco-
corticoid receptor (Gr) by 21% in rat offspring
after weaning and increased expression of these
genes, respectively. Expression of acyl-CoA oxi-
dase 1 (AcoxI) was also increased. On the con-
trary, protein-restricted diet did not change
methylation status and expression of the Ppary
gene. These epigenetic abnormalities were
observed not only on day 34 but also on day 80
after birth, suggesting that perinatal malnutrition
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induces persistent epigenetic changes in the
genes associated with lipid metabolism.

PPARa is a key regulatory factor in lipid
metabolism, and its epigenetic changes induced
overexpression of fatty acid desaturase 1 (also
designated delta-5 desaturase), fatty acid desatu-
rase 2 (also designated delta-6 desaturase), and
AcoxI genes, which subsequently facilitate § oxi-
dation [12]. Delta-5 desaturase and delta-6 desat-
urase are involved in polyunsaturated fatty acid
(PUFA) metabolism and are thought to be associ-
ated with the risk of incident metabolic syndrome
[13]. Expression of delta-6 desaturase, a rate-
limiting enzyme in this metabolic pathway, is
enhanced by PPARa.

Another study was conducted in which either
WY 14643 (PPARa agonist), safflower oil con-
taining linoleic acid (18:2 (n-6)), Menkladen

fish oil containing eicosapentaenoic acid (20:5
(n-3)) and docosahexaenoic acid (22:6 (n-3)), or
triolein oil containing oleic acid (18:1 (n-9))
used as control was given to pregnant rats for
5 days (Fig. 2). As a result, WY 14643 upregu-
lated delta-6 desaturase whereas PUFA (e.g.,
fish oil and safflower oil) downregulated delta-6
desaturase. The underlying mechanism of differ-
ential expression is an upstream responsive ele-
ment for PPARa and a downstream negative
responsive element for PUFA within the 5’'-flank-
ing region of the Fads 2 gene that encodes
delta-6 desaturase [14].

Taken together, malnutrition in utero causes
an epigenetic change in the PPARa gene, which
accelerates the activity of delta-6 desaturase,
resulting in incident metabolic syndrome includ-
ing dyslipidemia in adulthood [15].
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Stearic
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Fig.2 Metabolic pathway of polysaturated fatty acids

Delta-5 desaturase (Fads 1) and delta-6 desaturase
(Fads 2) desaturate polyunsaturated fatty acids.
Particularly, Fads 2 induces desaturation of linoleic

acid (18:2 (n-6)) and linolenic acid (18:3 (n-3)) and
produces arachidonic acid (20:4 (n-6)) and docosa-
hexaenoic acid (22:6 (n-3)), respectively
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4 Dyslipidemia of the Offspring
Induced by High-Fat Diet
During Pregnancy

Several lines of evidence suggest that intake of a
large amount of specific types of lipids in the
early life induces divergent metabolic changes
especially in vessels. For example, administra-
tion of a large amount of saturated fatty acid to
pregnant animals causes cardiometabolic fea-
tures in their offspring, which include hyperten-
sion, arteriosclerosis, decreased number of
endothelial cells and vascular smooth muscle
cells, and decreased activity of the aortic Na*/K*
ATPase [16]. In addition, excess intake of trans-
fatty acids in infancy decreases serum levels of
the 20:4 (n-6) fatty acid and the 22:6 (n-3) fatty
acid, which increases the risk of cardiovascular
diseases in later life [17].

Furthermore, deficiency of n-3 PUFAs during
pregnancy and lactation cause hypertension in
adult offspring [18]. In spontaneous hypertensive
SHR rats, production of arachidonic acid (20: 4
(n-6)) is elevated in the vascular endothelium
accompany, and this increases serum level of
20:4 (n-6), which causes hypertension. The 22:6
(n-3) and 20:4 (n-6), fatty acids which play
important roles in the brain and cardiovascular
system, are taken from foods and are also synthe-
sized in vivo from the precursors such as linole-
nic acid (18:3 (n-3)) and linoleic acid (18:2
(n-6)), respectively (Fig. 2) [18]. There are many
kinds of elongating and unsaturation enzymes for
long-chain fatty acids in the liver and the brain. A
similar metabolic system also exists in the blood
vessel cells. Genetic polymorphisms are known
in the genes encoding delta-5 desaturase and
delta-6 desaturase (Fads 1 and Fads 2, respec-
tively), and specific genotypes of these genes are
known to be associated with increased risk of
cardiovascular diseases [19].

Kelsall et al. reported that overdose adminis-
tration of fatty acids to maternal pregnant rats

altered epigenetic modification of the genes asso-
ciated with lipid metabolism in the arterial endo-
thelium of the offspring, which change the
vascular relaxation and contracting function for a
long time after birth [20]. As fat component in
dosed nutrients, safflower oil containing 18:2
(n-6), hydrogenated soybean oil containing trans-
fatty acid, butter containing saturated fatty acids,
and Menkladen oil containing 22:6 (n-3) and
20:5 (n-3) were given to pregnant rats. Proportion
of each fatty acid was 7% and 21% of the total
energy. As a result, the relaxation ability of aortic
vascular was dose-dependently decreased, and
the constriction was dose-dependently increased
on day 77 after delivery. Eicosanoids such as
PGE 2, PGF 2alfa, and TBXA 2 are involved in
this excessive vasoconstriction. These eico-
sanoids are formed from 20:4 (n-6) with cyto-
solic phospholipase A 2 and cyclooxygenase.
Although the high-fat diet did not alter DNA
methylation status in the promoter region of Fads
1, this diet increased DNA methylation in the
promoter region of Fads 2 [14], suggesting that
Fads 2 expression may be downregulated with
high-fat diet in the arterial smooth muscle.

Heijmans et al. investigated epigenetic status
of genes in the peripheral mononuclear cells of
the individuals who encountered Dutch hunger
and were subjected to malnutrition in the fertil-
ized period. They found decreased DNA meth-
ylation in CpG islands in the promoter region of
the imprinted insulin-growth factor 2 (IGF-2)
[21]. On the other hand, they found increased
DNA methylation in imprinted maternally
expressed 3 (MEG 3), IL-10, LEPTIN, ATP-
binding cassette Al, and guanine nucleotide-
binding protein genes. These findings seem to be
paradoxical at first sight, but they may indicate
importance of understanding epigenetics at
genome-wide level, not single gene level. Precise
mechanism for nutrition-induced differential
methylation, which was shown in this study,
remains to be elucidated.
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5 Conclusion

In this chapter, I reviewed one-carbon metabo-
lism and lipid metabolism which are underlying
basic mechanisms of DOHaD from the genetic
and epigenetic viewpoints. The nutritional envi-
ronment from the periconception to the neonatal
period can alter epigenetic modifications of
genes that are associated with lipid metabolism.
Either insufficient or excessive nutrition can
change epigenetic modification that encodes
essential enzymes for lipid metabolism. The
altered state can further persist during one’s life-
time, which potentially causes noncommunica-
ble diseases in adulthood. Genetic studies
revealed a precise mechanism of regulation of
the delta-6 desaturase gene (Fads 2), which has a
positive element and a negative responsive ele-
ment for PPARa and PUFA, respectively, in the
promoter region. Based on this context, abnor-
mal nutrition-induced hypomethylation of the
PPARa-binding positive element within the pro-
moter region of Fads 2 upregulated gene expres-
sion, which presumably induced delta-6
desaturase, and this may contribute to develop
dyslipidemia in adulthood. Further studies will
elucidate the molecular and epigenetic mecha-
nism associated with nutritional factors for other
features of incident metabolic syndrome such as
hypertension and arteriosclerosis.
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Novel Models of Epigenetic Gene
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Kazuki Mochizuki, Natsuyo Hariya,

and Takeo Kubota

Abstract

Epigenetic memories are acquired information
included in the chromatin or DNA such as
methylation and histone modifications. Recent
studies suggest that epigenetic memories
determine the types of differentiated cells in
each tissue. Moreover, the development of
metabolic diseases induced by environmental
factors during development is controlled by
epigenetic regulation rather than the genetic
regulation such as DNA sequence-dependent
transcriptional regulation. In general, the
demethylation of CpG islands induces histone
acetylation, associated changes from hetero-
chromatin to euchromatin, and enhances tran-
scriptional activation. Under the -classical
model of epigenetics, these changes are
induced by the binding of transcriptional fac-
tors to cis-elements located on promoter/
enhancer regions and the associated binding of
histone acetyl-transferase and the transcription

initiation complex. This model is dependent on
epigenetics in the promoter/enhancer region
and is used to explain the induction of genes by
lipophilic nutrients such as vitamin A, vitamin
D, and unsaturated fatty acid metabolites.
However, recent studies have demonstrated
that epigenetics in the gene body (transcribed
region) also regulate transcription. This novel
model postulates that histone acetylation and
bromodomain-containing protein 4, which
contains two bromodomains to bind acetylated
histones, on the gene body enhance transcrip-
tional elongation. Gene expression alterations
induced by carbohydrate signals and changes
to energy balance in the body accompanied by
the intake of major nutrients are also regulated
by this model. In this section, we introduce
these epigenetic regulations and their relation-
ship with nutrient intake and discuss the link
between epigenetic regulation and the devel-
opment of metabolic diseases.
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1 Introduction

The prevalence of metabolic diseases such as obe-
sity and type 2 diabetes has been increased world-
wide with changes in lifestyles including dietary
habits. One example of these changes is the exces-
sive dieting undertaken by Japanese women before
and during pregnancy. The resulting environmen-
tal stresses experienced during fetal growth are
considered to increase the risks of developing
metabolic diseases such as obesity, type 2 diabe-
tes, hypertension, and psychiatric diseases during
later life (i.e., the developmental origins of health
and disease (DOHaD) theory). Disease develop-
ment is thought to be caused by the long-term
exposure of fetal cells and tissues to environmental
factors such as hypernutrition or malnutrition.

Several studies have suggested that epigenetic
memory determines the type of differentiated
cells in each tissue. Specifically, the induction of
metabolic diseases by environmental factors is
controlled by epigenetic rather than genetic regu-
lation because these diseases develop from stored
memories of environmental stimulation during
developmental stages.

Here, we introduce epigenetic regulation and
describe its relationship with metabolic diseases.

2 Basic Epigenetics

Transcriptional regulation is based on DNA
sequences, in particular the promoter and
enhancer regions upstream of the transcription
initiation site. Transcription is activated by the
binding of transcription factors to transcription
factor binding sites within promoters and enhanc-
ers. This binding to cis-elements recruits the tran-
scription initiation complex comprising RNA
polymerase II to bind the TATA box and initiate
transcription (Fig. la). Thus, the regulation is
dependent on the genetic information of cis-

elements but can be theoretically switched off by
disassociating transcriptional factors.

Recent studies suggest that transcriptional
regulation is also controlled by epigenetic memo-
ries, such as the methylation of CpG islands in
the promoter region of genes. DNA methylation
involves the addition of a methyl group to the
cytosine of DNA. Cytosine residues in CG repeat
sequences are typically methylated and are
known as CpG islands. When CpG islands are
hypermethylated, the chromatin surrounding the
gene changes from euchromatin to heterochro-
matin by associating with methylated DNA-
binding proteins, thus repressing transcription.
Conversely, demethylation of CpG islands
changes heterochromatin to euchromatin, thus
inducing transcription through histone modifica-
tions such as histone acetylation (Fig. 1b).

Other histone modifications include methyla-
tion, phosphorylation, and ubiquitination (Fig. 2).
Within chromatin, histones interact with DNA to
form nucleosomes, which consist of histone
octamers (two molecules each of H2A, H2B, H3,
and H4). The methylation of histone H3 at lysine
4 (K4) is generally related to the activation of
transcription, whereas methylation of histone
H3K9/K27 and H4K20 is associated with tran-
scriptional  repression. Histone acetylation
relaxes the chromatin by changing its charge and
recruits proteins related to transcription. Histone
methylation does not alter the chromatin charge
but enables changes to occur between hetero-
chromatin and euchromatin and transcription
activation/repression through recruiting various
proteins to the chromatin [1].

Heterochromatin formation occurs through
the binding of DNA methyltransferase (DNMT)
to heterochromatin protein (HP) on methylated
histone H3K9, which catalyzes the methylation
of CpG islands. The demethylation of CpG
islands and subsequent histone acetylation via
histone acetyl-transferase ~(HAT) induce
euchromatin formation by removing the HP
(Fig. 3).

Epigenetic memories are thought to be sus-
tained over long periods. Indeed, the induction of
histone H3K4 mono-methylation around the
inflammatory gene nuclear factor-kB by high
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glucose exposure of primary human aortic endo-
thelial cells for 16 h was maintained for 6 days
when the cells were incubated under normal glu-
cose conditions [2].

The importance of epigenetic memories for
tissue development and the progression of
metabolic diseases has been shown by studies
using gene targeting methods
Heterozygous gene targeting of a HAT CREB-

in  mice.

binding protein reduced the development of high-
fat diet-inducible impaired glucose tolerance [3].
Mice that were heterozygous for bromodomain-
containing protein 4 (BRD4), which binds acety-
lated histones, showed lower levels of adiposity
compared with wild-type mice [4]. On the other
hand, BRD?2 disruption led to adiposity [5]. Mice
with a hepatic deficiency of the histone deacety-
lase sirtuin 1 and mice lacking the gene expres-
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Fig. 3 Changes from

Heterochomatin

heterochromatin to
euchromatin

Euchromatin

TAT. {

sion of JmjC-containing H3K9 demethylase 2a, a
demethylase of histone H3K9, were obese and
demonstrated insulin resistance and lipid abnor-
malities compared with wild-type mice [6, 7].
Similarly, transgenic mice overexpressing the
DNA methyltransferase Dnmt3a became obese
and developed inflammation in their adipose tis-
sue [8]. These results suggest that the disruption
of epigenetic regulation is related to the develop-
ment of metabolic diseases such as obesity and
type 2 diabetes. Therefore, epigenetic regulation
is involved not only in the determination of cell
differentiation but also in the onset of chronic
diseases  through lifestyle = accumulation.
Additionally, studies of targeted disruption of
genes during fetal stages revealed that epigenetic
memories are important for fetal development
and the development of diseases under the
DOHaD theory as well as in adulthood.

Enhancer/promoter region
Transactivation

Epigenetic disruption observed in animals that
underwent environmental stresses such as malnu-
trition during various developmental stages is
described in the next section.

3 Classical and Novel
Epigenetics

It is not fully understood how nutrient signals
during different developmental stages affect
metabolism and associated metabolic abnormali-
ties in later life. This section introduces the
response of classical and novel epigenetics to
nutrient signals.

Under the classical model, transcriptional
factor-associated HAT acetylates histones in pro-
moter and enhancer regions, which recruit tran-
scriptional initiation complexes with bromodomain
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proteins. These bind acetylated histones around
the promoter and enhancer regions and initiate
transcription (Fig. 4a). The regulation is conceptu-
ally dependent on transcriptional factors binding
to cis-elements. Nutrient signals, such as those
from vitamin A, vitamin D, and unsaturated fatty
acid metabolites, are transmitted to the nuclear
receptors retinoic acid receptor, vitamin D recep-
tor, and peroxisome proliferator-activated recep-
tor, respectively, and are dependent on the
regulation [9]. The classical epigenetics model
describes an on—off regulation of transcription ini-
tiation by epigenetic memories such as DNA
methylation and histone modifications. The model

regulates transcriptional changes such as from 0%
to 100% or 100% to 0% (Fig. 5a).

Recent studies have demonstrated that histone
acetylation around the gene body (transcribed
region) is important for transcriptional control.
The acetylation of histone and associated
BRD4 in the gene body enhances transcriptional
elongation (Fig. 4b), which controls RNA poly-
merase II activity. Enhanced acetylation of his-
tones in the gene body recruits BRD4 and
positive elongation factor b (P-TEFb) (a cyclin
T1-CDKO9 complex). After forming the transcrip-
tional initiation complex with RNA polymerase
IT on the TATA box, general transcription factor
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IIH initiates transcriptional elongation by
phosphorylating the fifth serine residue at the
C-terminal domain (CTD) of RNA polymerase
II. BRD4 enhances the slide of RNA polymerase
II from +500 to +5000 bp along the gene body
from the transcription initiation site. It also binds
acetylated histones in the gene body and recruits
the P-TEFb complex which phosphorylates RNA
polymerase II at the second serine residue of the
CTD, resulting in its activation and enhancing
transcriptional elongation [10, 11] (Fig. 6).

Under the novel model, epigenetic modifica-
tions regulate the efficacy of mRNA synthesis,
for example, from 60% to 100% (Fig. 5b).
BRD4 enhances the transcriptional elongation
reaction of genes related to cell cycle progress.
For example, during the G1-S transition, BRD4
activates RNA polymerase II on the gene body
of cell cycle-related genes such as Cyclin DI,
Orc2, and Mcm?2 [12]. The expression of such
genes is also regulated by transcriptional factors
such as E2F. We previously demonstrated that
the induction of genes by glucocorticoids is
associated not only with binding of the gluco-
corticoid receptor to cis-elements but also with
histone acetylation and BRD4-P-TEFb binding
around the gene body of the glucocorticoid-
responsive gene Glut5 in small intestinal cell
lines [13, 14]. These results indicate that tran-
scriptional elongation is necessary for many
aspects including cis-element-dependent mRNA
expression.

4 The Association
of Epigenetic Gene
Regulation with Nutrients

Transcriptional elongation is associated with the
expression changes of genes induced by nutri-
tional intake and the related development of met-
abolic diseases such as obesity, type 2 diabetes,
and cardiovascular diseases. This reflects the fact
that the intake of major nutrients controls the
level of mRINA for metabolic genes. However, it
remains unclear whether acetylated histones and
BRD4 in the gene body regulate nutrient signal-
inducible gene expression and the development
of lifestyle-related diseases. We recently demon-
strated that high carbohydrate intake enhances
histone acetylation in the gene body, albeit less
so in the promoter/enhancer region, of
carbohydrate-responsive genes. We also showed
that acetylated histones and/or BRD4 regulate
carbohydrate digestion-/absorption-related genes
such as sucrase-isomaltase, Sgltl, and Glut5 [15,
16]. Fat accumulation-related genes in the liver,
such as Cyp8bl, Dak, and Plin5, are similarly
regulated by BRD4 [17]. Additionally, we found
that histone acetylation in the gene body is related
to adiponectin gene induction in 3T3-L1 adipo-
cytes [18], while the induction of fatty acid syn-
thase (Fas) in the liver during the suckling—weaning
transition period is associated with histone acety-
lation in the Fas gene body [19]. Specifically, the
expression of genes induced by carbohydrate
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intake appears to be associated with histone acet-
ylation in the gene body rather than the binding
of transcriptional factors to cis-elements. This
indicates that carbohydrate-responsive genes and
many genes responsive to the energy balance are
regulated by BRD4.

Although it is not certain whether the epigene-
tic information in the gene body regulates the
development of metabolic diseases, the induction
of Fas in a metabolic syndrome rat model was
shown to be associated with histone acetylation in
the Fas gene body [20]. Additionally, the BRD4
inhibitor (+)-JQ1 was reported to reduce the
expression of genes related to the development of
fatty liver, such as Cyp8bl1, Dak, and Plin5 [17].
Brd4 heterozygous mice also showed a lower
weight of adipose tissue compared with wild type
[4]. Furthermore, many studies, including our
own, demonstrated that the development of meta-
bolic diseases in rodent models is associated with
an increase (e.g., fat accumulation-related genes in
the liver) or decrease (e.g., insulin-sensitive genes
such as adiponectin) of target genes of BRD4 and/
or acetylated histones in the gene body.

Taken together, BRD4 and epigenetics in the
gene body appear to be involved with the expres-
sion of genes induced by major nutrient signals
and by changes of the energy balance, as well as
the development of metabolic disorders. Further
studies should be conducted to verify this
hypothesis.

5 Conclusion

Two types of epigenetic model are known. The
first is the classical model, involving the tran-
scriptional initiation reaction regulated by nuclear
transcriptional factors on the cis-element of the
promoter/enhancer region and associated histone
modifications. The induction of genes by lipo-
philic nutrients such as vitamin A and vitamin D
is regulated by this model. The second novel
model involves the transcriptional elongation
reaction regulated by histone modifications in the
gene body. Major nutrient signals, in particular
carbohydrate signals, and those of the energy bal-
ance in the body, are regulated in this model.

However, it is still necessary to clarify the nutri-
ent signals that are transmitted to the histone
modifications in the gene body, the links between
classical and novel epigenetic models, and the
best model that can explain epigenetic regulation
associated with the development of metabolic
diseases for better understanding of DOHaD.
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Epigenetic Switching and Neonatal
Nutritional Environment

Koshi Hashimoto and Yoshihiro Ogawa

Abstract

The hepatic metabolic function changes
sequentially during early life in mammals to
adapt to the drastic changes in the nutritional
environment. Accordingly, hepatic fatty acid
[-oxidation is activated after birth to produce
energy from breast milk lipids. De novo lipo-
genesis is induced upon the onset of oral
intake, when the major nutritional source
switches to carbohydrate. However, how a
particular metabolic pathway is activated dur-
ing the liver maturation is poorly understood.
We found that the expression of glycerol-3-
phosphate acyltransferase 1 (GPAT1), a rate-
limiting enzyme of de novo hepatic
lipogenesis, is epigenetically regulated in the
mouse liver by DNA methylation. In the neo-
natal liver, DNA methylation of the GPAT1
gene (Gpam) promoter, which is likely to be
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induced by DNA methyltransferase (Dnmt)
3b, inhibited the recruitment of sterol regula-
tory element-binding protein-1c (SREBP-1c¢),
whereas in the adult, decreased DNA methyla-
tion resulted in active chromatin conforma-
tion, allowing the recruitment of SREBP-1c.
Maternal nutritional environment affects the
DNA methylation status in the Gpam pro-
moter, GPAT1 expression, and triglyceride
content in the liver of the offspring. We also
found DNA demethylation and increased
mRNA expression of the fatty acid p-oxidation
genes in the postnatal mouse liver. The DNA
demethylation is specifically induced in the
lactation period. Analysis of mice deficient in
the nuclear receptor peroxisome proliferator-
activated receptor a (PPARa) and maternal
administration of a PPARa ligand during the
gestation and lactation periods reveals that the
DNA demethylation is PPARa-dependent.
These findings indicate the gene- and lifestage-
specific DNA demethylation of a particular
metabolic pathway in the neonatal liver to
adapt the marked changes in nutritional envi-
ronment in early life.

Keywords

DNA demethylation - De novo lipogenesis -
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1 Introduction

In the fetal period, the fetus is supplied by cord
blood, which is glucose rich. After birth, upon the
onset of breast-feeding, the major nutrition
source should be changed to lipid derived from
breast or formula milk. Then, after weaning,
when oral intake begins, carbohydrate, which is
glucose again, should be the major nutritional
source [1] (Fig. 1). To adapt these drastic changes
in the nutritional environment in the perinatal
period, the metabolic function of the liver sequen-
tially changes, so that it becomes matured as a
major metabolic organ [1, 2]. For instance, after
birth, fatty acid f-oxidation is activated to
exchange milk lipids to energy in lactation
period, and de novo hepatic lipogenesis is devel-
oped to produce lipid after weaning in the liver.
However, how a particular metabolic pathway is
activated during the liver maturation has been
poorly understood.

2 Epigenetic Regulation of De
Novo Triglyceride
Biosynthesis

2.1 Epigenetic Regulation

of Glycerol-3-Phosphate
Acyltransferase 1 (GPAT1)
Gene (Gpam)

Triglyceride (TG) is the major storage form of
energy in animals. TG biosynthesis begins with
the acylation of glycerol-3-phosphate by
glycerol-3-phosphate acyltransferase 1 (GPAT1;
Gpam) to form lysophosphatidic acid; this is the
rate-limiting step in the hepatic TG biosynthesis
pathway [3] (Fig. 2). In the acylation process,
fatty acids produced by stearoyl-CoA desaturase
1 (SCD1; Scdl) and fatty acid synthase (FAS;
Fasn) are used as acyl donors. Among the lipo-
genic enzymes, GPAT1 plays an important role in
the regulation of hepatic TG biosynthesis [4, 5].
The lipogenic genes such as Gpam, Scdl, and
Fasn are activated by sterol regulatory element-
binding protein-1c (SREBP-1c¢), which is a tran-
scription factor and a master regulator of

lipogenesis. Indeed, their promoter regions con-
tain the sterol regulatory elements (SREs) [6-8].

The GPAT1 mRNA is only slightly expressed
in the neonatal liver but markedly increased in
the adult liver. Similar to GPAT1, both SCD1 and
FAS mRNA levels, as well as protein levels of
GPAT1, SCD1, and FAS, and GPAT1-mediated
TG/diacylglycerol (DG)  biosynthesis are
increased in the adult liver relative to the neonatal
liver.

2.2 DNA Methylation of the Gpam

Promoter

Epigenetics such as DNA methylation and his-
tone modification is involved in the regulation of
a diverse range of biological processes in mam-
mals. Especially, DNA methylation is a major
epigenetic modification, and its role is well stud-
ied in organ development and cell differentiation
[9-11]. Generally, DNA methylation of the pro-
moter regions causes suppression of gene expres-
sion [12]. In mammals, three DNA
methyltransferases (Dnmt)—Dnmtl, Dnmt3a,
and Dnmt3b—coordinately regulate DNA meth-
ylation in the genome. Dnmtl promotes DNA
methylation after DNA replication and plays a
major role in the maintenance of methylation
[13]. Dnmt3a and Dnmt3b are required for the
initiation of de novo DNA methylation [9].
Dnmt3a and Dnmt3b mRNA expression are
detected in the neonatal and adult livers.

The Gpam promoter region contains three
SREs [6]. Bisulfite analysis revealed high DNA
methylation levels of the Gpam promoter con-
taining SREs in the neonatal liver. By contrast,
less DNA methylation levels were observed in
the adult liver. In the primary culture of neonatal
mouse hepatocytes, DNA methylation levels of
the Gpam promoter are high at the time of seed-
ing but gradually decreased in a time-dependent
manner. Reciprocally, GPAT1 mRNA levels are
increased in the time course of culture, suggest-
ing an inverse correlation between DNA methyl-
ation of the Gpam promoter and its mRNA
expression in the primary culture of neonatal
mouse hepatocytes. On the other hand, DNA
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novo hepatic lipogenesis

methylation of the Scd/ and Fasn promoters,
containing SREs, is not observed in both the neo-
natal and adult livers [14]. In contrast, DNA
methylation levels are high in the repetitive ele-
ment of intracisternal A particle (IAP) [14, 15],
one of the markers of global DNA methylation,
in both the neonatal and adult livers. It is there-
fore likely that DNA methylation differs in cer-
tain regions of the genome between the neonatal
and adult livers.

Chromatin ~ immunoprecipitation  (ChIP)
assays revealed that SREBP-1c is not recruited to

SREs in the Gpam promoter in the neonatal liver,
although it is clearly recruited in the adult liver
(Fig. 3). On the other hand, Dnmt3b is strongly
recruited to CpG sites (i.e., cytosine followed by
guanine) located around SREs in the Gpam pro-
moter in the neonatal liver, but not in the adult
liver. Thus, it is thought that DNA methylation of
the CpG sites in the Gpam promoter, which is
likely to be induced by Dnmt3b, inhibited the
recruitment of SREBP-1c to SREs.

On the other hand after weaning, possibly by
nutritional change, DNA methylation of the
Gpam promoter is decreased allowing the recruit-
ment of SREBP-1c to SREs, and GPAT1 gene
expression is activated [14].

2.3 Histone Modification
of the Gpam Promoter

in the Neonatal Liver

Transcriptionally active histone codes such as
histone H3 lysine-4-trimethylation (H3K4me3)
and lysine-9-acetylation (H3K9Ac) are increased,
and the repressive codes such as histone H3
lysine-9-di-methylation (H3K9me2) are
decreased at the Gpam promoter in the adult liver
relative to the neonatal liver (Fig. 3) [14].
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Maternal Nutritional Status
Would Affect DNA
Methylation Levels

of the Gpam Promoter
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A high-fat or high-calorie diet fed to female ani-
mals during gestation and lactation has been
reported to increase lipogenic gene expression
and TG levels in the liver of the offspring, sug-
gesting that hepatic lipid metabolism is nutrition-
ally affected early in life. In the offspring derived
from high-fat and high-calorie diet-fed dams,
DNA methylation levels of the Gpam promoter
are lower, and GPAT1 mRNA levels and
SREBP-1 recruitment to SREs are higher than
those in the offspring of standard diet-fed dams.
Moreover, hepatic TG levels increased in the off-
spring of high-fat and high-calorie diet-fed dams
relative to that of the standard diet-fed dams.
These findings suggest that maternal overnutri-
tion could cause decreased DNA methylation of
the Gpam promoter with increased GPAT1
expression and TG level in the liver of the off-
spring [14]. However, whether the changes in

Hepatic
o= d
R — Lipogenesis
(AQpe(AQ) ACuA)

On the other hand, after weaning, possibly by nutritional
change, DNA methylation of Gpam is decreased allowing
the recruitment of SREBP-1c, and Gpam expression is
activated. 5SmC:5-methylated cytosine

DNA methylation of the Gpam promoter in early
life may affect the metabolic phenotypes in later
life awaits further investigation.

3 Epigenetic Regulation
of Fatty Acid f-Oxidation
in the Neonatal Liver
3.1 Genome-Wide DNA
Methylation Changes Are
Most Induced in the Lactation
Period

Analysis of genome-wide DNA methylation
changes in the mouse liver revealed that DNA
methylation changes are most induced in the lac-
tation period [16]. The genes with an inverse cor-
relation between DNA methylation and mRNA
expression, especially those that lost DNA
methylation with increased mRNA expression in
the lactation period, are significantly related to
metabolic function.
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3.2 PPAR« Is a Key Factor
for the DNA Demethylation
in the Mouse Liver

in the Lactation Period

The binding motif of the nuclear receptor, peroxi-
some proliferator-activated receptor a (PPAR),
which is referred to as PPAR response element
(PPRE) characterized by direct repeat 1 (DR1)
that consists of two repeats of specific sequence
spaced by one nucleotide, is significantly
enriched in the genes that lost DNA methylation
in the lactation period. The pathway analysis
using these gene sets that lost DNA methylation
with increased mRNA expression significantly
highlighted “PPAR signaling pathway” and “fatty
acid metabolism.” PPAR« is considered as a key
regulator of lipid metabolism in the liver, espe-
cially hepatic fatty acid p-oxidation [17-19].
Most of the genes related to hepatic fatty acid
B-oxidation are PPAR« target genes.

Analysis of genome-wide methylation
changes in the PPARa-deficient (PPARx-KO)
mouse [20] liver revealed that no DNA methyla-
tion changes in the perinatal mouse liver. These
findings suggest that PPAR« also could be a key
factor of reduced DNA methylation in the lacta-
tion period [16]. However, to date, the molecular
mechanism by which PPARa induces reduced
DNA methylation remains unclear.

3.3 DNA Demethylation
of the Fatty Acid 3-Oxidation

Genes Is PPARa-Dependent

Representative fatty acid f-oxidation genes, such
as acyl-CoA oxidase 1 (AcoxI) and enoyl-CoA,
and hydratase/3-hydroxyacyl CoA dehydroge-
nase (Ehhadh), that are also PPAR« target genes
show significant decrease in DNA methylation,
referred to as DNA demethylation in the lactation
period. Moreover, the mRNA expression and
protein levels of these genes are significantly
increased upon the onset of breast-feeding. There
are significant negative correlations between
DNA methylation and mRNA expression levels
in all the genes. Serum TG concentrations and

hepatic TG contents are significantly decreased
in the lactation period, which is consistent with
the upregulation of the fatty acid f-oxidation in
the liver. On the other hand, DNA demethylation
of AcoxI and Ehhadh is significantly attenuated
in the postnatal PPARa-KO mouse liver.
Consistently, mRNA expression levels of Acox/
and Ehhadh of PPARa-KO mice are significantly
decreased compared to those of wild-type mice at
the time of weaning [16].

34 Ligand-Activated PPARx
via Breast Milk Accelerates DNA
Demethylation of the Fatty

Acid p-Oxidation Genes

Maternal administration of Wy14643 (Wy), an
artificial ligand of PPARa during the gestation
and lactation periods, induces accelerated DNA
demethylation of Acox/ and Ehhadh in the liver
of the offspring. Accordingly, mRNA expression
levels of AcoxIl and Ehhadh of the offspring
derived from Wy-administered dams (Wy group)
are significantly increased compared to those of
the offspring derived from vehicle-administered
dams (Vehicle group). Serum TG concentrations
are significantly decreased, whereas hepatic
acetyl-CoA levels are significantly increased, in
the Wy group at the time of weaning, suggesting
that the fatty acid p-oxidation is activated in the
Wy group. These findings indicate that DNA
demethylation of the fatty acid p-oxidation genes
is ligand-activated PPARa-dependent.

3.5 Significance of DNA
Demethylation Via PPARx
in the Lactation Period
and Clinical Perspective

for the Preemptive Medicine

Hepatic fatty acid p-oxidation is activated after
birth to produce energy from breast milk lipids
[21]. Moreover, The DNA demethylation does
not occur in the fetal mouse liver under the physi-
ologic condition, suggesting that it is specific to
the lactation period. Therefore, it is thought that
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Fig. 4 Ligand-activated PPAR« regulates the fatty acid
B-oxidation genes through DNA demethylation. Before
birth, expression of the fatty acid f-oxidation genes may
be suppressed in a DNA methylation-dependent manner,
which is partly because PPARa ligands are unavailable
under the physiological condition. After birth, upon the
onset of breast-feeding, activation of hepatic PPARax by

after birth, upon the onset of breast-feeding, acti-
vation of hepatic PPARa by milk lipid ligands
may result in the activation of the fatty acid
p-oxidation pathway via DNA demethylation.
PPARa-dependent and lifestage-specific DNA
demethylation of the fatty acid p-oxidation genes
in the neonatal liver is an adaptive response to the
changes in nutritional environment at the onset of
lactation (Fig. 4) [16]. These findings also sug-
gest that the onset of lactation, that is a drastic
nutritional change, could be an environmental
cue to initiate epigenetic modification; DNA
demethylation of the fatty acid f-oxidation genes
to adapt the nutritional environment thereafter.

Given that the DNA methylation status estab-
lished in early life remains relatively stable
throughout life and thus affects hepatic lipid
metabolism and susceptibility to lifestyle dis-
eases such as obesity and type 2 diabetes in later
life [22], the development of formula milk with
ingredients to activate PPARa and intervention to
adequate mother-child nutrition may offer thera-
peutic strategies in early life to prevent the devel-
opment of metabolic diseases in adulthood as a
preemptive medicine.

maturation demethylatlon
I

> 4

milk lipid ligands may result in the activation of the fatty
acid p-oxidation pathway via DNA demethylation.
However, the molecular mechanism by which liganded
PPARa induces DNA demethylation remains unclear.
RXRa, retinoid X receptor a, a nuclear receptor, which is
a heterodimeric partner with PPARax on PPRE. FAO fatty
acid oxidation, 5mC 5-methylated cytosine
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Developmental Origins
of Nonalcoholic Fatty Liver Disease

(NAFLD)

Hiroaki Itoh and Naohiro Kanayama

Abstract

Nonalcoholic fatty liver disease (NAFLD) is a
hepatic manifestation of metabolic syndrome.
Its prevalence is currently increasing not only
in developed obese countries but also in devel-
oping countries. Recent findings from human
cohorts and animal studies suggest that a
nutritional imbalance in the early critical
period is causatively associated with the inci-
dence of NAFLD in later life. Based on the
current theory of the developmental origins of
health and disease (DOHaD), undernourish-
ment and overnourishment in utero are both
hypothesized to prime the predisposition for
hepatic fat storage. Current knowledge on the
developmental origins of NAFLD is intro-
duced in this chapter.
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1 Introduction

Nonalcoholic fatty liver disease (NAFLD) is a
hepatic manifestation of metabolic syndrome [1]
and the most common liver disease not only in
adults but also in children, particularly in Western
countries [2, 3]. NAFLD indicates a spectrum of
pathology from simple hepatic steatosis to more
severe nonalcoholic steatohepatitis (NASH). The
natural history of NASH in pediatrics currently
remains unknown; however, approximately one
third of adult patients with NASH are expected to
have progressive inflammation and fibrosis that
ultimately result in cirrhosis within several to
10 years [4].

The prevalence of NAFLD is currently
increasing not only in developed but also in
developing countries [5]. Its prevalence in the
general population has been estimated to be
20-30% in Western countries and 5-18% in
developing countries, such as Asia [6]. However,
the rate of increases in the prevalence of NAFLD
is markedly greater in developing than in devel-
oped countries, and this has been attributed to the
widespread availability of obesogenic, cheap,
and energy-dense foods [7, 8]. The prevalence of
NAFLD in China and Japan has nearly doubled
in the last 1015 years [1, 6, 7, 9, 10]. To the best
of our knowledge, it has not yet been established
why the prevalence of NAFLD has been simulta-
neously and rapidly increasing not only in devel-
oped but also in developing countries.

29

T. Kubota, H. Fukuoka (eds.), Developmental Origins of Health and Disease (DOHaD), Advances
in Experimental Medicine and Biology 1012, https://doi.org/10.1007/978-981-10-5526-3_4


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-5526-3_4&domain=pdf
mailto:hitou-endo@umin.ac.jp

30

H. Itoh and N. Kanayama

Obesity is strongly associated with the inci-
dence of NAFLD [5, 11-13]. More than two
thirds of severely obese people have NAFLD,
while more than one half of NAFLD patients are
obese in developed countries [5, 11-13].
However, obese individuals do not always have
NAFLD, whereas nonobese individuals may
develop NAFLD [14, 15]. Kojima et al. previ-
ously reported that approximately one half of
Japanese patients with NAFLD were nonobese
with a body mass index (BMI) of less than 25 kg/
m? [9]. Thus, the pathophysiological background
for the rapidly increasing prevalence of NAFLD
in developing and developed countries and the
common natural history of NAFLD itself have
not yet been elucidated in detail.

The clinical discovery of NAFLD in children
has led to speculation that its origins lie in envi-
ronmental insults or exposure in earlier life [16].
Nobili et al. suggested the programming hypoth-
esis of pro-steatotic conditions presumably
caused by undernourishment or overnourishment
in utero as a risk factor for NAFLD in later life
[17, 18]. This is consistent with the current the-
ory of the developmental origins of health and
disease (DOHaD) that environmental factors,
including nutritional conditions, during the fetal,
neonatal, and infantile periods are related to the
risk of noncommunicable diseases (NCDs), such
as metabolic syndrome, in later life [19-23]. In
this chapter, we discuss the possible contribution
of pro-steatotic conditions hypothetically pro-
grammed by undernourishment or overnourish-
ment in utero to the increasing prevalence of
NAFLD and in developing and obese developed
countries, respectively, from the standpoint of the
DOHaD theory.

2 Small Newborns and Risk
of NAFLD in Later Life

The findings of several studies on humans sug-
gest that small neonates are predisposed to liver
disease, including NAFLD, in later life [5, 24—
26]. Fraser et al. revealed a relationship between
low birth weight and elevated liver enzymes by a
random sampling of 2101 British women aged

60-79 years, indicating a possible developmental
risk of hepatic cellular injury in these subjects
[24]. An epidemiological study on 1587 aged
participants by the Helsinki Birth Cohort Study
showed that birth and childhood body sizes were
negatively associated with NAFLD outcomes
after adjustments for adult BMI and also that
individuals who had been small in early life and
obese as adults were at the highest risk of devel-
oping NAFLD [26]. Faienza et al. reported that
NAFLD was observed in 34.8% of children who
were born as small for gestational age (SGA), but
not in those as appropriate for gestational age
(AGA) [27]. Alisi et al. detected SGA in 38.9%
of children complicated with NAFLD and in
6.7% of uncomplicated children [28]. Moreover,
Nobili et al. showed that the prevalence of NASH
was higher in SGA children with NAFLD [25].
However, Breij et al. demonstrated that rapid
catch-up growth in the first 3 months after birth
rather than small birth weight per se was a stron-
ger risk factor for NAFLD in the early adult
period [29].

Collectively, these findings suggest that small
newborns are predisposed to NAFLD in later life,
particularly if they exhibit rapid catch-up growth
soon after birth; however, the numbers of studies
as well as those of their participants were
limited.

3 Undernourishment in Dams
and Hepatic Steatosis in Pups

In animal models, general reduction in energy
supply to dams is one of the most commonly
used methods to establish undernourishment in
utero and fetal growth restriction in mammals [5,
30-32]. We and other researchers reported that
maternal global nutrient restriction primes the
deterioration of hepatic steatosis in the adult oft-
spring of ovine [33], rats [34], and mice [35].
George et al. reported that aged ovine female off-
spring born to mothers that received global nutri-
ent restriction in the first half of gestation showed
significantly increased hepatic lipid and glycogen
contents, concomitant with greater weight gain
[33]. Magee et al. found that 9-month-old male
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rat offspring from dams that received 50% global
nutrient restriction in the latter half of gestation
showed significantly increased hepatic triglycer-
ide contents [34]. The same research group
reported that hepatic fat deposition occurred in
fetuses exposed to maternal undernutrition, as
early as embryonic day 20, prior to the develop-
ment of offspring adiposity in their rat animal
model [36]. We developed a mouse animal model
of fetal undernutrition by reducing maternal
global nutrient supply in the latter half of the
pregnancy period [37], the adult offspring of
which showed not only the deterioration of
hepatic steatosis [35] but also a wide variety of
phenotypical shifts, such as hypothalamic
changes resulting in the exacerbation of general
obesity [37], the augmentation of macrophage
infiltration in white adipose tissue concomitant
with increased local fat deposition [38], and the
angiotensin Il-related deterioration of cardiac
remodeling [39, 40]. We recently reported that
the severity of maternal energy restriction in this
animal model differently primes patterns for the
localization of fat deposits in adult offspring [10].
Relatively mild maternal energy restriction, i.e.,
30-35%, induced an increase in liver and body
weights in adult offspring, while more severe
maternal energy restriction, i.e., 40%, elevated
liver weights, but not body weights in adult off-
spring [10, 35]. Since the accumulation of fat in
the liver from the entire body was speculated in
the latter condition of the animal model, we spec-
ulated that the severity of undernourishment in
utero may be, at least partly in particular cases,
associated with the incidence of NAFLD in non-
obese individuals.

In addition to global energy restriction, other
animal models have identified factors leading to
the exacerbation of hepatic steatosis in later life.
Maternal dietary protein restriction during preg-
nancy and lactation in rat dams was reported to
aggravate hepatic steatosis in adult offspring
without a parallel increase in general adiposity
[41, 42]. Offspring born to rat dams subjected to
vitamin B12 and folate deficiencies developed
hepatic steatosis at weaning [43]. As a causative
factor other than nutritional conditions, Maeyama
et al. showed that restraint stress in pregnant

mouse dams induced hepatic steatosis in pups at
weaning [44].

Thus, studies using animal models have indi-
cated that an insufficient maternal energy supply
in pregnancy leads to the trait of preferential fat
deposition in the livers of adult offspring. As
described in the previous section, findings
obtained from humans suggest that small neo-
nates are predisposed to NAFLD. Collectively,
information obtained from human and animal
studies have led us to the hypothetical concept
that undernourishment in utero primes the predis-
position for NAFLD in later life. However, cau-
tion is needed regarding this scientific logic
because small newborns are not always exposed
to undernourishment in utero.

4  Maternal Obesity and the Risk
of NAFLD in Offspring

In the past few decades, there has been increasing
human evidence to suggest that maternal obesity
or high maternal glucose levels in pregnancy con-
tribute to offspring obesity and metabolic syn-
drome [5, 45-47]. NAFLD is regarded as a
hepatic manifestation of metabolic syndrome
[48]; however, a direct relationship between
maternal obesity and the risk of NAFLD in the
offspring of humans has been demonstrated in
recent years [3, 5]. Brumbaugh et al. reported a
68% increase in intrahepatocellular lipid contents
in newborns born to obese mothers with gesta-
tional diabetes (GDM) using magnetic resonance
imaging (MRI) [49]. The relationship between
maternal BMI and neonatal hepatic fat was previ-
ously reported to be independent of neonatal sub-
cutaneous fat, suggesting that fetal hepatic fat
storage accumulated through excessive maternal
free fatty acids via a pathway that is distinct from
that of adipose tissue [49]. Modi et al. found a
positive correlation between maternal BMI and
intrahepatocellular lipid contents in infants mea-
sured by MRI [50]. Patel et al. demonstrated that
maternal diabetes/glycosuria during pregnancy
as well as a higher maternal prepregnancy BMI
correlated with the incidence of NAFLD, diag-
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nosed by ultrasound, in offspring at a mean age
of 17.8 years [51].

These findings from human studies suggest
that maternal obesity and/or hyperglycemia dur-
ing the critical early periods of developmental
plasticity increase susceptibility to and the sever-
ity of NAFLD in offspring; however, the number
of human studies has been limited.

5 Overnourishmentin Dams
and Hepatic Steatosis in Pups

In contrast to the limited number of human cohort
studies, numerous experimental animal models,
such as nonhuman primates, rats, and mice, using
a wide variety of dietary approaches have pro-
vided detailed and extensive evidence linking the
maternal condition of overnutrition to the devel-
opment of hepatic steatosis in offspring [3, 5, 52].
A chronic maternal high-fat diet (HFD) before
and during pregnancy and in the lactation period
was found to induce hepatic steatosis in offspring
independent of offspring obesity in nonhuman
primate [53] and mouse [54] animal models.
McCurdy et al. demonstrated that changing the
maternal diet to a low-fat diet in subsequent preg-
nancies improved hepatic steatosis in offspring,
indicating that HFD during pregnancy plays a
critical role in the programming of offspring
hepatic fat deposition [53]. This has been consis-
tently observed in other dietary animal models of
various kinds of obesogenic chow diets [55-57].
On the other hand, Thorn et al. chronically
supplied HFD to nonhuman primate mothers and
found that offspring from insulin-resistant moth-
ers but not insulin-sensitive females developed
significant hepatic steatosis even though they
consumed a healthy diet after weaning indepen-
dently of obesity [16]. Thus, maternal hypergly-
cemia during pregnancy may induce hepatic
steatosis in offspring presumably via fetal hyper-
glycemia in addition to maternal HFD [16].
Kruse et al. reported that offspring exposed to
HFD during pregnancy and the lactation period
were more susceptible to the development of
simple hepatic steatosis, even if they consumed a
normal chow diet after weaning, suggesting that

pregnancy and lactation periods are the critical
windows for HFD-induced susceptibility to
hepatic steatosis [58]. Thus, the supply of HFD to
dams before and during pregnancy and in the lac-
tation period induced hepatic steatosis in the
pups; however, further exposure of their offspring
to postweaning HFD was shown to promote the
progression of hepatic steatosis to the stage of
steatohepatitis [54, 59-61].

6 Developmental Origins
of NAFLD from the DOHaD
Theory

Numerous epidemiological studies on different
ethnic groups in different areas worldwide as
well as the identification of some mechanistic
backgrounds by excellent animal studies [21, 22,
62] have developed into the novel concept that
the establishment of metabolic regulation during
the early critical period affects the morbidity of
noncommunicable diseases (NCDs) throughout
life, i.e., DOHaD [20, 23, 63]. Since epidemio-
logical studies have revealed that undernourish-
ment and overnourishment in utero are both
causatively associated with the risk of NCDs in
later life, a ‘U-shaped curve’ theory was pro-
posed for the relationship between nutritional
conditions in utero and the risk of developing
NCDs in later life [30, 32, 64—-67]. As described
in the previous sections, evidence from several
human cohorts as well as excellent supportive
animal studies suggest that undernourishment
and overnourishment in utero both prime the risk
of NAFLD in later life, suggesting that the
‘U-shaped curve’ theory is also applicable to the
developmental origins of NAFLD (Fig. 1).
Among large numbers of theoretical models for
the DOHaD theory concerning undernourishment
in utero, the thrifty phenotype hypothesis by Hales
and Barker [68] is one of the most promising and
reasonable sounding models to explain the mecha-
nistic basis underlying possible relationships
between undernourishment in utero and obesity-
related metabolic disorders in later life [66, 69—
71]. They proposed the concept of an adaptive
response to undernourishment in utero that is a
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Fig. 1 A two-hit model
of nonalcoholic fatty
liver disease (NAFLD).
Ist hit: energy supply in
utero and the
developmental risk of
NAFLD in later life (a).
2nd hit: a possible
relationship with
economic development
stages (b)

z
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trade-off between saving energy consumption in
utero and downsizing the fetal body. Embryonic
and/or fetal predictive adaptive responses may
adjust the development of their own metabolic
regulation systems, including a predisposition to
hepatic fat deposition, in response to the environ-
mental characteristics surrounding their mothers
for the purpose of matching themselves to the pre-
natally predicted postnatal circumstances of long-
lasting insufficient food supply and improving
their survivability through a life of incessant star-
vation [68, 71, 72].

The prevalence of NAFLD is currently
increasing in developing countries and obese
developed countries [5]. However, the rate of
increases in the prevalence of NAFLD was found

High energy supply I

Overeating

to be markedly higher in developing countries
than in developed countries and has been attrib-
uted to the widespread availability of obesogenic,
cheap, and energy-dense foods [7, 8]. The preva-
lence of NAFLD in China and Japan has nearly
doubled in the last 10-15 years [1, 6, 7, 9, 10].
Developing countries have been undergoing
rapid and prominent economic improvements
over the past few decades, and generations sub-
jected to a low energy supply during fetal life due
to poverty and/or confusion in society have now
shifted to a life with an obesogenic diet [32].
Therefore, individuals expected to have acquired
the thrifty phenotype in utero encounter a mis-
match to the excess energy supply provided by a
calorie-rich obesogenic diet and develop the risk
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of NAFLD due to their acquired predisposition to
hepatic fat deposition (Fig. 1). Humans have
evolved to adapt to continuous starvation for hun-
dreds of thousands of years; however, those in
developing countries now need to adjust to an
unexpected drastic environmental shift from
undernourishment in early life to overnourish-
ment in later life in a single generation. Future
economic and political reconstructions of current
conflict areas such as the Middle East or Africa
may also be a cause for future concern because a
cheap obesogenic diet may be consumed by those
exposed to a low nutritional environment during
fetal life.

Kojima et al. demonstrated that the prevalence
of NAFLD was 12.6% in Japan in 1989 and grad-
ually increased to 30.3% in 1998, indicating a
2.4-fold increase over 12 years [9]. Nonobese
individuals with a BMI of less than 25 kg/m?
were previously reported to account for approxi-
mately half of all Japanese patients with NAFLD
[9]. In Japan, undernourishment is common
among women of childbearing age due to their
strong desire to be thin [73-76] and has resulted
in an increase in low birth weight neonates and a
decrease in the mean birth weight [73-76].
Kubota et al. reported that the mean energy intake
by pregnant Japanese women was less than 1600
kilocalories/day throughout pregnancy and was
30% (second trimester) and 37% (third trimester)
less than the recommendations by the Ministry of
Health, Labour and Welfare of Japan, indicating
large numbers of relatively undernourished
Japanese fetuses due to insufficient maternal
energy intake [77]. In consideration of the par-
ticular nutrient conditions of young Japanese
women, it is plausible that the expected preva-
lence of relative undernourishment in Japanese
fetuses by low maternal energy intake may be, at
least partly, related to recent and rapid increases
in the prevalence of NAFLD in Japanese indi-
viduals, including nonobese patients [10]. Long-
term cohort studies including data on individual
energy intakes during pregnancy are needed in
order to prove this logic.

It appears to be reasonable that the pathophys-
iological DOHaD hypothesis for undernourish-

ment in utero, such as a predictive adaptive
response, thrifty phenotype, and mismatch, is
applicable to understand the pathophysiology of
the developmental origins of NAFLD associated
with undernourishment in utero. Nevertheless, a
pathophysiological theory has not yet been estab-
lished to explain the contribution of overnourish-
ment in utero to the prevalence of NAFLD in
later life. It currently remains unclear whether a
permanent phenotypic shift in the predisposition
to hepatic fat storage in response to overnourish-
ment in utero is advantageous for the survival of
the fittest in later life with a permanently excess
energy intake. Difficulties are associated with
explaining these responses using the mismatch
hypothesis. Since humans have genetically
evolved to adapt to starvation over hundreds of
thousands of years, the prevalence of hepatic fat
storage in obese developed countries may be a
type of maladaptation or functional disorder
induced by a lifelong excess energy supply that
they are unable to cope with as a species at pres-
ent. Nevertheless, it is an urgent task to theorize
the relationship between a life-long excess energy
supply and the risk of NAFLD, particularly that
observed in obese developed countries, in the
DOHabD scheme.

Li et al. showed using a rodent model that
HFD feeding through three generations progres-
sively induced severe hepatic steatosis in off-
spring, suggesting transgenerational
accumulation in the deterioration of hepatic ste-
atosis by maternal HFD [78]. Moreover, several
animal studies suggested that HFD to dams not
only primes simple hepatic steatosis in the pups
but also increases susceptibility to steatohepati-
tis, especially when HFD is also supplied to the
pups after weaning [54, 59-61]. Since an obeso-
genic diet is closely linked with individual family
eating habits in humans, it is a cause for concern
that large numbers of infants from obese families
may be subjected to habitual obesogenic meals
soon after weaning and, as a result, may be more
susceptible to not only NAFLD but also NAS in
later life. A human cohort study is needed in
order to prove this speculation. However, these
animal studies and the wide prevalence of energy-
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Fig.2 Infiltration of hepatic macrophages in mouse pups
from dams with ad libitum feeding (a) and dams with a
40% reduced energy supply (b). Immunostaining of
macrophage-specific F4/80 in the livers of pups at

dense obesogenic diets together suggest that
there is a transgenerational negative chain of
NAFLD prevalence in obese developed countries
(Fig. 1).

As described in the previous sections, under-
nourishment and overnourishment in utero both
prime the risk of NAFLD in later life (Fig. 1).
Previous studies suggested that the developmen-
tal risk of hepatic steatosis is independent of that
of general adiposity [10, 49, 53, 54], suggesting a
specific as well as independent mechanism in the
developmental origins of NAFLD. Nevertheless,
how these two contradictory fetal environments,
i.e., an excess and insufficient energy supply dur-
ing fetal life, prime the common hepatic pheno-
type of exaggerated fat deposition, NAFLD, in
later life currently remains unknown. We and
other researchers showed using rodent animal
models that undernourishment in utero induced
hepatic chronic inflammation concomitant with
an augmentation in hepatic fat storage in later life
[34, 35]. Figure 2 shows the enhanced infiltration
of hepatic macrophages primed by undernourish-
ment in utero [35]. Overnourishment in utero was
reported to induce hepatic chronic inflammation
in the offspring of animal models [3, 16, 59, 79].
Since chronic inflammation plays a pivotal role
in the development of hepatic steatosis [80—82],

17 weeks of age [35]. Yellow staining indicates positive
immunostaining. Red  arrows indicate  hepatic
macrophages

we currently speculate the presence of common
priming pathways not only for hepatocytes but
also hepatic macrophages by undernourishment
and overnourishment in utero, constituting the
first hit for developing NAFLD (Fig. 3). More
intensive studies are needed in order to prove this
hypothesis.

7  Conclusion

The prevalence of NAFLD is rapidly increasing
in developing and obese developed countries.
Recent findings from human cohort and animal
studies suggest that the different stages of socio-
economic development are causatively associ-
ated with the prevalence of NAFLD via different
types of imbalances in nutritional supply in the
early critical period of developmental plasticity.
It would be a promising research target to high-
light the nutritional circumstances in early life as
a starting point for the risk accumulation of
NAFLD from the standpoint of the DOHaD the-
ory, for the purpose of developing the early inter-
vention strategy of preemptive medicine [83]
against the current NAFLD prevalence.
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Fig. 3 Hypothetical
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Abstract

Hypertension is a common noncommunicable
disease. According to the World Health
Organization, 1.13 billion people were suffer-
ing from hypertension in the year 2015. High
blood pressure, hypertension, has a multifac-
torial etiology. Arterial atherosclerotic
changes, systolic or diastolic dysfunction of
the heart, and other noncardiac factors are
involved. Epidemiological evidence has
revealed that perinatal growth disturbance
elevates the prevalence of hypertension.
However, the specific effects of developmen-
tal disturbances on the pathological process of
hypertension are poorly understood. Recently,
it has become apparent that the perinatal
period plays many essential roles in cardiovas-
cular development. In this chapter, we focus
on the perinatal development of the cardiovas-
cular system, especially in murine models.
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Individual organs, blood, blood vessels, and
the heart show unique growth characteristics
during this period. We also introduce evidence
from related clinical studies regarding the
developmental origins of hypertension.
Finally, evidence from several animal models
is presented to reveal the effects of develop-
mental disturbance or stress on arterial pathol-
ogy. Improving our understanding of both
developmental events and the results of clini-
cal studies will give fresh insight into the fetal
origins of hypertension.

Keywords
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1 Introduction

Hypertension is a common noncommunicable
disease that is marked by constantly elevated
arterial blood pressure. The presence of hyper-
tension also increases the risk of other noncom-
municable diseases such as ischemic heart
disease, arrhythmia, cerebrovascular diseases,
and so on. Blood pressure can be expressed as the
product of cardiac output and systemic vascular
resistance, similar to Ohm’s law (E (blood pres-
sure) = I (cardiac output) x R (systemic vascular
resistance)) (Fig. 1). Cardiac output and systemic
vascular resistance are influenced by many
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Blood Pressure

(Mean Arterial Pressure)

Cardiac Output
—~ Blood Volume
Heart Rate

Vascular Resistance

Area of Vascular Bed
X

Viscousity of Blood

Contractility

Fig.1 Major determinants of blood pressure. Blood pres-
sure can be represented as the product of cardiac output

Table 1 Developmental events during perinatal period

Events

Sift of the hematopoietic fields
(AGM-liver-BM)

Expansion and differentiation of
hematopoietic stem cells

Organ
Blood

Vessels | Organ-specific vascular development (e.g.,
retina)

Maturation of remodeled vessels

Sift of the cardiomyocyte metabolisms
Cardiomyocyte maturation

Coronary vasculature development

Heart

AGM Aorta-gonado-mesonephros, BM bone marrow

factors; therefore, a variety of alterations of the
cardiovascular system are involved in the pro-
gression of hypertension.

In the past, the perinatal period was regarded
simply as a phase of enlargement of existing
organs. However, recent evidence has revealed
that perinatal development of the cardiovascular
system plays a unique and pivotal role in organ
growth and maturation (Table 1).

In this chapter, we first focus on the murine
perinatal development of each component of the
cardiovascular system: the blood, blood vessels,
and the heart. Recent clinical findings on the
developmental origins of hypertension are then
introduced. We also discuss several animal mod-
els that capture disturbances of perinatal
development.

and vascular resistance. Each cardiac output or vascular
resistance is also influenced by many factors.

2 TheEarly Stage
of Cardiovascular
Development

During development, the heart and blood vessels
are derived from the same origin, i.e., the lateral
plate mesoderm. The lateral plate mesoderm is
found at the periphery of the notochord and
divided into two parts: the somatic mesoderm
and the splanchnic mesoderm. The splanchnic
mesoderm is the common origin of the heart, the
blood vessels, and the blood. The anterior portion
of the splanchnic mesoderm is specified to the
cardiogenic mesoderm, whereas the posterior
portion differentiates into the hemogenic
mesoderm.

Organogenesis of the cardiovascular system is
complex and beyond the scope of this chapter.
The gross architecture of the cardiovascular sys-
tem, including the four chambers of the heart and
the primitive circulatory system, is almost com-
pletely formed during the first trimester.

3 Perinatal Cardiovascular
Development

3.1 Perinatal Development

of the Blood

The hematopoietic field shifts to various organs
during the maturation process of hematopoietic
stem cells [1]. The yolk sac is known to be the
primary hemogenic field. This field produces
immature hematopoietic stem cells that migrate
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into other hemogenic fields, including the aorta-
gonado-mesonephros (AGM) region and the pla-
centa. The AGM region is placed at the frontal
side of the developing aorta and produces stem
cells, which play an important role in specifica-
tion of hematopoietic stem cells. Hematopoietic
stem cells then translocate to the fetal liver at
approximately embryonic day 11, where expan-
sion and some differentiation of hematopoietic
stem cells occur. The bone marrow starts to
develop when the bone tissue has just formed, at
approximately embryonic day 14, and continues
until the neonatal period [2, 3]. Fetal hematopoi-
etic stem cells change their phenotype to adult
stem cells. These changes mainly proceed during
the late developmental stage and the postnatal
period [4].

A particular subset of endothelial cells is
known to acquire hematopoietic potential and to
produce hematopoietic stem cells. This popula-
tion is called the hemogenic endothelium [5].
Hemogenic endothelial cells are produced at lim-
ited periods and sites, but their production is con-
served among vertebrates. Disturbances of their
production cause a lethal effect during embryo-
genesis [6].

3.2 Perinatal Development
of the Vessels

Blood vessel formation is broadly divided into
two phenomena, vasculogenesis and angiogenesis
[7, 8]. Vasculogenesis is the de novo formation of
the primary vascular plexus, and angiogenesis is
the emergence of new blood vessels from the pre-
existing plexus. The timing of vascular formation
differs for each organ. The great vessels are
already formed by the mid-gestational stage,
whereas the retinal vascular network starts to
develop in the postnatal period [9].

Mature blood vessels have three layers, the
tunica intima, the tunica media, and the tunica
adventitia. The tunica intima is the innermost
layer and is composed of monolayered endothe-
lial cells. Smooth muscle cells covered by the

endothelial layer form the tunica media. The out-
ermost layer, the tunica adventitia, is composed
of many cell types. It includes nerves, capillaries
(called the vasa vasorum), and connective tissue.
The tunica adventitia also contains stem cells,
which can differentiate into smooth muscle cells
and endothelial cells [10].

3.3 Perinatal Development
of the Heart
3.3.1 Caridomyocyte Metabolism

The heart is an energy-consuming organ. To pro-
duce the huge amounts of ATP required, the heart
can utilize various substrates such as carbohy-
drates, lipids amino acids, and ketone bodies
[11]. In adults, oxidative phosphorylation is the
major pathway for cardiac metabolism, and free
fatty acids are used as the main substrate.
However, during the fetal stage, glycolysis is
the main pathway for energy production. The peri-
natal stage is a metabolic transition phase, from
glycolysis to mitochondrial oxidation [12, 13].

3.3.2 Regenerative Capacity

Previously, after birth, the heart was regarded as
a nondividing organ. However, recent reports
have shown that regenerative capacity persists in
adults of lower vertebrates and during the neona-
tal period of mammals. This period is closely cor-
related with the maturation of cardiomyocytes
[14-16].

In murine models, proliferation of cardiomyo-
cytes reaches its peak at approximately embry-
onic day 10 and gradually decreases [17] but
persists during the neonatal period [18-20].
Recently, Naqvi et al. reported that a proliferative
burst occurs in preadolescent mice [21]. However,
another group refuted their findings [22], and the
exact timing of the termination of cardiomyocyte
proliferation remains debatable.

Binucleation or polyploidy of cardiomyocytes
occurs when maturation proceeds [23]. Many fac-
tors influence the proliferation and maturation of
cardiomyocytes [24, 25]. Neuregulinl promotes



44

Y. Arima et al.

cardiomyocyte proliferation and regeneration
through the ErbB4 receptor [26]. Recently, Puente
et al. reported that the oxygen concentration
induces cardiomyocyte cell cycle termination [27].

3.3.3 Development of the Coronary
Vasculature

The coronary vasculature is important for contin-
uous beating of the heart. Stenosis or occlusion of
a coronary artery in an adult induces severe isch-
emic heart diseases, such as angina pectoris and
myocardial infarction. The coronary vasculature
is composed of cells from many sources, and its
development occurs during the perinatal period
[28, 29]. A particular cluster of coronary endothe-
lial cells was reported to dramatically increase
during the postnatal period [30].

4  Clinical Studies Related
to the Developmental Origins
of Hypertension

David Barker reported that there is a relationship
between birth weight and cardiovascular disease
[31]. Subsequently, it was demonstrated that the
perinatal environment affects the development of
many noncommunicable diseases [32]. Many
studies have also reported the involvement of
hypertension. The Nurses’ Health Study (NHS),
in which more than 150,000 women were
enrolled, showed that a low birth weight increased
the risk of hypertension [33]. A study of the
Northern Finland Birth Cohort 1966, in which
birth weight and blood pressure at the age of
31 years were recorded, showed that birth weight
was inversely associated with blood pressure
[34]. A study of the Northern Finland Birth
Cohort 1986 also showed the same tendency in
systolic blood pressure at 16 years old, especially
in girls [35]. The Young Finns Study demon-
strated that preterm, or small for gestational age,
individuals showed a higher prevalence of adult
hypertension [36]. The Bogalusa Heart Study
also showed that a low birth weight was associ-
ated with systolic blood pressure variability [37].

In addition to condition at birth, postnatal
development also affects noncommunicable dis-
eases. Perng et al. reported that rapid gain in
body mass index during the first postnatal
6 months increased blood pressure in mid-
childhood [38]. Furthermore, faster growth in
either weight or height is associated with higher
blood pressure in childhood [35].

Several historical events also affirm this con-
cept. The Dutch famine is one of the most well-
known life-threatening famines caused by World
War II. A follow-up study revealed that survivors
showed increased risks of noncommunicable dis-
eases [39]. The Biafran famine, another severe
famine, was prompted by the Nigerian Civil War
(1967-1970). A cohort study showed that perina-
tal starvation was associated with elevated risks
of hypertension and other noncommunicable dis-
eases [40]. Recently, a large genome-wide study
showed that birth weight was inversely correlated
with systolic and diastolic blood pressure [41].
Based on these reports, the perinatal environment
strongly affects development of hypertension and
other noncommunicable diseases.

The hyperfiltration theory addresses the well-
known etiology of hypertension in individuals
with perinatal growth disturbances. Brenner
argued that a lower number of glomeruli cause
filtration overload and lead to glomerular dam-
age. Glomerular damage reduces the number of
glomeruli, perpetuating the cycle [42].
Intrauterine growth retardation or preterm birth
results in a reduced nephron number, and this his-
tological change causes glomerular hyperfiltra-
tion [43]. The mechanism will be described in
detail in a later chapter.

Various animal models have been used to
understand the mechanisms underlying these
phenomena. In sheep, embolization of the feed-
ing artery to the placenta or a partial uterine
restriction causes placental insufficiency on fetal
development. This procedure produces fetuses
that are lighter than controls; maturation and cell
cycle activities of cardiomyocytes were also sup-
pressed [44, 45]. In rodents, partial calorie or
protein restriction during pregnancy is also used
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to generate intrauterine growth retardation mod-
els. Proliferation of cardiomyocytes was
repressed in a rat model [46]. It was also reported
in humans that infants who were small for their
gestational age showed lower left ventricular out-
put and diastolic dysfunction [47]. It is known
that the number of cardiomyocytes relates to the
contractility of the heart. The postnatal compen-
sation mechanisms of cardiomyocytes might pre-
dispose these individuals to hypertension.

Environmental stress causes many types of
epigenetic modifications. Cardiac methylome
analysis revealed dynamic changes in DNA
methylation status among embryonic, neonatal,
healthy adult, and failing hearts [48, 49]. In their
reports, Gilsbach et al. revealed prototypical car-
diomyocyte genes, myf6 and myf7, which were
demethylated in newborn cardiomyocytes.
Furthermore, neonatal methylation patterns par-
tially resembled to the pressure overloaded-
failing heart [48]. These models indicate that the
environmental stress can change the methylation
status of cardiomyocytes in adult.

Here, we have provided an overview of the
perinatal development of the cardiovascular sys-
tem. We have also introduced the available clini-
cal evidence and provided data from some studies
of animal models that are underway. It is almost
unknown how epigenetic modifications during
the perinatal period affect the adult heart and dis-
eases. Further direct evidence of the perinatal
developmental origins of hypertension is
required, along with experimental evidence that
illuminates the underlining mechanisms.
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Involvement of Noncoding RNAs
in Stress-Related Neuropsychiatric
Diseases Caused by DOHaD Theory

ncRNAs and DOHaD-Induced
Neuropsychiatric Diseases

Takahiro Nemoto and Yoshihiko Kakinuma

Abstract

According to the DOHaD theory, low birth
weight is a risk factor for various noncommu-
nicable chronic diseases that develop later in
life. Noncoding RNAs (ncRNAs), including
miRNAs, siRNAs, piRNAs, and IncRNAs, are
functional RNA molecules that are transcribed
from DNA but that are not translated into pro-
teins. In general, miRNAs, siRNAs, and piR-
NAs function to regulate gene expression at
the transcriptional and posttranscriptional lev-
els. Studying ncRNAs has provided opportu-
nities for new diagnosis and therapeutic
knowledge in the endocrinological and meta-
bolic fields as well as cancer biology. In this
review, we focus on the roles of miRNAs and
IncRNAs in the pathophysiology of stress-
related neuropsychiatric diseases, which show
abnormal blood hormone levels due to loss of
feedback control and/or decreased sensitivity.
Numerous recent studies have begun to unveil
the importance of ncRNAs in regulation of
stress-related hormone levels and functions.
We summarize the involvement of abnormal
ncRNA expression in the development of
stress-related neuropsychiatric diseases based
on the DOHaD theory.
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Fetal malnutrition - Low birth weight - HPA
axis - Stress - ncRNA - miRNA - IncRNA
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1 Introduction

Developmental origins of health and disease
(DOHaD) is the concept in which environmental
factors such as maternal malnutrition, stress, and
a deviant lifestyle during development could
potentially affect a person’s health and increase
the risks of various diseases later in life [1-4].
Several epidemiological studies have revealed
that malnutrition and stress during fetal develop-
ment cause low birth weight, which is a risk fac-
tor for noncommunicable chronic diseases, such
as cardiovascular, metabolic, and neuropsycho-
logical diseases in the future. Many low birth
weight children catch up as they grow, but some
of them grow slowly, and long-term growth retar-
dation may result [5, 6]. About half of the growth-
retarded children are often inferior to normally
developing children in terms of psychological
development, and growth-retarded children often
have social and emotional problems even in
adulthood [7, 8]. However, verifying the theory
of DOHaD using humans is ethically and experi-
mentally difficult. Therefore, in this review, we
will introduce some animal and cell biological
studies that focus on stress-related diseases that
involve noncoding RNA (ncRNAs (microRNAs
(miRNAs) and long noncoding RNAs
(IncRNAs))), including our data.

2 Stress and Hormone

Stress is a biological and psychological response
that occurs when a host encounters a threat.
Sensing stress, the hypothalamus (at the base of
the brain), which is responsible for a stress
response, is activated. As a result, the hypothala-
mus sends signals to two organs: the pituitary and
the adrenal medulla [9]. The stress response by
the sympathetic nerve is an immediate response.
The transmission of hormones secreted from the
hypothalamus (H) to the adrenal gland (A) via
the pituitary (P) is called the “HPA axis,” which
plays an important role in the mechanism of a
series of stress reactions. This HPA axis is com-
posed of corticotropin-releasing factor (CRF) in
the hypothalamus, adrenocorticotropic hormone

(ACTH) in the pituitary gland, and cortisol in the
adrenal cortex and is regulated by diurnal rhythm
and feedback [10, 11]. Glucocorticoid is a steroid
hormone synthesized from cholesterol. The main
glucocorticoid in humans is cortisol, but mice
and rats produce corticosterone as the main glu-
cocorticoid because the synthesis route of steroid
hormones is different in rodents compared to
humans. Adrenaline from the adrenal medulla
and cortisol from the adrenal cortex raise blood
pressure and blood sugar and induce a stress
response described as “fight or flight.”” When the
crisis cannot be avoided, “freezing (fright)” may
occur in which the whole body becomes stiff.
Glucocorticoid production by the adrenal cortex
maintains many behavioral reactions including
fear-related behaviors [12]. Glucocorticoids are
essential for normal fright formation, and blood
levels are increased in response to many condi-
tions including fear, novelty, and uncertainty.
One neural mechanism in which glucocorticoids
regulate phobia-related behaviors is the regula-
tion of CRF gene expression in the central
nucleus of the amygdala (CeA), which is criti-
cally involved in behavioral responses related to
fear [13]. CREF is associated with many phobia-
related behaviors and mediates its effect on fear-
related behaviors by acting on the CeA. In
addition, rats systemically treated with corticos-
terone show enhanced conditional phobia-
induced freezing in association with increased
CRF gene expression in the CeA [14]. Thus, the
HPA axis is involved not only in fight or flight but
also in fright. Furthermore, it is also involved in
many internal activities including immunity,
feeding, sleep, emotion, reproductive behavior,
energy metabolism, etc. Based on these facts,
exposure to stress may cause stress-related dis-
eases that are accompanied by various
symptoms.

3 Stress and Its Related Diseases

Stress-related diseases include cardiovascular
diseases, gastrointestinal diseases, reproductive
disorders, infection, metabolic diseases such as
obesity and diabetes, neurological diseases such



Involvement of Noncoding RNAs in Stress-Related Neuropsychiatric Diseases Caused by DOHaD Theory 51

as Alzheimer’s disease, mental diseases such as
insomnia and depression, and myalgic encepha-
lomyelitis [15-17].

Excess or prolonged exposure to cortisol has
been implicated in the development of stress-
related diseases including depression, schizo-
phrenia, autistic spectrum disorder (autism),
attention deficit hyperactivity disorder (ADHD),
and insomnia. Stress activates the HPA axis.
Glucocorticoid hormones are consistently
increased in severely depressed patients and in
rodents subjected to stress [18-20]. Stressful life
events and the consequent HPA axis hyperactiv-
ity are thought to be a cause of depression.

Glucocorticoid receptors are widely distrib-
uted in the brain, including the regions responsi-
ble for negative regulation of the HPA axis, such
as the hypothalamus and hippocampus. Restraint
decreases glucocorticoid receptor mRNA expres-
sion in the hypothalamus and the hippocampus
[21]. A series of animal studies has shown that
feeding a high-fat diet (HFD) increases HPA axis
activity; plasma corticosterone concentrations
are significantly increased in HFD-fed rats, and
HFD feeding also elevates both basal and
restraint-induced HPA activity in rats. We previ-
ously reported impaired downregulation of
stress-induced glucocorticoid receptors in HFD-
fed rats. Based on these findings, the HPA system
is affected by diet and nutrition, indicating that
diet modulates stress responses. These alterations
increase the risk of developing neuropsychiatric
diseases, and when a person with a risk of diet-
induced HPA axis upregulation is exposed to
strong stress, development of stress-related neu-
ropsychiatric diseases is possible. However, fur-
ther examination is necessary to confirm this
hypothesis.

Decreases in glucocorticoid receptor expres-
sion in the central nervous system are associated
with elevated HPA axis activity. Moreover, the
hippocampus is an important site of negative
feedback of the HPA axis. Prolonged stress is
associated with a decrease in corticosterone bind-
ing to glucocorticoid receptors in the hippocam-
pusinrats [22]. Thus, dysregulated glucocorticoid
receptor downregulation in the hypothalamus

and hippocampus may prolong restraint-induced
elevation of plasma corticosterone levels.

4 ncRNAs

4.1 microRNAs

miRNAs are single-stranded RNAs of 18-22
nucleotides and are important regulatory mole-
cules in many biological processes. Reduction in
the amount of a specific mRNA is caused by
binding of the miRNA primarily to the 3’-untrans-
lated region [23]. The process of general miRNA
production and action is as follows. Primary
miRNA (pri-miRNA) is transcribed from the
genome by RNA polymerase II in the nucleus
and processed to precursor miRNA by Drosha or
DGCRS [24, 25]. The pre-miRNAs are trans-
ported to the cytoplasm by the Ric-GTP-
dependent nuclear transport receptor exportin 5,
and Dicer and its interaction partner, TAR RNA-
binding protein, covert pre-miRNA into double-
stranded mature small RNA (miRNA/miRNA*
duplexes) of about ~22 nucleotides in length [26,
27]. One strand of this miRNA duplex is assem-
bled into a miRNA-induced silencing complex
(miRISC) with Dicer, TAR RNA-binding protein
(TRBP), and Argonaute proteins [28]. Mature
miRNAs induce complementary mRNA target-
ing of the miRNA-induced silencing complex,
thus regulating gene expression by causing
mRNA degradation and repression of translation
initiation [29]. Many results, particularly from
cancer research, showed that miRNA expression
profiling is an important tool for disease diagno-
sis and treatment [30-33].

Cells can release vesicles containing miRNAs
directly from the cell membrane or take up vesi-
cles by endocytosis. Many in vitro studies have
reported that such released vesicles can be trans-
ferred into acceptor cells. Extracellular vesicles
are called microvesicles or exosomes. From these
results, quantifying the content of miRNA in
blood or urine exosomes has become useful for
diagnosis without needed to extract (intracellu-
lar) miRNA from tissue [34-36].
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Each miRNA has hundreds of targets, produc-
ing complexity in the regulation of expression by
an individual miRNA. miRNAs are generally
thought to function by fine-tuning the expression
of multiple targets [37, 38]. An altered expression
level of a target gene by one miRNA may be
small, but additive synergistic changes may occur
when multiple miRNAs regulated expression.
However, this idea lacks direct evidence, because
such changes cannot be observed in vivo. The
underlying mechanisms by which miRNA
expression levels are altered remain to be eluci-
dated. Altered methylation of regulatory region
of genes is one mechanisms of regulation of gene
expression, including regulation by miRNAs.

4.2 Long Noncoding RNA (IncRNAs)

As with mRNAs, IncRNAs are transcribed by
polymerase II (most are 5'-capped, polyadenyl-
ated, and spliced) but contains fewer exons com-
pared to mRNA and shows a tissue-specific
expression pattern [39]. Protein-encoding genes
cover about 2% of the human genome. In con-
trast, the ncRNA genes occupy 62-75% of the
genome [40]. ncRNAs are often classified by
length. IncRNAs can be as long as over 200 nt or
more. IncRNAs differ from mRNAs as follows:
the expression level is low, and IncRNAs often
remain in the nucleus after transcription;
IncRNAs have high cell-type specificity com-
pared with mRNAs; although the sequences of
IncRNAs themselves are not conserved evolu-
tionarily, the promoters are conserved and show
that synteny, which is physical co-localization of
genetic loci on the same chromosome within an
individual or species, has the same function [41].
In many cases, IncRNAs are often related to gene
expression control via chromatin because of their
sequence information and high structural flexibil-
ity. IncRNAs bind to DNA by base pairing and
can bind to proteins via special secondary struc-
ture [42]. Therefore, various protein complexes
are recruited to a specific part of DNA [43]. In
addition, some IncRNAs act as decoys [44] and
inhibits protein-DNA binding [45]. Although
several physiological roles for IncRNAs are

known [46-49], research in this field has just
begun, and future research is desired.

5 miRNAs and IncRNAs in Stress-
Related Neuropsychiatric
Diseases

Recently, many reports have appeared to show
involvement of miRNAs in neuropsychiatric dis-
eases, and measurement of miRNAs is useful as a
diagnosis or prognosis tool. Regarding the stress
response, Rinaldi et al. reported that exposing
mice to acute stress significantly increase let-7a,
miR-9, and miR-26a/b expression in the prefron-
tal cortex [50], which is a key target of the mal-
adaptive response to stress.

Mannironi et al. reported that restraint induces
an increase in expression of mineralocorticoid
receptors in the amygdala, which is a key region
for stress response and a target of glucocorti-
coids, and is negatively correlated with miR-135a
and miR-124 expression [51]. Specifically,
restraint decreases miR-135a and miR-124
expression in the amygdala of
Overexpression of miR-135a or miR-124 signifi-
cantly suppresses mineralocorticoid receptor
promoter activity and mineralocorticoid receptor
expression in vitro.

Regarding stress-related neuropsychiatric dis-
eases, Schmidt et al. systematically reviewed the
results of epidemiology and animal experiments
on miRNA expression profiles and roles in post-
traumatic stress disorder (PTSD) and Alzheimer’s
disease [52]. In addition, Babenko et al. reviewed
the involvement of epigenetic mechanisms, such
as miRNA expression, DNA methylation, and
histone modifications, on many neuropsychiatric
diseases, such as schizophrenia, ADHD, autism,
and anxiety- or depression-related disorders, in
response to stressful experiences and hostile
environmental factors [53].

Issler et al. demonstrated that miR-135, the
targets of which are the serotonin transporter and
serotonin receptor-1a, is upregulated in the raphe
of mice treated with imipramine, a serotonin
reuptake inhibitor [54]. Overexpression of
miR-135a in serotoninergic neurons reduces anx-

mice.
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iety- and depression-like behaviors, and knock-
down of miR-135a in the raphe increases
anxiety-like behavior. They also demonstrated
that miR-135a in the blood and brain is down-
regulated in depressed patients. They suggested
that increasing the levels of miR-135 represses a
serotonin transporter and serotonin receptors,
causing an increase in serotonin in the synaptic
cleft, which is associated with a reduction in
depressive symptoms. Their findings may lead to
a better understanding of the psychopathology
that involves dysregulation of the serotonin sys-
tem and more effective treatment and/or develop-
ment of biomarkers.

miR-16 also regulates serotonin transporter
gene expression. Chronic treatment with a selec-
tive serotonin reuptake inhibitor increases miR-
16 levels in the raphe. Baudry et al. proposed that
miR-16 contributes to the therapeutic aspect of
antidepressants in monoaminergic neurons [55].
Song et al. demonstrated that miR-16 in cerebro-
spinal fluid but not the blood of patients with
major depressive disorder is significantly lower
than that in controls and that the level of miR-16
is negatively correlated with Hamilton scores and
with the level of miR-16 in the cerebrospinal
fluid [56]. Their results suggest that miR-16 par-
ticipated in the physiopathology of depression by
the modulating the serotonin transmitter system
in the brain.

Like miRNAs, IncRNAs are also expected to
be promising candidate molecules for evaluation
of neuropsychiatric diseases. IncRNAs regulate
genes in psychiatric diseases such as major
depressive disorder, schizophrenia, and autism
spectrum disorder. Cui et al. investigated 30,586
human IncRNAs in peripheral monocytes and
reported that 6 IncRNAs are significantly down-
regulated in depressed patients [57]. Wang et al.
examined the genome-wide expression levels of
IncRNAs and found changes in a total of 3929
IncRNAs, including 2407 that were upregulated
and 1522 that were downregulated in the periph-
eral leukocytes of patients with autism spectrum
disorder [58]. Ziats et al. profiled over 33,000
annotated IncRNAs and 30,000 mRNA tran-
scripts from postmortem brain tissue of autistic
patients. They reported over 200 differentially

expressed IncRNAs, which were enriched for
genomic regions containing genes related to neu-
rodevelopment and psychiatric diseases [59].
Thus, the majority of studies have analyzed the
expression profile of IncRNAs. However, few
studies have shown that IncRNAs act as regula-
tors of the target genes in patients with neurologi-
cal diseases.

Thus, miRNAs and IncRNAs are involved in
the onset and pathology of neuropsychiatric dis-
eases, and measurement of their levels is useful
for diagnosis and prognosis.

6 Involvement of miRNAs
and IncRNAs on HPA Axis
Feedback During the Stress
Response

Based on the site where the miRNA is integrated
in the regulation of gene expression and function,
miRNAs can act as new functional factors in the
homeostatic response. miRNAs are thought to be
involved in stress signal transduction, modula-
tion, stability, buffering, and feedback signaling.
When miRNAs are involved in a negative feed-
back loop, they suppress the expression of hor-
mones or their receptor genes. In this way,
miRNAs are also involved in the stress response.
Several studies have reported miRNA expression
changes in the brain upon exposure to stress. Volk
et al. reported that exposing mice to chronic
stress leads to a specific increase in miR-15a lev-
els in the amygdala [60]. Mice expressing
reduced levels of miR-15a in the amygdala fol-
lowing exposure to chronic stress exhibit
increased anxiety-like behaviors. In humans,
exposure to childhood trauma is associated with
increased miR-15a levels in peripheral blood.
Their data suggest that miR-15a plays an impor-
tant role in stress adaptation and the pathogenesis
of stress-related psychopathologies. Higuchi
et al. reported that mice exposed to chronic stress
exhibit increased depression-like behaviors and
reduced hippocampal expression of miR-124
[61]. They also showed that histone deacetylase 4
and 5 and glycogen synthase kinase 3f are targets
for miR-124 and that intrahippocampal infusion
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of a selective histone deacetylase 4/5 inhibitor or
glycogen synthase kinase 3 inhibitor has
antidepressant-like actions on behavior. These
data suggest that modulation of hippocampal
miR-124 pathways may have potential antide-
pressant effects.

Not only miRNAs but also IncRNAs are
involved in negative feedback regulation of the
HPA axis. Kino et al. have reported that Gas5, a
IncRNA, interacts with glucocorticoid receptors
that are activated by the ligand glucocorticoid,
interferes with association with the glucocorti-
coid responsible element (GRE) on DNA, and, as
a result, inhibits its transcriptional activity [62].
Thus, Gas5 IncRNA may function as a decoy in
glucocorticoid feedback regulation.

We previously identified three miRNAs (miR-
449a, miR-34a, and miR-34c) that are predicted
to bind to the CRF receptor 3’-untranslated
region based on a database search. We reported
that expression of miR-449a, but not miR-34a or
miR-34c, is increased in the anterior pituitary of
restraint-stressed rats [63]. Overexpression of
miR-449a suppresses CRF receptor expression,
and conversely, knockdown of miR-449a attenu-
ates dexamethasone-induced suppression of CRF
receptor expression in primary cultured rat ante-
rior pituitary cells. Thus, stress downregulates
the expressions of CRF receptor through gluco-
corticoids, and miR-449a contributes to the
glucocorticoid-induced downregulation of CRF
receptor expression in the anterior pituitary.
However, we did not find a glucocorticoid-
responsive element near the miR-449a coding
region; therefore, further studies are needed to
clarify the details of the intracellular signaling
pathways leading to a glucocorticoid-induced
increase in miR-449a expression.

We previously reported that the miRNAs have
sequences capable of binding to the glucocorti-
coid receptor 3’-untranslated region and that
overexpression of those miRNAs decreases glu-
cocorticoid receptor expression [64]. As miR-
142-3p expression in the hypothalamus and
hippocampus was increased by dexamethasone,
and the restraint-induced increase in miR-142-3p
was blocked by adrenalectomy, miR-142-3p
expression appears to be upregulated by gluco-

corticoids. Therefore, our results suggest that
stress-induced miR-142-3p expression in the
hypothalamus and hippocampus through corti-
costerone decreases glucocorticoid receptor
expression in these tissues in normal rats.
Although many aspects of the miRNA-related
mechanism are unknown, the expression of miR-
NAs and IncRNAs is altered in response to stress
and is definitely involved in the stress response.

7  miRNAs and IncRNAs
in DOHaD-Induced
Neuropsychiatric Diseases

A few reports have clarified the involvement of
miRNAs or IncRNAs in the mechanism by which
malnutrition during pregnancy causes neuropsy-
chiatric diseases in children, and several papers
have reported changes in miRNA expression in
cases of intrauterine growth retardation or fetal
growth retardation [65, 66].

The concept of the DOHaD theory is “The
inappropriate  environment in fertilization,
embryos, and infancy interacts with the postnatal
environment, which leads to susceptibility to dis-
eases caused by epigenomic changes.” Therefore,
not only undernutrition in embryos but also the
postnatal environment is important. In fact, the
environment present during a child’s growth
influences the risk for disease in the future. Nishi
et al. reviewed that maternal separation stress
causes not only abnormalities in the HPA axis
and stress-related corticosterone levels but also
neuropsychiatric disease-like phenotypes. Adult
mice that had been subjected to maternal separa-
tion stress as pups showed abnormal gene expres-
sion in the brain and behavior such as depression,
anxiety, or eating disorders [67]. Zucchi et al.
reported that prenatal stress upregulates miR-323
and miR-98, which may alter inflammatory
responses in the brain and that prenatal stress
upregulates miR-219, which targets the gene
Dazapl, a putative marker of schizophrenia and
bipolar affective disorder in humans [68].
Repressor element-1 silencing transcription
(REST) factor, also known as “neuron-restrictive
silencing factor,” is a transcription factor that
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binds to the repressor element-1 (RE-1) con-
served consensus sequence. Uchida et al. reported
that REST is significantly increased in rats
exposed to maternal separation stress. Compared
to controls, these rats also show a greater HPA
axis response to stress and depression-like behav-
ior after chronic stress. Furthermore, expression
of pre-miR132, pre-miR-124-1, pre-miR-9-1,
pre-miR-9-3, pre-miR-212, and pre-miR-29a, a
REST regulating microRNAs, is increased in
maternal separation rats [69]. These results sug-
gest that activation of a REST-mediated gene net-
work in the prefrontal cortex at an early stage of
postnatal development may contribute to mood
and anxiety disorders in response to chronic
stressful life events during adulthood. Moss et al.
demonstrated postnatal effects of single and
repeated glucocorticoid injections during late
gestation [70]. They reported that repeated mater-
nal injections of synthetic glucocorticoids pro-
long gestation, reduce weight at birth and at
3 months of age, are associated with low arterial
pressure at 3 months of age, and alter glucose
metabolism. Another report examined the influ-
ence of abnormalities of the next generation.
Mansell et al. reported that maternal anxiety in
pregnancy is associated with decreased DNA
methylation in the progeny [71]. These results
suggest a link between poor maternal mental
health and adverse birth outcomes.

We previously showed that corticosterone-
induced miR-449a expression in the anterior
pituitary is reduced and that inhibition of miR-
449a consequently impairs the downregulation of
CRF receptor expression during restraint stress in
low birth weight rats [72]. We also examined
pituitary Gas5 IncRNA expression because Gas5
IncRNA inhibits glucocorticoid receptor binding
to the GRE and blocks glucocorticoid-induced
gene expression, as described above [62]. We
observed that the expression of Gas5 IncRNA
was significantly higher in low birth weight rats
than in control rats. Overexpression of Gas5
IncRNA likely blocks corticosterone action,
thereby causing suppression of miR-449a expres-
sion in low birth weight rats despite prolonged
elevation of glucocorticoid receptor mRNA
expression in the anterior pituitary (Fig. 1). The

elevated expression of Gas5 IncRNA may be an
obstacle to glucocorticoid receptor autoregula-
tion in the anterior pituitary of low birth weight
rats. Thus, miRNAs and IncRNAs related to
stress hormone regulation are involved in the
development of stress-related diseases. However,
the details of the mechanism by which expression
of miRNAs or IncRNAs is regulated and the role
of profiled miRNAs remain to be fully
investigated.

We hypothesize that such impaired corticoste-
rone negative feedback may increase the risk of
mental illness in low birth weight rats. As men-
tioned in the concept of the DOHaD theory,
“Disease onset is caused by a mismatch between
embryonic memory and the postnatal environ-
ment.” We have been exploring the possibility
that higher glucocorticoids for a long period of
time in low birth weight rats may cause neuro-
psychiatric diseases. The levels of stress-related
hormones are associated with the risk of develop-
ing metabolic diseases. For example, Murphy
et al. reported that treatment with corticosteroid
synthesis inhibitor attenuates the effects of diet-
induced obesity in female rats exposed to early-
life stress [73]. Their results suggest that exposure
to stress hormones during early life could be a
key event in enhancing diet-induced obesity and
metabolic diseases. Furthermore, the nutritional
environment after birth changes or enhances the
risk of developing disease. For example, Strata
et al. reported that diet does not affect the anxiety-
like behavior of naturally conceived mice,
whereas diet does affect the behavior of mice
conceived via in vitro fertilization [74]. Although
neither Murphy et al. nor Strata et al. showed data
for miRNAs/IncRNAs, we are very interested in
expression changes in miRNAs/IncRNAs after
dietary intervention.

8  Future Prospects

Clearly, miRNAs and IncRNAs are widely
involved in the pathophysiology of the stress
response, stress-related neuropsychiatric dis-
eases, and DOHaD. miRNAs not only regulate
gene expression in cells but also present in vesi-
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Fig. 1 Noncoding RNA-involved CRF receptor regula-
tion that is potentially associated with stress-related neu-
ropsychiatric disease in low birth weight offspring. In
normal rats, CRF stimulates ACTH secretion, which leads
to glucocorticoid production in adrenal gland.
Glucocorticoids downregulate CRF receptor expression

cles called exosomes and are released from of the
cell, acting on other tissues and cells like in an
endocrine and paracrine manner. We previously
reported that restraint significantly increases
serum exosomal miR-449a in control rats but not
in low birth weight rats. The sequences of miR-
449a and its binding region of CRF receptor
3’-untranslated region are 100% homologous
between humans and rats. Quantification of
serum exosomal miR-449a may be a useful for
evaluating dysregulation of the HPA axis in
stressed in humans [64].

Diagnosis and prognosis of intrauterine
growth retardation may be made possible by
examining the miRNA profile in the maternal
blood [75]. We expected that these fields of
research will progress and that the findings can
be applied to future risk evaluations as suggested
by the DOHaD theory to allow early diagnosis.
We look forward to contributing to the establish-
ment of preemptive medicine aimed at early
diagnosis and intervention by using miRNAs and
IncRNAs.

via miR-449a. However, in low birth weight offspring
delivered from malnourished dams, Gas 5 rises, lowering
the expression of miR-449a which downregulates CRF
receptor expression, resulting in a prolonged elevation of
plasma corticosterone levels
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Abstract

The placenta is considered to have developed
recently in mammalian evolution. While the
fundamental function of the placenta, i.e., pro-
viding nutrients and oxygen to the fetus and
receiving waste products, is the same in all
mammals, the morphology of the placenta
varies substantially in a species-dependent
Therefore, considerable interest
exists in understanding placental development
and function in mammals from a molecular
biological viewpoint. Numerous recent stud-
ies have shown that various environmental
factors before and during pregnancy, includ-
ing nutrition, affect placental formation and
function and that alterations in placental for-
mation and function can influence the devel-
oping fetus and the offspring after birth. To
date, the relationship between nutrition and
the placenta has been investigated in several
species, various model organisms, and
humans. In this chapter, we discuss the current
knowledge of the placenta and the epigenome
and then highlight the effects of nutrition dur-
ing pregnancy on the placenta and the fetus
and on the offspring after birth.
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1 Introduction

All mammals possess a placenta, which plays a
critical role during pregnancy. The placenta is
known to function in efficiently supplying nutri-
ents, exchanging gasses, and receiving waste
products while also clearly separating the moth-
er’s body from the fetus [1]. However, morpho-
logical and pathological investigation of the
placenta as a tissue remains limited, and inferring
the functions of the placenta based only on mor-
phology or weight might be challenging [2, 3].
Therefore, elucidation of the functions of the pla-
centa from a molecular biological viewpoint is
crucial.

During pregnancy, a fertilized egg becomes
implanted in the endometrium on day 6 or 7 in
the blastocyst stage, which follows the morula
stage. In the early blastocyst stage, an inner cell
mass and a trophectoderm are present. The inner
cell mass differentiates into the embryo, amnion,
yolk sac, and allantois, whereas the trophecto-
derm forms the chorion, which later becomes the
major placental tissue [1]. During delivery, the
placenta detaches from the decidual surface and
emerges from the mother’s body to complete its
function.
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The fundamental function of the placenta, i.e.,
providing nutrients and oxygen to the fetus and
receiving waste products, is the same in mam-
mals regardless of the species; by contrast, the
morphology of the placenta varies substantially
in a species-dependent manner and differs con-
siderably from the morphology of other organs
such as the heart, lung, and liver [4].

In recent years, numerous studies have
reported that the nutritional status before and
during pregnancy affects placental formation and
function [5, 6] and that alterations in placental
formation and function, in turn, can influence the
offspring after birth. To date, nutrition and the
placenta and their relationship have been investi-
gated in several species, various model organ-
isms, and humans. In this chapter, we begin by
discussing the placenta and the epigenome and
then consider nutrition and the placenta. We also
summarize the status of this field as well as the
latest findings in placental epigenetics.

2 Epigenomein the Placenta
2.1 Placental DNA Methylation
and Genomic Imprinting

The definition and details of the epigenome are
not discussed in this chapter, other than to note
that the epigenome, i.e., epigenetic information,
refers to the information that determines genetic
function without altering the genome (DNA
sequence) and is not inherited through the DNA
sequence. The typical molecular events/entities
that are involved in the epigenome include his-
tone methylation and acetylation and cytosine
methylation of DNA and microRNAs (miRNAs)
and long noncoding RNAs. During the early
stages of development in mammals in particular,
the epigenome is recognized to change dynami-
cally for initialization and reorganization. For
example, eggs and sperm feature distinct DNA
methylation patterns, where DNA methylation in
the sperm-derived genome is rapidly removed
immediately after fertilization (cell division-
independent active demethylation), but in the
egg-derived female genome, methylation is

slowly lost (passive demethylation) because the
DNA strand newly synthesized in cell division is
unmethylated. Thus, parent-derived epigenetic
information is deleted through the demethylation
of DNA from the point immediately after fertil-
ization until around the time of implantation.
After implantation, the required DNA methyla-
tion is mediated by DNA methyltransferases as
development and differentiation progress to
establish developmental stage- and tissue-specific
DNA methylation (Fig. 1). Therefore, epig-
enomic reprogramming occurs during the period
after fertilization through the early developmen-
tal stage, and this should be considered flexible.
Moreover, the change in DNA methylation
caused by the in utero environmental load during
this period might persist until later in life. The
developmental origins of health and disease
(DOHaD) theory posits that DNA methylation
alterations caused by environmental load during
the perinatal period are memorized through epig-
enomic changes, and this theory is based on the
finding that DNA methylation information is sta-
bly maintained in daughter cells even after cell
division.

Conversely, genomic imprinting sites also
exist as a part of regions that escape the afore-
mentioned epigenomic reprograming in a
genome. The paternal and maternal methylation
information in such regions is not deleted after
fertilization and is maintained in somatic cells,
which indicates that gene expression is regulated
by the information imprinted in the parental gen-
eration. Therefore, this phenomenon is called
genomic imprinting, a mechanism that has been
shown to be essential for development/differen-
tiation of the placenta and the fetus [7], and
abnormal regulation of genomic imprinting is
considered to be associated with various disor-
ders, including miscarriage [8]. For example, as a
result of genomic imprinting, diverse functions
are performed by paternally expressed genes:
Pegl0 plays a role in placental formation [9],
Pegl1/Rtll functions in placenta maintenance
[10], and Peg3 regulates the expression of genes
involved in placental development [11].
Furthermore, several other imprinted genes have
been reported to be associated with fetal growth
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Fig. 1 Epigenetic regulation of tissue-specific genes during development

and placental function [12], and genes that are
regulated by genomic imprinting only in the
placenta have been identified in humans [13].
However, in contrast to these findings, recent
studies have shown that rather than being tar-
geted by the mechanism of genomic imprinting,
some of the maternally derived DNA methylation
is not deleted after fertilization and is maintained
in the placenta, where it is involved in placental
development and function [14].

2.2 Other Placental Epigenetic

Information

A few studies have reported the functional effects
of histone modification and noncoding RNAs in
the placenta that are produced by the nutritional
environment during pregnancy. Although their
functions are incompletely understood, miRNAs
are considered to play a critical role in placental
development [15]. As noted below, because of the
general hypomethylation of DNA in the placenta,
this suppressive modification is considered to be

switched off from the viewpoint of gene expres-
sion, and posttranscriptional regulators such as
miRNAs might play a comparatively more
important role in the placenta than in other
organs.

The behaviors of miRNAs in the placenta
have recently been studied in the case of new-
borns that are small for gestational age (SGA) or
exhibit fetal growth restriction (FGR) or macro-
somia [16-19], but the function of each miRNA
detected thus far remains unclear. The expression
of an oncogene, BCL-2, and a tumor-suppressor
gene, PTEN, was further reported to be increased
in the villus of patients with recurrent miscar-
riage, and miRNAs targeting these genes were
found to be decreased as compared with the lev-
els in normal study participants (Wang et al.
2016). Moreover, measurement of free placenta-
derived miRNAs in maternal blood at the 28th
gestational week was suggested to potentially
identify late-onset FGR [20].

Abnormal expression of miRNAs in the pla-
centa is speculated to be associated with various
diseases, and research in this field might lead to
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development of novel therapies; thus, future
progress in this research area is expected.

2.3 Retrotransposons
and Placental Evolution
The discovery that retrotransposon-derived

Pegl0 plays a critical role in placental develop-
ment forms the basis for the following hypothe-
ses. The control of genomic imprinting by
differentially methylated regions, a common fea-
ture in eutherians, presumably originated from
the DNA methylation used as an inactivation
mechanism against retrotransposons and foreign
sequences in the genome [21]. However, because
epigenomic suppression in the placenta is weak,
retrotransposons are readily inserted into the
genome, and this might drive placental evolution.
For example, eutherian-specific Pegli/Rtl] is
considered to have given rise to the long gesta-
tion period that is characteristic of eutherians
[10]. Although both PeglO and Pegli/Rtll are
derived from retrotransposons, these genes have
acquired distinct functions that contribute to pla-
cental evolution in mammals. In addition to these
genes, long terminal repeats (LTRs) are fre-
quently recognized in genes associated with pla-
cental formation, such as Ldocl, and several
evolutionarily novel genes derived from ret-
rotransposons are suspected to have been
acquired [22]. Retrotransposon-derived LTR
sequences are also known to be inserted into
genomes and to participate in cis-acting regula-
tion of gene expression. Moreover, in the human
genome, 18 genes derived from retroviral enve-
lope genes (Env) have been identified, and,
among them, Syncytins function in placental for-
mation [23]. Human syncytin-1 (HERV-W),
which belongs to the human endogenous retrovi-
rus (HERV) family, is expressed on the cell sur-
face as a glycoprotein and promotes the fusion of
placental trophoblast cells into multinucleated
syncytial  trophoblast  cells.  Conversely,
Syncytin-2 (HERV-FRD) encodes an immuno-
suppressive domain and thus is suggested to
function in protecting the fetus from the mother’s
immune system. In humans, syncytin is specifi-

cally expressed in the placenta and testis.
Although the expression level in the testis is con-
siderably lower than that in the placenta, syncy-
tin-1 is expressed in human sperm, and its
receptor is expressed in human eggs, and this
suggests a potential association of syncytin-1
with the sperm-egg cell fusion at fertilization
[24]. Tissue-specific Syncytin expression has
been reported to be regulated by the epigenetic
regulatory mechanism of DNA methylation [25].
The hypomethylation of DNA in the entire pla-
cental genome as compared with the methylation
level in other tissues (mentioned above) is con-
sidered to promote active transcription in the pla-
centa of HERVs, which are downregulated by
DNA methylation in other tissues. Therefore,
retrovirus-derived sequences that are primarily
targets of DNA methylation, and are expected to
be suppressed owing to this modification, are free
from methylation-dependent suppression in the
placenta and are involved in placental develop-
ment and maintenance.

In summary, among somatic tissues, the pla-
centa is controlled by a unique form of epigenetic
regulation. The normally regulated status of the
placental epigenome is crucial for fetal growth,
and changes induced in the epigenome by various
environmental factors, including nutrition, might
exert diverse effects on the next generation.
Elucidation of the status of the placental epig-
enome might support the DOHaD hypothesis by
uncovering the underlying molecular
mechanisms.

3  Effects of Nutritional Status
During Pregnancy
on the Placenta and the Fetus
and on the Offspring
After Birth

Effects of Nutritional Status
During Pregnancy
on the Placenta and the Fetus

3.1

Agouti mice are recognized as a mouse model in
which the nutritional status during pregnancy can
induce changes in an offspring’s phenotype, and
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these changes are mediated by epigenetic regula-
tion and can be clearly detected. In these mice, an
endogenous retrovirus-like element, intracisternal
A particle (IAP), is inserted 100 kb upstream of
the gene Agouti, which controls coat color. When
IAP, which is readily targeted by the physiologi-
cal epigenetic mechanism, is highly methylated,
IAP transcription is suppressed. However, DNA
methylation is a stochastic phenomenon, and the
expression of surrounding genes is altered
because of IAP in mice when the level of DNA
methylation is not particularly high, and this
results in the birth of mice featuring yellow fur.
Because IAP derepression affects the expression
of genes other than Agouti, the phenotypes of
obesity and diabetes can also be observed. Intake
of methyl-group donors, including folate, during
the mouse perinatal period (before/during preg-
nancy and during lactation) has been reported to
cause a change in IAP methylation levels, which
results in an alteration of coat color in newborns
[26], and to also affect the next generation by
changing IAP methylation levels in not only
somatic cells but also germ cells [27]. These find-
ings indicate that epigenetic regulation in the
fetus might be strongly affected by the intrauter-
ine nutritional environment during gestation.
Another study reported that in a model organism,
poor nutrition in the pregnant mother altered
DNA methylation in the germ line of the grand-
child’s generation through the sperm of the
child’s generation [28], and other studies have
sequentially verified the effects produced on the
child’s and grandchild’s generation by the intra-
uterine environment. Furthermore, the intrauter-
ine nutritional environment is recognized to
affect not only the fetus but also the placenta’s
morphological and molecular biological pheno-
types [29] (Fig. 2).

In humans, newborns who are SGA or large
for gestational age (LGA) have been reported to
face elevated risks for obesity [30], metabolic
syndrome [31, 32], and cardiovascular events
[33], possibly because of exposure to an inappro-
priate intrauterine environment and nongenetic
causes such as (primarily) epigenetic factors
[34]. Here, we discuss this phenomenon from a
nongenetic viewpoint. In maternal hyperglyce-

mia during pregnancy, which is gestational dia-
betes mellitus (GDM), the fetus/placenta
becomes large, and the risk of adverse perinatal
outcomes increases [35]. Moreover, regardless of
the cause, blood pressure is elevated, and lipid
metabolism is abnormal during school-age years
in children who were LGA at birth, and they face
a future cardio-metabolic risk [36]. These epide-
miological findings showed that maternal hyper-
glycemia during pregnancy represents a potential
future disease risk for children. This raises the
question of what specific epigenetic changes
occur in the placenta of the fetus exposed to
maternal hyperglycemia. Among seven imprinted
genes associated with fetus/child growth,
mesoderm-specific transcript (MEST) was found
to show low methylation rates only in the GDM
group. This finding and the considerably lower
methylation levels of MEST observed in the
blood of obese adults together suggest that hyper-
glycemia during pregnancy might cause a change
in DNA methylation in the placenta that is similar
to the methylation change observed in metabolic
syndrome [37]. Maternal hyperglycemia alters
the methylation of genes associated with brown
adipose tissue in the placenta [38]. Although the
DNA in the placenta is hypomethylated overall
(as noted in the preceding section), one study
reported that mothers with GDM displayed mark-
edly increased levels of global placental DNA
methylation [39]. Another study showed that in
mice, a 50% reduction of nutrient intake during
pregnancy tended to increase the number of
hypomethylated sites in the placenta, and this
depended on fetal sex [40]. Thus, hyperglycemia
during pregnancy causes epigenetic changes in
the placenta, and, furthermore, this status change
is similar to that observed in metabolic syndrome
in certain cases and might become a cause of the
fetal reprograming that leads to future disorders.

Poor maternal nutritional status (limited intake
of calories) can result in the birth of SGA new-
borns and, subsequently, in an increase in their
body fat content, leading to obesity in adulthood
[41]. In the placenta of SGA newborns, DNA
methylation of genes associated with energy
homeostasis was reported to be altered [42],
which suggests that the maternal environment
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Fig. 2 Alteration of the environmental epigenome

during pregnancy could affect the next genera-
tion. Because numerous SGA studies have been
conducted, including epidemiological studies,
we reserve the discussion of this work for the
next chapter.

Folate, a methyl-group donor, is a key nutrient
during pregnancy, and therefore, the effect of
folate consumption during pregnancy has been
extensively investigated. The importance of
folate has also been illustrated by a recent study
demonstrating that the expression levels of genes
associated with folate transport and the levels of
the related proteins in the placenta were lower in
SGA and LGA newborns than in normal controls
[43]. Gene ontology analysis was performed on
the genes located in the chromosomal regions
where DNA methylation was altered in the pla-
centa of mice that were deficient in folate during
pregnancy, and the results showed significant

fetal environment
affects next generation

Impressed with
primordial germ cell

Sperm-mediated
mechanism

2,

Radford et al. 2014

associations of terms including biological adhe-
sion, biological regulation, cell proliferation,
development, metabolism, and signaling, in
which regulators of decidua formation were
observed [44]. Another study tested the effects of
adding controlled amounts of folate to two human
placental cell lines; while treatment with excess
folate led to a decrease in cell viability but an
increase in growth rate, exposure to deficient
folate amounts resulted in a decrease in both cell
viability and invasiveness [45]. Moreover, in the
absence of folate intake, decidual angiogenesis is
suppressed [46]. Therefore, proper folate intake
during pregnancy is necessary for placental
development and formation. Furthermore, in the
promoter of methylenetetrahydrofolate reductase
(MTHFR), a gene encoding a folate metabolic
enzyme, the methylation rate was elevated in the
placenta and the maternal peripheral blood of
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patients with preeclampsia [47], which indicates
that folate is associated with diseases diagnosed
during pregnancy in humans.

As noted earlier in this chapter, the status of
the epigenome in the placenta can be readily
altered by the environment. We have focused on
this aspect of the epigenome in our research, with
the expectation that changes induced in DNA
methylation of nonspecific genes by environmen-
tal stress will be readily observed in the placenta.
In humans, the nutritional environment during
pregnancy cannot be arbitrarily controlled, and
large individual variations are produced due to
distinct genetic backgrounds and living environ-
ments; consequently, fewer findings regarding
the nutritional conditions and epigenetic regula-
tion during pregnancy in humans have been
reported than in the case of animal models.
Conversely, as an example of the association
between the environment during the human
embryonic stage and epigenetic regulation, we
identified a phenomenon where the placental
epigenome varies depending on maternal body
weight gain during pregnancy. Our study demon-
strated that even when the birth weight of a fetus
is normal, a higher deviation of gestational
weight gain from the appropriate value is associ-
ated more frequent detection of outliers of DNA
methylation in the placenta. This result suggests
that improper weight gain during pregnancy
increases the frequency with which changes are
induced in placental epigenetic regulation [48]
(Fig. 3).

Effects of Placental Formation
on the Offspring After Birth

3.2

The association between nutritional status during
pregnancy and the development of various dis-
eases has become widely recognized as a result
of the studies that formed the basis of the Barker
hypothesis [49]: the Dutch famine study [50, 51]
and epidemiological studies such as the
Hertfordshire Cohort Study and the Helsinki
Birth Cohort Study [52]. These epidemiological
studies provided valuable information such as the
effects produced on offspring in extremely unfa-

vorable environments (which cannot be readily
replicated experimentally), reflected by the par-
ticular times at which the infants were born.
However, to be able to implement these findings
in society, future studies must demonstrate the
association between the inappropriate environ-
ments during pregnancy that can develop in the
current social/living/medical environment and
the future onset of disease.

A study on pregnant women who had experi-
enced the Dutch famine [53] reported that regard-
less of pregnancy term, placental size was small.
However, compared with the size predicted from
their placental area, newborns who were in mid-
late gestation during the famine were light, and
newborns who were in early gestation during the
famine, or who were conceived after it had ended,
were heavy. This indicates that alterations in the
crucial nutritional environment during preg-
nancy, including preconception, impair the nor-
mal processes of placentation and change
placental morphology, which in turn influences
newborn weight through an unknown mecha-
nism. The placenta’s morphological features,
such as weight and area, have been reported to be
associated with the risk of future cardiovascular
disease and hypertension, and these features can
therefore serve as potential indices [50, 54]. One
study showed that when the mother’s height was
<160 cm, the incidence of hypertension was high
in the group featuring a small placental area [54].
Furthermore, maternal diet, weight gain, and
nutrition were also shown in an animal study to
be associated with placental inflammation/nutri-
ent transport/oxidative stress in addition to pla-
cental function and to affect the health of the
offspring [6]. In humans, the placenta matures
over a period of 40 weeks, but the effects pro-
duced during the process of placental formation
can affect the offspring even several decades after
birth. Moreover, although the finding was limited
to males, the Dutch famine study showed that
placental area, thickness, and shape (round or
not) are associated with hypertension and that
when the placental area is higher than a certain
value, it might become a risk factor for hyperten-
sion [55].
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Fig. 3 Inadequate gestational weight gain induces unique changes in placental DNA methylation. SGA small for ges-

tational age, AGA appropriate for gestational age

With regard to nutrition during pregnancy,
placental weight was found to show no associa-
tion with intake of an unbalanced high-protein
(meat) or low-carbohydrate diet during late
gestation, but such diets represented a risk factor
for future hypertension in the born children, the
cause of which was associated with high cortisol
levels when the children became adults [56, 57].
In pigs, both deficient and excessive intake of
proteins as compared to carbohydrates during
pregnancy resulted in alterations in the expres-
sion of glucocorticoid-related genes [58] and
affected carbohydrate metabolism in the liver
[59]. Therefore, nutrition during pregnancy can
also alter hormonal balance through the
placenta.

In humans, only a few studies based on an epi-
demiological design have been reported to date
on placental epigenetics and long-term progno-
sis. A study on short-term prognosis showed that
certain genes exhibited altered DNA methylation
in the placenta and cord blood of an SGA neonate
born at full term and that these genes were cor-
related with body fat at 2 weeks after birth [42].
Another study on the neonatal phenotype associ-
ated with the status of the epigenome in the pla-
centa reported that methylation in the placenta of
the genes fragile histidine triad (FHIT) and
ankyrin repeat domain 11 (ANKRDI11), which
are associated with neural development and
behavior, was strongly associated with attention
capacity in the neonates [60].
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4  Conclusion

The maternal status produced before and during
pregnancy by various environmental factors,
including nutrition, induces epigenetic changes
in the placenta and thereby affects the pheno-
types of both the fetus and the child after birth.
While the details of the specific changes induced
in various organs are addressed in other sections,
in this chapter, our focus has been on the pla-
centa. The placenta is an organ that is considered
to have developed recently in mammalian evolu-
tion. As mentioned in this chapter’s introduction
section, the function of the placenta is similar in
all mammals, but the microstructure of the pla-
centa shows large species-dependent differences.
Retrotransposon-derived genes, which are main-
tained in a hypomethylated state in the placenta
after differentiation from a fertilized egg and in a
hypermethylated state in somatic tissues, play a
crucial role in placental development and differ-
entiation; thus, the placenta is a unique organ
from an epigenetic viewpoint. However, this fea-
ture might cause the epigenetic changes that are
induced by environmental factors to persist lon-
ger than the embryonic portion, and thus the pla-

centa could emerge as a favorable standard
epigenetic organ for inferring the fetal
environment.
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Abstract

Sincethe theory of DOHaD has been thrown in
the spotlight, most attention has focused on envi-
ronmental effects of the uterus on developing
embryos/fetuses. However, the ontogenesis
traces back to gametogenesis. Compared to
oogenesis, spermatogenesis goes through far
more cell divisions and is therefore more prone to
genetic variation and epigenetic alterations. This
article will mainly discuss recent findings about
the effects of the advanced paternal age on the
next generation, in relation to the onset of psychi-
atric disorders such as autism spectrum disorder.
We would like to advocate for further exploration
on the DOHaD theory in a wider view.
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1 Introduction

During World War II, transportation of supplies
to the Dutch stopped, which brought about a
severe famine, reducing nutritious intake below a
few hundred calories. A large-scale survey of
300,000 people was conducted to find out what
kinds of diseases were developing in adulthood
for those who experienced the famine in their
mother’s womb. The initial finding reported by
Ravelli et al. in 1976 in the New England Journal
of Medicine was about increase in obesity [1],
and later, an increase in onset of diabetes and
heart diseases was also reported [2, 3]. On the
other hand, in a 1986 report in Lancet, Barker
and Osmond in the UK found that in areas with
high neonatal mortality rates from 1921 to 1925,
there was also a high rate of death from cardio-
vascular problems observed from 1969 to 1978
[4]. These data formed the basis of theories
known as “Developmental Origin of Health and
Disease (DOHaD) hypothesis,” “Hypothesis on
Fetal Origins of Lifestyle-Related Diseases,” and
“Fetal Reprogramming Hypothesis™ or taking the
name of its proponent — “Barker Hypothesis,”

In the fields of teratology and congenital
abnormality, it is widely known that in addition
to genetic causes, a variety of birth defects appear
due to various environmental factors. In DOHaD
hypothesis, even if the environmental effects at
the developing stage are not apparent at birth, it
has an effect on the onset of diseases later in life.
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The difference seems to be the point of focus in
the timeline of disease onset.

DOHabD initially advocated correlation to the
risk of metabolic diseases or lifestyle-related dis-
eases, but Susser and Lin who studied the afore-
mentioned Dutch famine cohort reported an
approximately twofold increase in the onset of
schizophrenia [5]. A similar survey was con-
ducted to study the effects of a large-scale famine
that took place in China between 1959 and 1961
[6]. From these epidemiological data, it was
thought that certain developmental impairment in
the brain led to the onset of postpubertal schizo-
phrenia  (the neurodevelopmental theory).
Presently in Japan, there is a steady rise of infants
born with low birth weight below 2500 g.
According to the statistics from the Ministry of
Health, Labour and Welfare, the percentage of
low birth weight infants has risen up to 9.6% of
the total number of live births [7]. Since the brain
is the organ with the highest energetic require-
ment in the body, it is not surprising that low birth
weight can affect onset of mental disorders.

As mentioned above, DOHaD theory mainly
focuses on the “intrauterine environment” with
regard to “‘developmental effects,” but can we leave
the prenatal effects from the paternal side out of
consideration? Biological effects from the paternal
side are introduced into the next-generation indi-
viduals via the sperm cell and influence on the
developmental process. In this article, we will dis-
cuss the increasing amount of data gathered about
the effect of paternal aging on the onset of mental
disorders in the next generation and the possible
mechanism of epigenetic alteration.

2  Risk of Neurodevelopmental
Disorders Due to Paternal
Aging

In recent years, there is an increased prevalence
of autism spectrum disorder (ASD). According to
Weintraub’s article in Nature in 2011, even
though the prevalence was 1 out of 5000 in 1975,
this would increase to 1 out of 110 by 2009 [8] .
In America’s Centers for Disease Control and
Prevention reports, the prevalence rate has been

further increased: 1 out of 88 in 2012 and 1 out of
68 in 2014. It is admitted that nonbiological fac-
tors such as better defined diagnostic criteria for
ASD and its greater awareness in society within
the past 30-40 years are certainly behind the
rapid increase. For instance, there are quite a
number of cases where children who would pre-
viously have been diagnosed with intellectual
disability now fit the diagnostic criteria for
ASD. Also, tendency of parents and teachers who
are suspicious on behavior of their children/stu-
dents consult specialists can lead to an increase in
the rate of detecting ASD.

From classic twin studies, due to the clearly
high concordance rate for ASD, the search for
responsible genes had been moving ahead
quickly. However, few cases fit with classical
Mendelian genetics, and therefore multiple fac-
tors are considered to be involved. Nonetheless, it
is hard to assume that the increased prevalence of
ASD is due to the rapid increase in the number of
risk gene carriers within the population, in a
period of just 30—40 years. It is therefore mean-
ingful to search for some kind of biological fac-
tors such as genetic and epigenetic mechanisms.

The age of the parents is one of such biologi-
cal factors. There is a rise in age of marriage in all
developed countries, and subsequently the age of
parents who have their babies is also shifting
upward. This trend is also driving the use of
assisted reproductive technology. Reichenberg
et al. looked at the birth cohort data collected in
Israel and classified the frequency of ASD in a
group of 132,161 individuals according to the
father’s age [9]. Here, given the risk for ASD in
children who were delivered when the father’s
age was below 29 years old was 1, they discov-
ered that the risk was 5.65 times higher when the
father was in his 40s. Reichenberg’s group then
published the meta-analysis of the survey con-
ducted in Denmark, Norway, Sweden, Australia,
and Israel [10]. A total of 5,766,794 children
born between 1985 and 2004 were tracked from
2004 to 2009, and 30,902 children were found to
be autistic. In this group, an estimate of the
effects of the parent’s age against the risk of
developing ASD showed that when comparing
mothers in their 40s with mothers in their 20s, the
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Table 1 Paternal Age and Risk of ASD

Age of Father RR (95%CI)
<20 1.08 (0.92-1.27)
20-29 1

30-39 1.05 (1.02-1.08)
40-49 1.28 (1.22-1.34)
> 50 1.66 (1.49-1.85)

RR relative risk, CI confidence interval
Sandin et al. [10], modified

Table 2 Paternal Age and Risk of Schizophrenia

Age of Father RR (95%CTI)
20-24 1

25-29 1.14 (0.84-1.53)
30-34 1.42 (1.03-1.96)
35-39 1.64 (1.13-2.38)
40-44 1.73 (1.11-2.70)
4549 2.02 (1.17-3.51)
50-54 2.96 (1.60-5.47)

RR relative risk, CI confidence interval
Malaspina et al. [12], modified

risk of a child developing ASD is 1.15 times
higher. Whereas when comparing fathers in their
50s and above with fathers in their 20s, it was
found that the child’s risk of developing ASD
rises up to 1.66 times higher (Table 1). Therefore,
we can regard the advanced paternal age as caus-
ing more vulnerability for children developing
ASD than the advanced maternal age. Such an
influence of paternal aging is also reported in
schizophrenia (Table 2) [11, 12]. More large-
scale meta-analysis is necessary to learn more
about the effects of the advanced paternal age
with regard to other mental disorders.

3  The Effect of Advanced
Paternal Age on De Novo
Mutation and Methylation
of the Sperm

The first possible cause that can explain why there
is an increased risk of ASD due to paternal aging
is the rise in de novo mutations. In genetic analy-
ses of ASD, it was reported that de novo muta-
tions, rather than those inherited from the parents,
seemed to affect more as ASD risk of children.

For example, in 2012, three papers on exome
sequencing were published side-by-side in Nature
[13—15]. Among them, O’Roak et al. found that
de novo mutations of sporadic autistic children
originated from father are four times as much and
further reported that the advanced paternal age led
to an increase in the de novo mutations. Also, in a
later study by Kong et al. with an average father’s
age of 29.7, the average de novo mutation rate is
estimated to be 1.20 x 10~ per nucleotide [16].
The number of mutations increases by about 2
bases per year, with mutations estimated to dou-
ble every 16.5 years of age.

The reason why most of such de novo muta-
tions traced back to the father is that spermatogen-
esis has a higher risk of genetic mutation than
oogenesis. Spermatogonia, which are sperm stem
cells, replicate themselves over one’s lifetime and
generate spermatocytes, i.e., sperm progenitors
that undergo meiosis to produce differentiated
spermatozoa. Because many cell divisions are
taking place during this process, it may lead a risk
of error in the DNA replication. Other possibili-
ties are that some kind of DNA damage starts in
spermatogonia as one gets older or DNA repair
mechanism deteriorates with aging. On the other
hand, for oogenesis, hundreds of oocytes enter a
resting phase halfway through meiosis during the
fetal stage in the ovary. Following puberty, ovula-
tion occurs according to the menstrual cycle, and
the meiosis is completed only after fertilization. It
is therefore difficult for de novo mutation to occur.

Now, what about epigenetic change? In 2014,
an analysis on age-associated alterations in sperm
DNA methylation was published [17]. Sperm
samples were collected twice from 17 fertile
donors with an interval of 9-19 years from the
first sperm collection, and global methylation of
sperm was compared among the cohorts. The
results identified 139 hypomethylated regions
and 8 hypermethylated regions with aging. These
age-associated alterations in sperm DNA meth-
ylation were further confirmed in the following
study. In a 2015 paper, an analysis of 12 sperm
samples showed selected CpG sites strongly
showing correlation with aging, and additional
68 semen samples obtained from individuals
aged 20-73 years revealed 3 CpG sites showing a
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high correlation with advanced ages [18].
Although the mechanism has been unclear as
well as the case of de novo mutations, it is evident
that alteration of sperm DNA methylation can
also develop by paternal aging.

Research about causal relationship between
alterations in sperm DNA methylation and the
ASD risk for children has only just begun. In a
previous study, alterations in DNA methylation
were found in the promoter or gene body of 117
genes including those associated with schizo-
phrenia and bipolar disorder [17]. Also, the US
Early Autism Risk Longitudinal Investigation, a
longitudinal study of families that already have a
child diagnosed with ASD and future offspring
who are considered as higher-risk cohort of ASD,
gathers data about the factors in the future off-
spring’s ASD risk prediction. In recent results of
this study, correlation between alteration in the
paternal sperm DNA methylation and the autistic
symptoms was found [19]. Consequently, it is
highly possible that age-related alteration in
DNA methylation of the sperm puts children at
risk of developing ASD. While further study
should be required, one thing for sure is that
sperm aging is not just a matter of fertility.

4 Verification from Animal
Models

Effects of paternal aging on the next generation
have been studied using mice as the pathological
model of neurodevelopmental diseases. Foldi
et al. used C57BL/6 J mice by mating 9 male
mice at4 months or 11 male mice at 12—18 months
with 4-month-old female mice and conducted
behavioral analyses on the offspring (i.e., male
and female mice from the young or old father,
about 20 F1 in each group) [20]. As a result, there
was a slight difference in the behavior of the off-
spring due to the advanced paternal age. This was
found especially in the female offspring with
increased anxiety-related behavior, increased
exploration, and decreased learning.

In another study, Swiss Albino mice were ana-
lyzed up to the grandchild generation [21]. Four-
month-old female mice were mated with 10 male

mice at 4-month-old or 9 male mice at 15-month-
old, and behavior of 15 offspring (FI mice) from
each group was examined; the offspring from old
fathers showed abnormal vocal communication
by maternal separation and impaired sociability
with increased stereotypy and anxiety. When
4-month-old male F1 mice were bred with
4-month-old female mice to obtain F2 offspring
(grandchildren), the anxiety behavior observed in
F1 mice was restored in F2 mice, but the other
abnormal behaviors were still observed. This
suggests that some effects of the advanced age of
the grandfather persist; some get canceled out in
the grandchildren’s generation.

Our laboratory has also been conducting simi-
lar experimental paradigms using C57BL/6 J
mice and found that the offspring of advanced
age fathers has abnormality in vocal communica-
tion, sensorimotor gating, and spatial learning
(our unpublished results). For the vocal commu-
nication, we analyzed the maternal separation-
induced ultrasonic vocalization (USV) at about
1 week after birth, and the number of calls from
the offspring of old male mice was decreased.
Our data seem to be different from the results of
the abovementioned study using Swiss Albino
mice [21]; this could be due to difference in the
strain of the mice used. Because even the pheno-
type of the autism-related gene knockout mice
display both increased and decreased level of
USV when compared to wild-type mice [22],
aberration from typical level of USV in the strain
that was used in each study should be considered
as vocal communication defect, a phenotype cor-
responding to human vocal communication.

Epigenetic information, not only at the level of
DNA methylation but also of chromatin structures
and noncoding RNAs, can be altered in sperm
cells. Therefore, the mechanism of how these
alterations in epigenetic information can affect
the phenotype of future generations is of great
interest. Recently, Gingrich’s group performed
genome-wide methylation profiling of sperm
DNA to examine the effect of aging [23]. By com-
paring DNA methylation patterns obtained from
young and old sperm DNA, the authors found
hypomethylation in old sperm DNA, especially
near the transcription start site (TSS) regions,
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although the level of DNA methylation was not
changed in proximal promoter regions (+ 1 kb of
TSS). These regions corresponded to CpG island
shores, which are known to be associated with the
regulation of gene expression [24]. Furthermore,
global patterns of DNA methylation in the off-
spring brain derived from old father were similar
to that of old sperm. This suggests the possibility
that alterations of sperm DNA methylation estab-
lished by advanced aging can be retained and may
have impact on offspring gene expression. It is
generally known that DNA methylation of the
sperm genome is erased through reprogramming
after fertilization [25], whereas a recent study
shows that some genomic regions and imprinted
genes elude reprogramming [26]. To examine
whether behavioral abnormalities observed in off-
spring of old father are attributed to alterations of
sperm DNA methylation, it will be necessary to
investigate the precise mechanism of how these
alterations of sperm DNA methylation elude
reprogramming process.

Regulation of gene expression during devel-
opment is also governed by histone modification.
Nucleosomal retention of histone proteins such
as H3K4me2 and H3K27me3 is reported in
sperm genome, especially at loci that are related
to regulation of developmental genes [27, 28].
H3K9me?2 is an “epigenetic mark™ that protects
DNA methylation state of the maternal genome
from reprograming process after fertilization
[29]. It is thus suggested that paternally inherited
histone modifications through sperm could con-
tribute to the developmental program of off-
spring, although a recent study pointed out the
situation is not so simple.

A recent study has reported abnormal develop-
mental phenotypes in offspring of transgenic (TG)
mice that overexpress histone demethylase
KDMIA gene, encoding an enzyme demethylating
histone H3K4me2 [30]. In these TG mice, human
KDMIA gene was specifically expressed in the
adult testis by using human EF-1a promoter, and
basic spermatogenesis was not affected at the level
of sperm cell count and apoptotic cell count. Male
TG mice were used as founder mice (TG-F1) to
generate offspring mice (TG and non-TG F2), a
high percentage of which displayed dysplasia in

the skin, limb, and craniofacial region with a lower
postnatal survival rate, regardless of whether the
offspring possessed the paternal transgene. It is
important to note that even the grand-offspring
(non-TG F3) derived from non-TG F2 male have a
high rate of the same abnormal morphogenesis as
the F2 generation. These results suggest that the
effect of epigenetic dysregulation during sper-
matogenesis may confer risk factors on sperm,
which lasts over the course of two generations and
affects the development of offspring.

In the abovementioned study, chromatin
immunoprecipitation sequencing analysis of TG
F3 sperm revealed altered H3K4me2 profile at
CpG-rich sequences within TSS. Contrary to
expectation, however, there was less similarity
between H3K4me?2 profiles in non-TG F3 sperm
and TG F3 sperm, suggesting that alteration of
sperm H3K4me?2 profile does not directly medi-
ate developmental defects across generations.
Considering that RNA profile of sperm was simi-
lar between TG F3 and non-TG F3, abnormal his-
tone methylation that governs transcription
during spermatogenesis in KDMIA TG mice
might affect sperm transcriptome, possibly at the
spermatid stage when the cytoplasm is shared.
Therefore, it is reasonable to assume that abnor-
mal RNA profile in sperm can cause develop-
mental anomalies in offspring by altering the
gene expression program of initial stages after
fertilization. In a previous study on the effect of
paternal aging on reproductive success, the
authors found, in aged sperm of outbred CF1
mice, decreased mRNA levels of some genes that
have key roles in spermatogenesis, sperm motil-
ity, and acrosome reaction [31]. Thus, it is rea-
sonable that paternal aging resulted in the poor
fertility rate. More interestingly, the authors also
reported that fetuses derived from aged male
mice (more than 12 months old) showed smaller
size and dramatically lower body weight [31].
This finding suggests that sperm from aged male
may have abnormal RNA profile that can affect
not only male fertility but also fetal development.
Since similar correlation between paternal aging
and lower birth weight has been reported in
human studies [32, 33], the effect of paternal
aging should be paid more attention.
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For now there is no evidence showing altera-
tions in histone modification during spermato-
genesis  with  advancing age. However,
abovementioned pioneering research suggests a
possibility that changes in the histone
modification-dependent chromatin state during
spermatogenesis also lead to changes of RNA
profile in sperm, thereby affecting fetal develop-
ment. Therefore, we can logically assume that the
brain function may also be impaired in subse-
quent generations. Further study is required on
the epigenetic changes in sperm that can affect
traits of future generations.

5 Conclusion

As introduced above, we now know that paternal
aging can have a great influence on the develop-
ment of future generations. DOHaD hypothesis
tended to focus most likely on effects originating
from the maternal side, but it is necessary to
study in greater detail the effect from the pater-
nal side through the sperm epigenetics. Other
than the advanced age, factors such as malnour-
ishment or imbalanced nutrition, smoking, drug
exposure, and radiation exposure can cause epi-
genetic alteration in spermatogenesis (e.g., a
review by Anderson et al. [34]). It is our hope
that further studies on sperm epigenetics will
lead to a more comprehensive understanding of
DOHaD theory.
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Preemptive Epigenetic Medicine
Based on Fetal Programming

Takeo Kubota

Abstract

The developmental origins of health and dis-
ease (DOHaD) refers to the concept that envi-
ronmental stress during pregnancy alters the
programmed fetal development and subse-
quently causes disorders, such as cardiovascu-
lar and metabolic diseases, in adulthood.
Epigenetics is a gene regulation mechanism
that does not depend on DNA sequence but on
chemical modifications of DNA. Several lines
of evidence suggest that environmental stress
in the fetal period alters the epigenetic state of
genes, leading to permanent gene dysregula-
tion, which may be associated with disorders
that emerge after birth. Such stresses include
malnutrition, which may be associated with
type 2 diabetes, and mental stress, which may
be associated with neurodevelopmental dis-
orders. It has also been demonstrated that
environmental stress-induced epigenetic alter-
ations can be transmitted to the next genera-
tion via disease phenotypes. However, since
epigenetic modification is an internal system
based on attachment and detachment of chem-
ical residues on a DNA sequence, it is revers-
ible and potentially treatable. In fact, recent
studies demonstrated that some drugs and
early interventions are effective at preventing
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epigenetic disorders. Therefore, preventive
and preemptive medicine is possible for disor-
ders caused by alterations in programming
during fetal and early periods.

Keywords
DOHaD - Epigenetics - Epigenome -
Reversibility - Preemptive medicine

1 Introduction

It is known that environmental stress during preg-
nancy (e.g., drug exposure or viral infections) can
cause congenital anomalies in the fetus. For
example, valproic acid, a drug commonly used
for epilepsy and psychiatric disorders, is associ-
ated with the occurrence of spina bifida, congeni-
tal heart defects, and cleft lip/plate. Rubella viral
infection is known to increase the risk of congen-
ital heart defects, deafness, and congenital cata-
ract. Similarly, bisphenol A, a plastic plasticizer
that is an environmental chemical, is known to
increase the risk of urological anomalies, such as
cryptorchidism and hypospadias, in fetuses [1].
Because of these findings, pharmaceutical com-
panies disclose fetus-related side effects of pre-
scription drugs in patient package inserts; in
addition, the rubella vaccination is now recom-
mended prior to pregnancy in young women
(Fig. 1, top).

85

T. Kubota, H. Fukuoka (eds.), Developmental Origins of Health and Disease (DOHaD), Advances
in Experimental Medicine and Biology 1012, https://doi.org/10.1007/978-981-10-5526-3_9


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-5526-3_9&domain=pdf
mailto:kubota.takeo@seitoku.ac.jp

86

T. Kubota

Fig.1 Environmental

Environmental factors (traditional)

factors, such as drug
exposure and viral
infection during
pregnancy, are known to
cause congenital
anomalies in fetuses.
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Under the current
concept of the
developmental origins of
health and disease
(DOHabD), maternal
environmental stress
during pregnancy can
cause adult-onset
disorders in the fetus

It was recently suggested that environmental
stress during pregnancy not only causes congeni-
tal anomalies that are immediately detectable at
birth but also adult disease, such as diabetes and
hypertension. This led to the hypothesis that adult
diseases could originate during the fetal period.
This hypothesis was demonstrated in part; the
theory is now referred to as the developmental
origins of health and disease (DOHaD) (Fig. 1,
bottom). Obstetricians and pediatricians have not
attended to DOHaD because the target diseases
are not urgent but rather chronic. However, they
must understand the significance of DOHaD
because if they do not intervene at all, the number
of patients with adult diseases will increase, and
the economic power of countries will weaken
over several decades. Therefore, the Japan
Society for the Promotion of Science recently
recognized the DOHaD concept and planned to
implement a new national project [2].

Based on the trends described above, I intro-
duce the social background behind the proposed
DOHaD theory, update the biological under-
standing of DOHaD, and present a future per-
spective of medicine and society based on the
DOHabD theory in this chapter.

Malnutrition 8

Mental stress

(e.g., cryptorchidism,
hypospadias)

|
Chronic disorders in adulthood
(cardiovascular, hypertension,

diabetes, chronic kidney,
and psychiatric)

2  Social Background of DOHaD

The miniskirt was introduced to Japan by Europe
in the early 1970s. Since then, young Japanese
women have tried to keep their legs slim and
became interested in intentional dieting. Dieting
during early pregnancy, perhaps even before the
pregnancy is detected, could potentially cause
fetal malnutrition. Dieting may be one cause of
the current trend of decreased birth weights in
Japan [3]. The United Nations International
Children’s Emergency Fund (UNICEF) reported
that Japan is the second highest ranking country
for low birth weight (live babies born weighing
less than 2500 g) among developed countries,
only after Greece [4].

Recent epidemiological studies reported that,
in the Netherlands and China in the 1940s—1960s,
offspring born to mothers exposed to famine dur-
ing their first and second trimesters had lower
birth weights compared with offspring born to
mothers not exposed to famine; these under-
weight offspring had increased risks of cardio-
vascular, metabolic, and psychiatric disorders
[5-7].
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Furthermore, another epidemiological study
suggested that malnutrition during the fetal
period increased the risk of chronic kidney dis-
ease, namely, microalbuminuria; this may be due
to abnormalities during the period of midgestation
in which nephron number increases, leading to
glomerular hypertension and hyperfiltration [8,
9]. In fact, renal biopsies performed on individu-
als who were born with extremely low birth
weight revealed compensatory glomerular hyper-
filtration with proteinuria and subsequent hyper-
tension [10].

Therefore, the current trend of fetal exposure
to hyponutrition, which may lead to low birth
weight, may increase the future number of adult
patients with chronic disorders in Japan. This
expectation is not limited to Japan but can also be
applied to many developing countries in Asia, the
Middle East, and Africa.

3 Biological Basis of DOHaD

3.1 Epigenetic Mechanisms

In mammals, the expression of genes essential
for development during embryogenesis [11] as
well as differentiation of cells, including neural
cells [12, 13], is controlled in part by epigenetics.
Therefore, understanding epigenetics, including
DNA methylation, histone modifications, and
microRNA, is important for elucidating patho-
genic pathways in DOHaD-related disorders
[14—19]. In fact, there are a number of congenital
neurodevelopmental disorders (NDs) caused by
epigenetic failures [18-29].

DNA methylation is a step in epigenetic gene
control, which occurs by the DNA methyltrans-
ferase (DNMT)-mediated addition of a methyl
group (CHj) to CpG dinucleotides. Among the
DNMTs, mutations in DNMT3B are known to
cause immunodeficiency-centromeric instability-
facial anomalies (ICF) syndrome [20-22]. This
indicates that DNMT is essential for immuno-
logical and neurological development.

Methyl-CpG-binding domain (MBD) proteins
are also important for epigenetic regulation.
Mutations in the methyl-CpG-binding protein 2
(MECP2) gene is known to cause Rett syndrome
(RTT), which is characterized by seizures, ataxic
gait, and autistic features [23, 24]. These character-
istics of RTT are reproducibly displayed in Mecp2
knockout mice [25, 26] and patient-derived muta-
tion knock-in mice [27, 28]. Since these features
are also found in neuronal cell-specific Mecp2
knockout mice [25, 29], abnormalities in neurons
are thought to be a main cause for RTT neurologi-
cal features. In fact, misregulation of neuronal
genes, which encode brain-derived neurotrophic
factor, distal-less homeobox 5, inhibitors of DNA
binding, a member of the corticotropin-releasing
factor family, insulin-like growth factor-binding
protein-3, cyclin-dependent kinase-like 1, proto-
cadherin beta 1, and protocadherin 7, due to lack of
MeCP2 is found in neurons [30-34], indicating
that proper epigenetic gene regulation in neurons is
essential for normal brain development.

Mechanisms of Mental Stress-
Induced Epigenetic Changes

3.2

Both environmental factors (e.g., toxins, infec-
tions) and genetic factors (e.g., mutations in syn-
aptic molecules) are thought to be involved in
NDs [35-37]. However, a biological link between
environmental and genetic factors has not been
identified. Epigenetics may be the bridge between
these factors, thereby contributing to disease
development [14]. In addition to the congenital
epigenetic defects described above, environmen-
tal factors, such as malnutrition [29, 38, 39], drug
exposure [40-44], mental stress during the neo-
natal period [45], and neuronal stimulation [46],
are also thought to alter the epigenetic status and
thereby affect brain function. Therefore, it is
intriguing to speculate that acquired NDs may be
the result of epigenetic dysregulation in either
over-suppression or under-suppression of genes
caused by environmental factors (Fig. 2).
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Fig.2 Mutations in
genes encoding proteins
associated with neuronal
function are found in a
subset of patients with
neurodevelopmental
disorders (NDs). Mental
stress affects the
function of epigenetic
regulation-associated
genes. All of these
genetic alterations and
epigenetic misregulation
by mental stress lead to
altered brain function

A sensational report suggested that short-term
mental stress after birth alters the epigenetic sta-
tus in the brain and results in persistent abnormal
behavior [47]. Specifically, low levels of mater-
nal care within the first week of life increased
DNA methylation at the promoter of the gluco-
corticoid receptor (GR) gene, which is also
known as the nuclear receptor subfamily 3 group
C member 1 (NR3C1I) gene, in the hippocampus
of rat pups, which subsequently suppressed
NR3C1 expression. In contrast, promoter meth-
ylation decreased in the hippocampus of the off-
spring of mothers who engaged in high maternal
care during the same period [48]. This paradigm
provided an animal model. Postmortem analysis
of the hippocampus of suicide victims with a his-
tory of childhood abuse revealed the presence of
hypermethylation of the NR3CI promoter in
combination with subsequent decreased NR3C1
expression [47]. This finding suggests that the
adverse effects of early-life stress on DNA meth-
ylation may last throughout life [48] and also
indicates that neurodevelopmental problems due
to childhood neglect and maltreatment may arise
from epigenetic dysregulation caused by environ-
mental stress in early life.
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Epigenetic mechanisms may also play a role in
the pathophysiology of post-traumatic stress dis-
order (PTSD) [49, 50]. In one recent study,
increased DNA methylation within Alu repetitive
elements was found in serum DNA (cell-free
DNA) of PTSD cases in US military service
members who were deployed in Iraq and
Afghanistan [51]. Alu hypermethylation can be
interpreted to be a response to psychological
stress [51]. On the contrary, increased DNA meth-
ylation was found in long interspersed nuclear
element-1 (LINE-1 or L1) repetitive elements in
non-PTSD cases after deployment. These findings
suggest that psychological stress incurred during
deployment may induce DNA methylation in a
subset of repetitive sequences in the human
genome, which may protect against PTSD [51].

It has also been reported that DNA methyla-
tion differences are greater in normal older
monozygotic twins than in normal younger twins
[52]. DNA methylation differences are also found
in monozygotic twins with discordant RTT sever-
ity, with subsequent differences in neuronal gene
expression [53]. These reports indicate that aging
or environmental factors may affect epigenomic
patterns and psychological status in humans.
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3.3 Mechanisms of Malnutrition-
Induced Epigenetic Changes
As was briefly mentioned in the Social

Background of DOHaD section, in Japan, dieting
is now popular among young women, both before
and during pregnancy. This is partly because
obstetric physicians recommend dieting to mini-
mize pregnancy weight gain in order to reduce
the risk of gestational diabetes and the risk of
delivery failure. This may contribute to the
decline in birth weights over the past 20 years in
Japan [3]. This generation of individuals with
lower birth weight is expected to have an
increased risk of metabolic disorders (e.g., obe-
sity, type 2 diabetes) and psychiatric disorders
based on data from current epidemiological stud-
ies of populations affected by famine in the
Netherlands and China [6, 7] per the DOHaD
[54].

Animal studies have demonstrated that malnu-
trition during the fetal period causes a hypometh-
ylation  imprint on  the  peroxisome
proliferator-activated receptor alpha (PPARa)
gene in rat liver [55]. Similar DNA methylation
changes have been identified in peripheral blood
samples from people who suffered malnutrition
during a period of famine in the Netherlands [56].
It has also been reported that assisted reproduc-
tive technologies (e.g., in vitro fertilization and
intracytoplasmic sperm injection), which are now
widely used due to increased age at the time of
marriage, lead to decreased DNA methylation
status at multiple maternally methylated loci in
the human genome [57, 58]. These findings sug-
gest that environmental stress during gamatoge-
netic, embryogenetic and fatal periods can alter
the epigenetic state of fertilized eggs, embryos,
and fetuses.

4  Transgenerational Epigenetic
Inheritance

4.1 Mechanisms

of Transgenerational

Epigenetic Inheritance

In accordance with the current understanding of
biological inheritance, it has been thought that
one’s acquired characteristics should not be
transmitted to the next generation (i.e., children).
For example, based on this notion of Darwinian
inheritance, acquired changes induced by harm-
ful habits (e.g., imbalanced diet) during the
father’s lifetime should not be transmitted to his
children. However, it has recently been reported
that such undesirable acquired traits (e.g., imbal-
anced diet) are transmitted to the next generation
through DNA methylation changes in the father’s
sperm [59].

It is known that epigenetic marks allow the
mitotic transmission of gene activity states from
one cell to its daughter cells. A fundamental ques-
tion in epigenetics is whether these marks can also
be transmitted meiotically through the germline.
In mammals, epigenetic marks should be cleared
by demethylating factors, such as cytidine deami-
nases (e.g., AID, APOBECI), and reestablished in
each generation. However, this clearing is incom-
plete at some loci in the genome of several model
organisms, possibly due to a deficiency in demeth-
ylating factors (e.g., AID) [60]. Therefore, based
on this phenomenon, transgenerational epigenetic
inheritance, which refers to the germline transmis-
sion of an environment-induced epigenetic mark
[61, 62], may provide direct biological evidence
for Lamarckism (i.e., the hypothesis that an organ-
ism can pass on characteristics acquired during its
lifetime to its offspring or the hypothesis of the
heritability of acquired characteristics).
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4.2 Heritable Germline Even when isogenic plants are grown under
Epimutation uniformly benign conditions, differences in DNA

It is important to draw a distinction between
transgenerational epigenetic inheritance and her-
itable germline epimutation. Transgenerational
epigenetic inheritance is independent of the DNA
sequence, whereas heritable germline epimuta-
tion is a direct consequence of a cis-acting epi-
genetic alteration due to a specific DNA sequence
(e.g., unstable CGG repeat within exon 1 of
FMRI) [62]. Such specific-sequence-driven epi-
mutation (i.e., hypermethylation) is observed in
an affected mother and her son in families with
fragile X syndrome [63]. This inheritance pattern
is also observed in other species, such as
Caenorhabditis elegans. Therefore, the heritabil-
ity does not necessarily involve transgenerational
epigenetic inheritance, as the methylated state is
once cleared on passage through the germline
and is then reestablished according to a certain
sequence during zygotic genome activation [63].

4.3 Significance
of Transgenerational
Epigenetic Inheritance

in Plants

When we think of the significance of transgener-
ational epigenetic inheritance, one can imagine
that it would be more beneficial for plants (sessile
organisms) than animals (movable organisms) to
pass on the information that they acquire about
their environment to their progeny, as seeds are
often dispersed locally [64]. This may be due to
the fact that, compared with plants, animals can
more readily move from place to place in response
to environmental changes (i.e., climate).
Therefore, this inheritance system may be less
essential in animals than in plants. Indeed, plants
have an extensive repertoire of epigenetic regula-
tion involving mechanisms based on DNA meth-
ylation, histone modification, and RNA. DNA
methylation and chromatin modifications are
guided in a sequence-specific manner by small
RNAs in Arabidopsis [65], and such small RNAs
can be regulated by environmental stress [66].

methylation have been shown to accumulate in a
set of Arabidopsis thaliana mutation accumula-
tion lines [67, 68]; similar findings have been
observed in human identical twins [52, 53].
Furthermore, whole-genome methylome
sequencing of individual plants in Generations 3
and 31 has revealed that polymorphic methyla-
tion at individual cytosine sites is several orders
of magnitude more frequent than DNA mutation
[69], indicating that spontaneous or induced vari-
ation in the efficiency of the methylation machin-
ery could underlie heritable epigenetic changes
associated with phenotypic differences that could
ultimately become subject to Darwinian selection
[70]. As mentioned above, this phenomenon is
also observed in humans, which may be the
genetic mechanism for variable expressivity, a
type of phenotypic variability between family
members who share the same disease-causing
mutation, which may be based on stochastic
changes in epigenetic modifications [69].

4.4 Transgenerational Epigenetic

Inheritance in Mammals

In mammals, transgenerational inheritance of
epigenetic marks was first demonstrated using a
specific mouse strain with the murine agouti-
viable yellow (A(vy)) allele. The methylation
status at the Axin (Fu) locus in mature sperm
reflects the methylation state of the allele in the
somatic tissue of the animal; the methylation sta-
tus is linked to the shape of the animal’s tail.
Therefore, the methylation status does not
undergo epigenetic reprogramming during game-
togenesis [71].

Environmental chemicals and nutritional chal-
lenges have been associated with transgenera-
tional epigenetic inheritance in animal models.
However, it is often difficult to dissect evidence
of transmission of epigenetic marks per se from
transmission of the exposure itself [72, 73].
Therefore, transgenerational effects should be
distinguished from parental and grandparental
effects. In addition to contributing their DNA,
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parents can influence their offspring in many
other ways, for example, by contributing bioac-
tive molecules in the egg and sperm cytoplasm
and by providing nutrients and hormonal infor-
mation during embryogenesis. Malnutrition dur-
ing pregnancy not only affects the pregnant
mother and fetus but also the fetus’ primordial
germ cells, which can lead to phenotypic changes
in the grandchildren (second generation).
Methylation status of the Axin (Fu) locus is
linked to hair color of the mice and can be altered
by dietary folic acid supplementation; this status
was inherited over two generations but was lost
by the third generation [74]. These findings indi-
cate that the acquired epigenetic information is
not inherited transgenerationally because a spe-
cific diet may lead to parental and grandparental
effects or that the Axin (Fu) locus is resistant to
environmentally induced acquisition of new
germline epigenetic information [74].

However, a further study revealed that trans-
generational effects of environmental toxins
(e.g., the antiandrogenic compound vinclozolin,
a commonly used fungicide; the estrogenic com-
pound methyoxychlor) have been demonstrated
in the fourth generation (F4) of rats with
decreased spermatogenic capacity and increased
male infertility; the effects on reproduction cor-
relate with altered DNA methylation patterns in
the germline [75]. It has also been demonstrated
that plastic-derived endocrine disrupters (e.g.,
bisphenol A) increase the risk of pubertal abnor-
malities in the F3 generation in rats and alter
DNA methylation in the F3 generation sperm
[76]. Therefore, transgenerational epigenetic
inheritance up to the third generation is sug-
gested. Transmission of environment (heat
shock)-induced epigenetic change (defective
chromatin state) by the next generation has also
been confirmed in Drosophila [77].

As described above, short-term mental stress
due to maternal-neonate separation immediately
after birth alters the epigenetic status in the brain
of the neonate and results in persistent abnormal
behavior [45]. It has further been demonstrated
that such environment-induced epigenetic
changes occur not only in the brain but also in the
sperm; thus, aberrant environment-induced epi-

genetic marks acquired in one generation can be
inherited by the next generation [78]. In other
words, chronic maternal separation altered
behaviors, and DNA methylation in the promoter
of several genes in the germline of maternally
separated mice and the epigenetic changes were
then observed in the brains of the offspring with
altered gene expression, which included
decreased expression of corticotropin-releasing
factor receptor 2 (Crfr2) in the amygdala and
hypothalamus [78]. In this study, abnormal
behavior was observed even in the third genera-
tion, and altered DNA methylation in the CpG
islands of Mecp2, cannabinoid receptor-1 (Cb1),
and Crfr2 was observed in F1 sperm and F2 brain
[78].

In a separate study, chronic maternal separa-
tion increased cytosine methylation of the estro-
gen receptor (Er)-alphalb gene promoter,
indicating that individual differences in maternal
behavior are epigenetically transmitted from the
mother to her female offspring [79]. Furthermore,
third generation male rats exposed to vinclozolin
respond differently to mental stress during ado-
lescence; they also showed altered gene expres-
sion in the cortex and CAl regions of the brain
[80]. These findings provide biological evidence
suggesting that environmental factors, including
traumatic experiences in early life, are risk fac-
tors for the development of behavioral and emo-
tional disorders not only in one generation but
also in successive generations.

5 Perspectives

As mentioned above, mental stress in the first
week of life causes epigenetic abnormalities in the
brains of mice. Conversely, several mouse studies
have demonstrated that brain-stimulating condi-
tions can ameliorate behavioral abnormalities.
Such studies have been performed using a mouse
model of RTT. For example, environmental enrich-
ment (EE), consisting of larger-sized home cages
with a variety of objects, including running wheels,
led to improved motor coordination and decreased
anxiety-related behavior in heterozygous Mecp2*~
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female mice [81, 82]. EE also improved locomotor
activity with reduced ventricular volume and
restored the expression of synaptic markers, such
as synaptophysin and postsynaptic density protein
95 in the hypothalamus and syntaxin la and syn-
aptotagmin in the cortex of hemizygous Mecp2="
male mice [83, 84].

It is difficult to cure patients with congenital
psychiatric disorders caused by mutations that
encode neuronal molecules, as it is difficult to
distribute gene products to the appropriate brain
regions and at the appropriate time during brain
development. However, it was recently demon-
strated that the epigenetic disorder RTT may be
an exception, partly because MeCP2 does not
encode the molecule that functions as “one of the
parts of the brain,” but encodes a “lubricant” that
is distributed to many places (genes) in the
genome. MeCP2 functions as a transcriptional
repressor and acts as a “noise reducer” in neuro-
nal cells; these functions contribute to maturation
of the brain and are active at a relatively later
period during brain development. This is sup-
ported by recent findings that MeCP2 targets a
relatively large number of synaptic molecules
[29-33] and that postnatal loss of MeCP2 in the
forebrain recapitulates features of RTT in mice
[28]. Indeed, reintroduction of MECP2 into
Mecp2 null mice after birth, as well as before
birth, is sufficient to rescue various RTT symp-
toms [85, 86]. Furthermore, restoration of MeCP2
function in astrocytes (not neurons) substantially
improves locomotion, anxiety levels, and respira-
tory abnormalities in hemizygous Mecp™" male
mice, along with restoring dendritic morphology
[87]. These results suggest that upregulation of
MECP?2, possibly mediated by drug treatment,
might help to improve brain function in patients
with RTT and further indicate that NDs other
than RTT caused by epigenetic abnormalities
may also be treatable.

Epigenetic markings provide a “memory of
past experiences.” These markings persist during
the life span of an individual and are sometimes
transmitted to the offspring. We still do not know
whether epigenetics, the genomic reaction to
environmental factors, is beneficial or harmful; it
likely acts in both directions [88]. If it is the lat-

ter, reversing or preventing the harmful epigene-
tic signature is important. This will be the basis
of preventive and preemptive medicine [89].
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