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Abstract The research field of fetal programming has
developed tremendously over the years and increasing
knowledge suggests that both maternal and paternal unbal-
anced diet can have long-lasting effects on the health of
offspring. Studies implicate that macronutrients play an
important role in fetal programming, although the impor-
tance of micronutrients is also becoming increasingly
apparent. Folic acid and vitamins B2, B6 and B12 are
essential for one-carbon metabolism and are involved in
DNA methylation. They can therefore influence the pro-
gramming of the offspring’s epigenome. Also, other micro-
nutrients such as vitamins A and C, iron, chromium, zinc
and flavonoids play a role in fetal programming. Since it is
estimated that approximately 78 % of pregnant women in
the US take vitamin supplements during pregnancy, more
attention should be given to the long-term effects of these
supplements on offspring. In this review we address several
different studies which illustrate that an unbalanced diet
prior and during pregnancy, regarding the intake of micro-
nutrients of both mother and father, can have long-lasting
effects on the health of adult offspring.
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Abbreviations

AhR Aryl hydrocarbon receptor

A% Agouti viable yellow

B[a]P Benzo[a]pyrene

BPA Bisphenol A

Cat Catalase

DNMTs DNA methyltransferases

Gpx Glutathione peroxidase

Gstpl Glutathione S-transferase pi 1

IAP Intracisternal A particles

IL Interleukin

LINEI Long interspersed nucleotide element

Ngqol NAD(P)H dehydrogenase, quinone 1

PAHs Polycyclic aromatic hydrocarbons

ROS Reactive oxygen species

SAM S-adenosyl-methionine

SINEB1/2 Short interspersed nuclear element B1/2

SOD Superoxide dismutase

Ugtla6 UDP glucuronosyltransferase 1 family,
polypeptide A6

Introduction

In the late 1980s interest grew regarding the idea that
maternal nutrition during pregnancy is associated with an
increased risk for degenerative diseases later in life [1, 2].
A large number of studies on fetal over- and under-nourish-
ment have been performed to investigate the adverse effects
at adult age [1, 3-5]. A clear example is given by the Dutch
famine, which occurred during the winter of 1944-1945. In
this study population the long-term effect of reduced nutri-
ent supply to the fetus during the first, second and third
trimester of pregnancy was investigated. It was identified
that, independent of the stage of fetal development, prenatal
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under-nourishment resulted in a reduced glucose tolerance
in both male and female adults, at the age of 50 and 58 years
[6, 7]. Under-nutrition during early pregnancy is also known
to result in a higher prevalence of coronary heart diseases
[8] and obesity [9], although the latter was only found for
women. These studies support the fetal programming the-
ory, also known as the ‘Barker hypothesis’; namely, an
attempt of the fetus to adapt to adverse conditions in utero,
resulting in adaptations that will be detrimental when these
conditions will not prevail later in life [10].

Over the years, it was discovered that other diseases
that develop in adulthood are linked to malnutrition in
utero. Both animal and human studies have shown that
low caloric diet of the mother during pregnancy are linked
to an increased risk for adult offspring developing type 2
diabetes [11-14]. Several studies on fetal programming
showed that fetal nutritional deprivation (maternal caloric
or macronutrient deficiency during pregnancy) is a strong
programming stimulus [1, 3, 4]. However, in many West-
ern societies, maternal nutrition is sufficient, or even exces-
sive. In mice, a diet high in saturated fat during pregnancy
resulted in insulin resistance, obesity and hypertension in
adult offspring [15], which indicates that increased health
risk in adulthood may not only be a consequence of under-
nourishment, but also the result of over-nourishment during
pregnancy. Also, women may become obsessed with being
healthy, to aid in the growth of the developing fetus, and
they subsequently consume excessive amounts of supple-
ments during pregnancy due to the misconception that for
many dietary supplements ‘more is better’. In addition, to
overcome certain deficiencies, such as folic acid deficiency,
unbeknown to them, the general population, including
pregnant women or women who are trying to conceive, is
exposed to such micronutrients daily through fortification
of food products. Additionally, it is obvious that paternal
intake of supplements is not related to programming effects
during pregnancy, although the father’s diet prior to con-
ceiving may also play a role in fetal programming. Male
rats exposed to a high-fat diet, which bred with females
on a control diet, produced female offspring with an early
onset of impaired insulin secretion and glucose tolerance,
as well as altered gene expression in pancreatic islets,
increasing their risk for diabetes later in life [16]. There-
fore, it is important to understand how epigenetic program-
ming of the developing fetus is affected by the micronutri-
ent content of the diet of both parents.

Epigenetics: a tool for fetal programming
The first theory comprising the responsiveness of the

genome to the environment, and its modifying capacity,
was proposed by Jean-Baptiste de Lamarck in the early
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19th century [17]. However, his ideas were neglected
because of lack of evidence and aberrant conceptualization
[17, 18]. Conrad Waddington was the first to follow in de
Lamarck’s footsteps during the first half of the 20th cen-
tury, introducing the term ‘epigenetics’, which combines
the prefix ‘epi’, meaning ‘upon’ or ‘over’, with ‘genetics’
implying the involvement of genes, to define the study of
events over or beyond genes themselves. The term ‘epige-
netics” was also derived from the Aristotelian word ‘epi-
genesis’, implying that developmental changes are gradual
and qualitative, but that there is a link to heredity [19].

While the phenomena of epigenetic manifestations,
namely changes in DNA methylation, chromatin remodeling
and microRNA expression, are gaining increasing appre-
ciation, researchers are becoming increasingly interested in
understanding the control of gene expression and its connec-
tion with the underlying processes of disease development.
Moreover, they seek to identify the origin of the disease in
the epigenetic regulation within the placenta [20, 21]. Such
epigenetic regulatory mechanisms include modifications
in promoter DNA methylation, resulting in hypo- or hyper-
methylation of DNA CpG regions, and changes in histone
proteins, chromatin conformation, as well as microRNA
and non-coding RNA-mediated control of gene expression
within the placenta [20-23]. Most studies regarding diet-
induced fetal programming address DNA methylation as an
epigenetic mechanism, and since several micronutrients are
involved in the one-carbon metabolism, we mainly focus on
the role of DNA methylation on fetal programming. Fur-
thermore, it has been shown that modifications of histone
proteins turnover more rapidly than cell division, thereby
questioning the involvement of histone modifications in
transmitting epigenetic information [24, 25].

During fetal development, epigenetic alterations are
crucial in the orchestration of gene expression [26]. Incor-
poration of a methyl (CH;) group on the cytosine base of
CpG islands, which are mainly located in gene promoter
regions, the expression of a gene can be regulated [27].
During fetal development, the epigenome cycles through
several precisely timed methylation changes to ensure
proper development. Shortly after fertilization the pater-
nal genome is actively demethylated, while the maternal
genome is passively demethylated [26]; however, some
epigenetic marks are maintained to allow proper expres-
sion of imprinted genes (parent-of-origin methylation
marks) [26] (about 100 identified in mammals [28]), but
also allele-specific expression is very common [29]. Sub-
sequently, a new pattern of DNA methylation, which is
also referred to as de novo methylation, is established pre-
dominantly at the blastocyst stage [20, 21, 30]. The incor-
poration of methyl groups during de novo methylation is
carried out by DNA methyltransferases (DNMTs) 3A and
3B [21, 27]. This de novo methylation can be considered
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as a reprogramming of the DNA methylation patterns in
the zygote, which are normally retained throughout the
organisms’ life by the action of DNMTI, and are cru-
cial for somatic cell viability [20, 21, 30]. The appropri-
ate succession of the resetting and reprogramming phase
of methylation is fundamental to post-gestational health
and survival as aberrant methylation patterns can lead to
the development or progression of human diseases. This
signifies an important sensitive window within the devel-
opment of an embryo and of its germ cells, during which
the environment can have profound effects on the expres-
sion pattern of certain genes and persist throughout life
[20, 31]. A clear example of fetal programming by diet-
induced changes in methylation is given by Dolinoy et al.
[32]. They showed that heterozygous agouti viable yellow
(A”) mice exposed to the flavonoid genistein in utero via
the maternal diet resulted in an altered coat color of these
mice, namely towards pseudo-agouti, and these mice were
also protected against obesity later in life, which is usually
associated with the agouti phenotype. These changes in
phenotype were caused by hypermethylation of transpos-
able repetitive elements, namely intracisternal A particles
(IAP), upstream of the transcription start site of the Agouti
gene which remained unaltered throughout life. Moreover,
the study by Gordon et al. [33] also indicated how critical
and sensitive this in utero period is for fetal programming,
as they showed that within monozygotic twins at birth the
expression of genes sensitive to the external environment
differed. As monozygotic twins are genetically identical,
they assumed that even the slightest difference in the intra-
uterine environment could affect epigenetic regulation.

Maternal and paternal influences on fetal programming

Regarding fetal programming, most studies focus on the
maternal diet as being an important contributor since it can
result in adaptations of the offspring via regulation of the
in utero environment. The importance of the maternal diet
during pregnancy has clearly been shown in the study of
Persson et al. [34], who investigated the effect of supple-
menting poor, malnourished women in Bangladesh from
early pregnancy onwards with multiple micronutrients,
including iron, folic acid and food supplements, to increase
both micronutrient and macronutrient intake. Although
this intervention did not affect birth weight compared with
the standard intervention of iron, folic acid and food sup-
plements from mid-pregnancy onwards, it did result in a
decreased 5-year mortality rate of their children. Also, the
study of Carlsen et al. [35] showed that maternal diet dur-
ing pregnancy could have an effect on the development
of the fetus as they showed that maternal fatty acid intake
during pregnancy affected fetal growth patterns. These

investigators namely found that maternal blood n-3 polyun-
saturated fatty acids during pregnancy were inversely asso-
ciated with the length of the femu of the fetus, although no
association was found with fetal weight. Moreover, mater-
nal over- or under-nutrition has been shown to induce long-
lasting health effects in several studies [1, 3-5]. In sheep,
a 50 % global nutrition restriction during the first half of
gestation resulted in a predisposition for the development
of obesity and diabetes in aged female offspring [36]. Like-
wise, maternal caloric restriction during pregnancy resulted
in an exaggerated pulmonary hypertension and right ven-
tricular hypertrophy when offspring mice were exposed
to hypoxia in vivo which is attributed to a change in DNA
methylation status in the lung tissue of these offspring.
Interestingly, when pups of mothers on caloric-restricted
diets were given histone deacetylase inhibitors, lung DNA
methylation status and pulmonary vascular function were
normalized [37], thereby demonstrating the plasticity of
epigenetic modifications.

Alternatively, the paternal influence on epigenetic
alterations in offspring should not be neglected. Since the
father solely transmits genetic and epigenetic factors to the
oocyte, the father may serve as a better model to explore
epigenetic involvement. For instance, paternal age seems
to be associated with an increased risk for birth defects
and DNA mutations in sperm cells [38]. Increasing age is
also associated with alterations in DNA methylation pat-
terns of somatic cells. Oakes et al. [39] demonstrated that
age-dependent alterations in DNA methylation occur in rat
spermatozoa. In addition, paternal lifestyle can play a role
in fetal programming, as suggested in the study performed
by Bielawski et al. [40], which showed that, in rat, paternal
chronic alcohol intake decreased messenger RNA (mRNA)
expression of cytosine methyltransferase in sperm, which
could result in hypomethylated DNA which is then passed
on to the offspring. Moreover, Ouko et al. [41] showed that
chronic alcohol intake in men resulted in the hypomethyla-
tion of two imprinted genes, H19 and intergenic differen-
tially-methylated region (IG-DMR), which are normally
hypermethylated in sperm. However, in order to transmit
the environmentally-induced epigenetic modifications to
the offspring, and influence adult phenotypes, the active
demethylation of the paternal genome shortly after fertili-
zation and subsequent de novo methylation during embryo-
genesis need to be survived.

A recent study showed that offspring of male mice fed
a protein-deficient diet, and female mice on a control diet
throughout and after gestation, had an increased expres-
sion of genes involved in fat and cholesterol biosynthesis
in the liver. Although they did not find significant changes
in DNA methylation, there was a substantial increase
in methylation at an intergenic CpG island upstream of
Ppara, which is likely an enhancer for Ppara and could
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therefore regulate hepatic gene expression [42]. Addition-
ally, fathers can also induce epigenetic alterations in their
offspring via the RNA present in sperm cells; microinjec-
tion of total RNA or microRNA from sperm of Kit het-
erozygote males into fertilized eggs resulted in the birth
of wild-type offspring mice with white spots on their
tail, a characteristic of Kit mutant mice [43]. Moreover,
in humans, the mRNA profile of sperm cells is known to
be sensitive to environmental factors, including cigarette
smoke [44], further supporting a possible mechanism by
which the environment can affect the health of offspring
via paternal lineage.

Diet effects across generations

Although it has been suggested that some epigenetic varia-
tions can be conserved over generations, most studies, both
in humans and animals, address the effect of in utero nutri-
tion on fetal programming in first- and second-generation
offspring. For instance, Kaati et al. [45] showed that the
grandparent’s diet during the slow growth period, namely
before the prepubertal growth peak, had long-lasting effects
on the longevity of their grandchildren, by gender-specific
transgenerational inheritance.

However, to examine true transgenerational inheritance
in response to diet, the third generation, being the first
‘unexposed’ generation, should be studied. The first filial
generation is directly exposed to the maternal diet, while
the second generation results from gametes that were
exposed in utero (Fig. 1). In order to transfer environmen-
tally-induced epigenetic modifications to future genera-
tions, demethylation of the paternal and maternal genome
shortly after fertilization, as well as demethylation of pri-
mordial germ cells, need to survive permanently.

Despite increased awareness that parental dietary intake
can affect the health of future generations, the number of
true transgenerational studies are rather limited, and not
all studies labeled as being transgenerational studies actu-
ally investigate the effect on the F3 generation. One clear

Mother: parental generation
Intake of macro- and micronutrients

Gametes: 2"d generation
Exposed to macro- and micronutrients
during gametogenesis

Fetus: 15t generation
Exposed to macro- and micronutrients
during fetal development

Fig. 1 Transgenerational inheritance of epigenetic modifications
induced by exposure to macro- and micronutrients
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example of a transgenerational study is given by Dunn and
Bale [46], who showed that in utero exposure to a high-fat
diet resulted in increased body size in F3 female offspring.
Interestingly, this transgenerational inheritance seemed
to be transmitted via the paternal lineage. Dunn and Bale
[46] assumed that the diet-induced effect on body size
may result from changes in epigenetic status of imprinted
genes, which could explain the sex-specific inheritance.
Since obese adults are more likely to be insulin resist-
ant, they also have an increased risk for chronic diseases,
including cardiovascular diseases, type 2 diabetes mellitus
and hypertension [47]. Also, in a rat model of carcinogen-
induced breast cancer it has been shown that maternal high-
fat intake during gestation increases the risk for breast can-
cer in the following two generations [48]. Moreover, the
increased risk for breast cancer in the F2 generation can be
transmitted by both parents who were exposed to a high-
fat diet in utero, although this effect was not transmitted
to the F3 generation and therefore cannot be seen as a true
transgenerational inheritance. In the same rat model, mater-
nal exposure to ethinylestradiol during gestation resulted in
an increased breast cancer risk for F1 and F3 generations,
whereas the F2 generation depended on whether or not the
mother (increased risk) or the father (decreased risk) was
prenatally exposed to ethinylestradiol [48]. Waterland et al.
[49] also performed a transgenerational study, although
more complicated than the study of Dunn and Bale [46] and
de Assis et al. [48]. Waterland et al. [49] found that female
heterozygous A" mice, prone to hyperphagic obesity,
placed on a diet supplemented with methyl-donors, namely
folic acid, vitamin B12, betaine and choline, throughout
life, were significantly leaner at adult age compared with
the unsupplemented group. This was also observed for
their daughters, granddaughters and great-granddaughters,
whereas the unsupplemented offspring had an increase in
body weight with successive generations. However, sup-
plementation did not affect adult body weight of daughters
and granddaughters, suggesting that the methyl-donor sup-
plementation had a cumulative transgenerational effect and
resulted in protection against obesity.

Nevertheless, not all environmentally-induced epi-
genetic modifications are inherited transgenerationally.
Although dietary methyl-donor supplementation of female
mice before and during gestation affected the methylation
status of transposable repetitive elements upstream of the
transcription start site in the Agouti gene in heterozygous
A" offspring mice [50] and successive generations of A"
mice placed on a diet supplemented with methyl-donors
throughout life resulted in a cumulative transgenerational
effect regarding the risk for obesity [49], it did not have
a cumulative effect on diet-induced hypermethylation of
the Agouti gene over three generations, suggesting that no
transgenerational inheritance occurred [51].
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The role of micronutrients in fetal programming
Importance of micronutrients involved in DNA methylation

At the present time it seems clear that an unbalanced mater-
nal diet plays a role in fetal programming of adult diseases.
Although several studies implicate that macronutrients play
a major role in fetal programming [1, 3, 4, 9, 52], micro-
nutrients are also of interest since they are essential for the
one-carbon metabolism involved in DNA methylation. The
micronutrient folic acid, also known as vitamin B9, donates
its methyl group to homocysteine to form methionine. Sub-
sequently, methionine donates its methyl group to DNA
via S-adenosyl-methionine (SAM) [Fig. 2]. Other impor-
tant micronutrients involved in the one-carbon metabolism
are vitamins B2, B6 and B12 [53]. This suggests that an
unbalanced maternal micronutrient diet could also affect
DNA methylation patterns of offspring and result in altered
fetal programming. Indeed, an increased maternal serum
vitamin B12 level during pregnancy has been associated
with decreased global DNA methylation in newborns,
while higher serum vitamin B12 concentration in newborns
was associated with reduced methylation of the IGFBP3
gene, which is involved in intrauterine growth [54]. Yajnik
et al. [55] showed that within the Pune Maternal Nutrition
cohort, children born to mothers with low vitamin B12 and
high folic acid levels were insulin resistant and had higher
body fat percentage and higher abdominal fat at the age of
6 years, making them at increased risk of developing type 2
diabetes. A periconceptional methyl-deficient maternal diet
also resulted in increased adiposity and insulin resistance in
sheep offspring [56]. In addition, the offspring of ewes with
reduced levels of vitamin B12, folic acid and methionine
also had altered immune function and high blood pressure
at adult age. The effects of the maternal diet were mainly

Maternal nutritional SUPPLY |

|

Genistein de

diet or supplements

f

Fetal nutritional DEMAND ‘

Fig. 2 Hypothetical concept regarding the difference in fetal pro-
gramming induced by genistein obtained from a Western or Asian
diet. In the case of an Asian diet, genistein is taken up by the mother,
via dietary sources prior to, during and after pregnancy, while the off-
spring remains exposed to dietary genistein throughout its life, result-
ing in a decreased risk for breast and prostate cancer. In the case of a

= | Fetal adaptation| <

found in male offspring and were thought to be the result of
epigenetic mechanisms since 4 % of the 1,400 CpG islands
examined showed an altered methylation status [56]. Fur-
thermore, the tumor-suppressor gene p53 showed to be
less methylated in the intestines of adult mice born from
mothers fed a diet low on folate during pregnancy, com-
pared with the intestines of adult mice born from mothers
fed normal amounts of folate during pregnancy [57]. This
research group also showed that, in mice, low folate intake
by the mother during pregnancy resulted in global hypo-
methylation of the adult offspring, which is associated with
higher risk of developing cancer, compared with adult off-
spring in utero exposed to normal levels of folate [58].
Although these studies investigated the effect of mater-
nal folic acid deficiency on the health of the offspring, folic
acid supplementation during pregnancy is almost univer-
sally implemented to prevent neural tube defects [59, 60],
as the normal Western diet contains about 0.2 mg of natural
folic acid/day, while 0.4 mg folic acid/day is recommended
[61]. Moreover, diet fortification with folic acid is also per-
formed in several countries and has been shown to reduce
the incidence of neural tube defects [62, 63]; therefore, it
is reasonable to assume that in some cases folic acid ‘over-
supplementation’ may occur. A study in which high-dose
folic acid was supplemented (>5 mg folic acid/day) dur-
ing early pregnancy showed an association with increased
neurodevelopment, resulting in enhanced vocabulary devel-
opment, communicational skills and verbal comprehension
at 18 months of age [64]. However, folic acid supplemen-
tation during late pregnancy seems to be associated with
childhood asthma, while folic acid supplementation dur-
ing early pregnancy was associated with wheezing [65].
These data are, however, still controversial [66, 67] and
need further study, both in humans and animal models.
Mice in utero exposed to a diet rich in folic acid and methyl

Postnatal:
demand = supply

Decreased risk
" |on breast and
prostate cancer

(Increased) risk
on breast and
prostate cancer

Postnatal:
demand # supply

Western diet, genistein levels are low, although they can be increased
due to supplement intake. The fetus adapts to these low levels of gen-
istein; however, once born these levels may not be attained via the
diet, potentially affecting the risk for offspring to develop breast or
prostate cancer later in life
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donors, indeed more often develop severe allergic airway
disease, partly due to the increased methylation of Runx3
[68]. In humans it has been shown that high folate and
vitamin B12 intake during the first trimester of pregnancy
was associated with the development of atopic dermati-
tis [69]. Moreover, maternal intake of the recommended
amount of folic acid (0.4 mg folic acid/day) was found to
be related to increased methylation of the /GF2 gene in
children at 17 months of age. This increase in methylation
was also associated with a decrease in birth weight [70],
which is known to be associated with an increased risk of
developing chronic diseases later in life [5, 10]. In addition,
maternal folic acid supplementation during gestation, at
a level equivalent to the average post-fortification of total
folic acid intake in North America, increased the risk for
mammary tumors in rat offspring [71]. Epigenetic mecha-
nisms are thought to be involved since in utero exposure
to increased levels of folic acid resulted in global DNA
hypomethylation [71]. Interestingly, the risk of developing
colorectal cancer was decreased in rat offspring exposed in
utero to folic acid supplements at the level equivalent to the
average post-fortification of total folic acid intake in North
America [72]. On the other hand, maternal methyl-donor
supplementation during gestation, consisting of folic acid,
vitamin B12, betaine and choline, increased the susceptibil-
ity of mice offspring to develop colitis after dextran sulfate
sodium exposure. In this case, epigenetic mechanisms were
also involved since the onset of colitis was linked to persis-
tent changes in DNA methylation of a selected number of
genomic loci [73].

Role of other micronutrients in fetal programming

Insufficiency or excess of other micronutrients may also
have long-lasting effects on the health of offspring as they
are involved in cardiovascular, renal and pulmonary func-
tioning at adult age. For instance, chronic maternal restric-
tion of chromium, which is involved in glucose and fat
metabolism, during gestation resulted in increased body
adiposity in offspring rats [74]. This outcome was also
found by the same research group for chronic restriction
of magnesium [75], and for overall chronic mineral restric-
tion, resulting in lower maternal levels of iron, zinc, mag-
nesium and calcium [76]. Jou et al. [77] also found that,
in rats, moderate maternal zinc restriction during gesta-
tion resulted in an increase in body weight of the offspring
compared with offspring of mothers consuming normal
levels of zinc, although no difference in birth weight was
found between both groups. Moreover, these offspring also
showed increased blood glucose levels and were less sensi-
tive to insulin and glucose stimulation. Jou et al. [78] also
showed that postnatal diet played an important role in the
severity of the metabolic derangements as it was observed
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that increased body weight and insulin resistance was only
found in the offspring of rats that received lower levels
of prenatal zinc and adequate nutrition or excess nutri-
tion postnatal. Moreover, poor nutrition postnatal even
decreased the body weight of the offspring compared with
the control offspring. Vitamin D supplementation during
pregnancy is thought to protect against multiple sclerosis
[79, 80] and osteoporosis [81]. However, male rats exposed
in utero to high levels of multivitamins (tenfold higher
levels than the recommended amount of vitamins) have a
higher food intake, increased body weight, insulin resist-
ance and elevated blood pressure at adult age, despite hav-
ing normal birth weights [82]. Furthermore, low maternal
vitamin D status during pregnancy seems to be associated
with an increased risk of developing eczema in the first
year of life [83].

In addition, micronutrients also serve as antioxidants or
are essential cofactors for antioxidant enzymes [84], and
therefore it is believed that the effects of micronutrients are
linked to antioxidant systems. Deficiencies in antioxidants
during pregnancy may induce organ damage and impair
embryonic development due to increased levels of reactive
oxygen species (ROS). Franco Mdo et al. [85] showed that
prenatal supplementation with mixed antioxidant vitamins
and minerals (selenium, folic acid, vitamin C and vitamin
E) protected rat offspring from long-term cardiovascular
injury, but not long-lasting renal injury, induced by in utero
macronutrient restriction. In addition, in utero exposure to
increased levels of antioxidants also protected the colon of
3-day-old piglets against iron-induced oxidative DNA dam-
age [86].

Are flavonoids involved in fetal programming?

The micronutrients we focus on are the dietary flavonoids
as they are known to be potent antioxidants. They, being
the main component of a plant’s pigmentation and flavor,
comprise a large group of polyphenolic compounds widely
distributed throughout the diet [87]. Total flavonoid intake
of humans varies considerably, due to the variability of
foods consumed. For a Western population, it has been
estimated that the average flavonoid intake ranges between
65 and 250 mg/day [88]. The most predominant flavonoid
in the human diet is quercetin, which is mainly found in
onions, apples, tea and red wine [87-89], the average daily
intake of which is estimated to be between 10 and 100 mg
[90]. Another important flavonoid is the isoflavone gen-
istein, which is mainly found in soybeans. Due to the low
consumption of soy-containing food in Western countries,
the daily intake of isoflavones is in the range of several
milligrams per day. However, for lactose intolerant peo-
ple, who consume soy milk as a replacement for bovine
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milk, isoflavone intake can increase dramatically since soy
milk contains between 30 and 175 mg/L of isoflavones. In
Asian countries, the daily intake of isoflavones is much
higher because of the high consumption of soy, and reaches
levels of 25-40 mg/day [91]. Vegetarians and vegans, for
whom soybeans are an important protein source, also have
isoflavone plasma concentrations comparable with con-
centrations found in Asian populations [92]. Interestingly,
the level of genistein, found in soy-based infant formula,
exceeds the levels found in Asian adults [93]. Presently,
studies regarding the antioxidant property of flavonoids
claim that they provide several health benefits, such as
anti-inflammatory effects [94, 95], and protection against
several diseases, including cardiovascular diseases [96,
97], neurodegenerative diseases [98, 99], chronic obstruc-
tive pulmonary disease (progression) [100, 101] and ocular
disease [102, 103]. This is also the main reason why fla-
vonoids are gaining interest as treatment and prevention
options for adult diseases [87, 104—106]. Flavonoids are
therefore also commercially available as high-dose sup-
plements in some countries, and to date no human data on
the long-term effects of high-dose flavonoid supplementa-
tion are available [107, 108]. For instance, the daily dose
of quercetin supplements lies between 200 and 1,200 mg
[108]. Moreover, quercetin may also be used as a nutraceu-
tical for functional foods [109]. Since, in Asian countries,
the potential health benefits of genistein intake include a
decreased risk for developing breast and prostate cancer
[110], isoflavone supplements (daily doses ranging from 50
to 500 mg) are the most commonly used supplements[111].
However, high soy consumption, and therefore genistein
intake, in Asian countries is part of the culture, and a high-
exposure level of genistein not only occurs in utero but
also throughout life (Fig. 3). It should also be considered
that other nutritional and lifestyle factors may contribute to
the lower incidence of breast and prostate cancer in Asian
countries.

Despite the possible health benefits of flavonoids in
adults, little is still known about their action on offspring
during and after pregnancy, although it is known that fla-
vonoids pass the placenta and can accumulate in the fetus
[112, 113].

In utero exposure to genistein and other endocrine
disrupters

As mentioned previously, a clear example of the effect on
fetal programming by the flavonoid genistein was given
by Dolinoy et al. [32], whereby they showed that prenatal
exposure of heterozygous A" mice to genistein resulted
in a change in coat color and protection against adult
obesity. Moreover, we have found that prenatal exposure
to genistein produced long-lasting alterations on bone
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Fig. 3 Simplified schematic of the folic acid metabolic pathway
resulting in DNA methylation. Methylation of DNA occurs via the
folic acid metabolic pathway. In this pathway the micronutrient folic
acid (vitamin B9) is first reduced to dihydrofolate (DHF), which is
then reduced to tetrahydrofolate (THF). 5,10-methylene-THF (5,10-
MTHEF) is formed by adding a methylene group to THF. In this step of
the pathway, vitamin B6 (B6) serves as an essential co-enzyme. Next,
5,10-MTHF is reduced to 5-methyl THF (5-MTHF) with the aid of
the essential co-enzyme vitamin B2 (B2). 5-MTHEF then donates, with
the co-enzyme, vitamin B12 (B12), its methyl group to homocysteine,
resulting in the formation of methionine. Subsequently, methionine
donates its methyl group to DNA via S-adenosyl-methionine (SAM).
SAH s-adenosylhomocysteine

marrow gene expression of adult mice [114]. More spe-
cifically, these mice showed a pronounced downregula-
tion of estrogen-responsive genes and of genes involved in
inhibiting hematopoiesis, but also an upregulation of genes
required for erythropoiesis and granulopoiesis [114]. The
effect of genistein on estrogen-responsive genes is some-
what expected since genistein has structural similarities
with 17f-estradiol and exerts its effect through the estro-
gen receptor [115]. Another estrogen-/endocrine-disrupt-
ing chemical, bisphenol A (BPA), present in many types
of plastics, is involved in fetal programming as a result
of unintentional exposure to pregnant woman and their
fetuses. Prenatal exposure to BPA is thought to increase the
onset of obesity [116], childhood asthma [117], breast can-
cer [118, 119] and diabetes [120]. As mentioned previously,
de Assis et al. [48] showed that in utero exposure to the
endocrine-disrupting agent ethinylestradiol is involved in
fetal programming for up to three consecutive generations.

In utero exposure to genistein, quercetin and other
antioxidant micronutrients

Oxidative stress is thought to play an important role in the
development and progression of many chronic diseases,
including neurodegenerative diseases [121-125], cardio-
vascular diseases [126, 127], diabetes [128] and cancer
[129-131], but may also contribute to aging [132]. Oxi-
dative stress occurs when an imbalance between ROS and
antioxidants arises, resulting in ROS-induced damage to
proteins, lipids and DNA [133]. Besides a native antioxi-
dant system consisting of enzymatic antioxidants [such as
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catalase (Cat), glutathione peroxidase (Gpx) and super-
oxide dismutase (SOD)] and non-enzymatic antioxidants
(for instance glutathione), humans can also enhance their
antioxidant defense by increasing the intake of vitamin C,
vitamin E, B-carotene and flavonoids. Does this enhance-
ment of antioxidant defense also apply for in utero expo-
sure to flavonoids? To assess this, we recently investigated
the long-term effect of prenatal exposure to genistein and
quercetin on antioxidants. Prenatal exposure to quercetin
resulted in upregulation of Nrf2, a regulator of antioxidant
gene transcription, and Sod2, responsible for enzymatic
antioxidant defense in the liver of fetuses at day 14.5 of
gestation and in both the liver and lung tissue of adult mice.
Alternatively, prenatal exposure to genistein only resulted
in increased gene expression of Nrf2 and enzymatic anti-
oxidant genes in the liver of adult mice. Moreover, prenatal
exposure to genistein and quercetin decreased the oxida-
tive stress-induced DNA damage in the liver of these adult
mice. This suggests that adaptations made by the fetus in
response to the in utero conditions during maternal supple-
mentation with increased level of genistein or quercetin are
beneficial and protective against oxidative DNA damage in
the liver of these mice as adults [134].

In addition, the effect of prenatal exposure to other
micronutrients having antioxidant capacity has been inves-
tigated. For instance, supplementation of female rats, dur-
ing gestation and lactation with vitamin A, a fat-soluble
vitamin required for several processes, including reproduc-
tion, immune response, vision and maintenance of cellular
differentiation, resulted in decreased glutathione-S-trans-
ferase activity in the kidneys of offspring. Moreover, the
total antioxidant potential of the offspring’s liver was
decreased. Interestingly, male offspring showed increased
levels of lipid peroxidation, whereas this was decreased in
female offspring [135]. Vitamin A supplementation dur-
ing gestation and lactation has also been shown to induce
oxidative stress in the lungs of rat offspring [136], making
them more prone to develop lung diseases. Another lipid
soluble antioxidant, vitamin E, enhanced the spontane-
ous tumor formation in both heterozygous and mutant p53
knockout offspring mice when exposed in utero, although
it reduced fetal death presumably by decreasing ROS
[137].

These findings show that in utero exposure to micronu-
trients with antioxidant capacity indeed have long-lasting
effects on the offspring’s antioxidant defense system.

Fetal programming by iron
Oxidative stress and formation of ROS can also be
induced by micronutrients, such as iron. Although it is

known that the iron chelating property of quercetin helps
to reduce oxidative stress [138, 139], we found in our
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studies that in utero exposure of mice to quercetin did
not affect the total amount of iron in the amniotic fluid,
or adjusted the switch in erythroid lineage or hemoglobin
profile of fetuses at day 14.5 of gestation. However, prena-
tal exposure to quercetin did result in increased iron stor-
age in the liver of mice at adult age. We showed that this
was the result of upregulation of iron-associated cytokines
(hepcidin, interleukin (IL)-18, IL-6 and IL-10). Despite
the increased iron levels, oxidative stress was significantly
decreased in the liver of these animals. We assumed that
there was probably less iron accessible for fetuses in
utero, to which they adapted. Once born, quercetin expo-
sure was ceased and offspring encountered normal levels
of iron, which they presumably sensed as iron overload.
Nevertheless, they did cope with the increased iron avail-
ability later in life. Likewise, they showed an increase
in protection against iron-induced ROS formation, since
we observed a decrease in oxidative stress-induced DNA
damage in the liver of these mice as adults. However, the
cytokines involved in iron homeostasis are also involved
in regulating inflammation. Therefore, one could expect
that induction of inflammatory pathways by an inflamma-
tory trigger would result in an uncommon reaction from
these mice [140]. As inflammation is involved in many
chronic diseases, including cancer [133], it seems that
although these animals appear to be protected against oxi-
dative stress-induced diseases, an inflammatory stressor
could alter this protective mechanism towards a harmful
one, but this needs confirmation.

Nevertheless, iron remains the most commonly pre-
scribed supplement during pregnancy to prevent pregnancy-
related anemia, which could be harmful for both mother
and child. However, it has also been reported that iron sup-
plementation during pregnancy could suppress the antioxi-
dant status of pregnant woman. This is thought to be the
result of iron-induced formation of ROS [141]. Moreover,
Lachili et al. [142] showed that when given high iron sup-
plements combined with vitamin C during the last trimester
of pregnancy, healthy, non-anemic pregnant woman pro-
duced an increase in lipid peroxidation and consequently
decreased vitamin E levels. Preconceptional and early preg-
nancy exposure to high levels of dietary heme iron has also
been suggested to increase the risk of gestational diabetes
[143]. Therefore, instead of prophylactic iron supplementa-
tion of pregnant woman, a more individual approach may
have better outcomes as iron overload could be harmful for
both mother and child.

Role of natural aryl hydrocarbon receptor agonists in fetal
programming

Throughout life, humans are constantly exposed to drugs
and other xenobiotic compounds, which, if not excreted
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from the body, can induce damage resulting in chronic
diseases. Environmental genotoxicants and mutagens
cause about 80 % of human malignancies [144]. One
important group of environmental contaminants is the
polycyclic aromatic hydrocarbons (PAHs). Humans are
exposed to PAHs through inhalation of smoke from coal,
wood, diesel fuel and tobacco; but also through inges-
tion of roasted, smoked or charbroiled foods. However,
to induce damage, PAHs first need to be metabolically
activated. The best-studied PAH is benzo[a]pyrene (B[a]
P). An important player in the metabolization of B[a]P
is the aryl hydrocarbon receptor (AhR). Binding of B[a]
P to AhR will result in the transcription of phase I and
phase II enzymes and consequently in the metabolism
and excretion of B[a]P [145]. Therefore, AhR signal-
ing plays an important role in determining the capacity
to detoxify genotoxicants and mutagens, and may there-
fore contribute to an individual’s risk of developing can-
cer after exposure [146]. Besides playing a role in the
metabolism of genotoxicans and mutagens, phase I and
phase II enzymes are also involved in the metabolism of
exogenous compounds that can affect fetal programming,
for instance 17p-estradiol [147] and BPA [148]. How-
ever, dietary components can also influence AhR activ-
ity, for instance quercetin [145]. Moreover, the intake of
natural AhR agonists in the Dutch population seems to
be much higher compared with the intake of xenobiotic
AhR agonists [149]; therefore we investigated whether
in utero exposure to quercetin could alter B[a]P metabo-
lism of the adult liver. We found that exposure to querce-
tin induced gene expression of cytochrome P450 (CYP)
1A1 and CYPI1BI, both involved in the metabolic activa-
tion of B[a]P, and of phase II enzymes (Nqol, Ugtla6 and
Gstpl), in mice fetuses at day 14.5 of gestation. Moreo-
ver, increased expression of CYPIB1 was maintained
throughout life, while AhR gene expression was acquired.
Ex vivo induction of B[a]P diolepoxide-DNA (BPDE-
DNA) adducts was decreased when liver microsomes
of mice were prenatally exposed to quercetin, suggest-
ing that prenatal exposure to quercetin could protect the
liver from B[a]P-induced DNA damage, which we sus-
pect is due to the upregulation of phase I enzymes. We
also compared male and female littermates and found that
when prenatally exposed to quercetin, female mice devel-
oped a more masculine profile regarding the phase I and
II enzymes compared with control female mice [150].
Moreover, Makaji et al. [151] also investigated the effect
of prenatal exposure to quercetin on the activity of bio-
transforming enzymes at adult age. Maternal quercetin
intake during gestation resulted in an increased biotrans-
formation of several fluorogenic substrates by liver micro-
somes of adult offspring. Here, female offspring also had
a more masculine profile.

Role for DNA methylation in genistein- and
quercetin-induced fetal programming

The changes in liver and bone marrow gene expression
which resulted from in utero exposure to genistein or
quercetin, as discussed above, are maintained throughout
life. We therefore investigated whether prenatal exposure
to genistein or quercetin could affect methylation status of
repetitive elements, since the mouse genome constitutes
almost 37.5 % of these repetitive elements [152]. Results
showed that neither flavonoid induce changes in global
methylation (namely, methylation of SINEBI, SINEB2,
LINE1, TAP, major and minor satellites) in the liver of
fetuses at gestational day 14.5 [114, 140, 150]. However,
when investigating methylation patterns in the liver of
adult mice prenatally exposed to genistein or quercetin,
mild hypomethylation of the repetitive elements SINEBI,
SINEB2 and LINE1 was observed [150]. On the other
hand, in bone marrow of mice prenatally exposed to gen-
istein, hypermethylation of repetitive elements (SINEBI,
SINEB2, LINE1, IAP, minor and major satellites) could be
distinguished [114, 140], suggesting that prenatal exposure
to flavonoids results in organ-specific alteration in DNA
methylation.

The fact that no changes in methylation could be found
in fetuses at day 14.5 of gestation suggests that de novo
methylation induced by flavonoids took place at a later
timepoint in gestation, or even after birth. This is plausible
as during the late gestational and early postnatal period, tis-
sue maturation can result in epigenetic modifications.

Conclusion and future directions

The field of fetal programming, both by macronutrients
and micronutrients, is still developing, although increas-
ing knowledge suggests that an unbalanced diet of both
mother and father can have long-lasting effects on the
health of their offspring, which is shown by its association
with the onset of diabetes [11-14, 16, 55, 56], obesity [55,
56, 74-76], cancer [71, 137] and colitis [73], and the abil-
ity to increase oxidative stress [136, 141, 142]. However,
our studies suggest that prenatal exposure to flavonoids is
beneficial as it resulted in increased protection against ROS
and environmental carcinogens at adult age [140, 150]. As
vitamins and minerals continue to play a critical role in
the function of organ systems later in life [153] and anti-
oxidants remain important in coping with the onset of adult
chronic diseases induced by oxidative stress [133, 154,
155], extensive future research is needed. Special atten-
tion should be given to prenatal diet and subsequent disease
triggers later in life to see whether prenatal diet can have a
pre-emptive effect (see Fig. 4).
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Fig. 4 Hypothetical health consequences of prenatal diets upon trig-
ger at adulthood. Whether or not the prenatal diet will have a pre-
emptive effect and be beneficial at adult age, or whether it will have
deleterious effects later in life may depend upon the composition of
the diet, the fetal adaptations and subsequent disease triggers later
in life. For instance, in the case of diet 1, an increase in antioxidant
intake by the mother during pregnancy decreased the ROS levels in
the fetus, to which it adapts. If during the offspring’s adult life, its
antioxidant defense system is triggered, excessive oxidative stress
can occur because the offspring did not ‘learn’ in utero how to cope
with these increased levels of ROS. In the case of dier 2, the mater-
nal diet during pregnancy consisted of lower levels of antioxidants
or increased triggers of the Nrf2 pathway. Again, the fetus will adapt
to these conditions, and in adulthood, when the antioxidant defense
system of this offspring is triggered, this can result in an improved
response since the offspring adapted and ‘learned’ in utero how to
cope with such a trigger

In the US, as much as 47 % of males and 59 % of
females regularly use dietary supplements [156]. Although
studies concerning the use of dietary supplements during
pregnancy are limited, it has been reported, for the US,
that 78 % of woman take vitamins during pregnancy [157].
For instance, 72 % of pregnant women and 60 % of lac-
tating women consume iron supplements, versus 9-23 %
of non-pregnant, non-lactating women [158]. Women who
are trying to conceive are advised to take, in addition to
iron supplements, folic acid supplements, preferably prior
to and during the first trimester of pregnancy, as folic acid
deficiency is related to neural tube defects. However, since
women do not always anticipate their pregnancy, many
countries fortified food with folic acid to reduce the risk of
folic acid deficiency [159]. Additionally, it has also been
put forward that folic acid should be added to the contra-
ceptive pill to prevent neural tube defects [160]. Neverthe-
less, the data presented in this review indicates that ‘over-
supplementation’, resulting from both supplementation
and/or food fortification, could also have long-term effects
on the unborn child, which may be harmful; therefore, the
long-term effects need more attention, especially since
adequate levels of folic acid, needed to prevent neural tube
defects, only applies during the first trimester of pregnancy
[63]. Hence, folic acid supplementation during the remain-
der of pregnancy could be unnecessary and may even be
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associated with a higher risk of developing mammary can-
cer at adult age [71]. Moreover, supplement intake can be
regulated, although this cannot be done in the case of forti-
fied foods. Fortification of food not only has an effect on
the nutritional status of the mother, but also of the father,
for whom supplementation may not be necessary. Although
increased intake of folic acid by males may increase sperm
quality [61], it could also affect DNA methylation status of
sperm cells. Overall, the ideal diet composition for preg-
nant women and future fathers still needs to be established,
especially in regards to micronutrient supplementation, as
the intake may not directly be toxic to the developing child,
but may affect fetal programming resulting in physiologi-
cal alterations that persist into adulthood. Moreover, the
dietary status of both parents may not only affect the health
outcome of their children but may also have an influence
on multiple future generations.

Studies concerning micronutrient fortified foods or sup-
plement use during pregnancy mainly focus on maternal
status (maternal mortality and anemia) and pregnancy
outcome (pre-eclampsia, birth weight and length, and
premature birth) and are often shown to be beneficial for
both mother and child [161]. Birth weight is an impor-
tant marker used in these studies to determine the safety
of compounds for the unborn child as low birth weight is
thought to be associated with increased risk of develop-
ing chronic diseases later in life [5, 10]. However, this is
not always true; for instance, people exposed to the Dutch
famine during early gestation had a normal birth weight,
while later in life they had a higher body mass index
(BMI) and risk of developing cardiovascular diseases.
This was thought to be the result of a weight catch-up by
the fetus when World War II ended and food supply was
restored [52]. Persistent epigenetic changes are again
thought to be involved as Heijmans et al. [162] showed
that the imprinted IGF2 gene was less methylated in
60-year-old humans conceived during the ‘Dutch hunger
winter’ compared with siblings conceived before or after
the hunger winter. Hence, more careful use of biomarkers
such as DNA methylation to determine the risk for devel-
opment of adult chronic diseases is required.

From this, one can conclude that a balanced intake of
micronutrients is just as important as the balanced intake
of macronutrients. Moreover, an unbalanced micronutrient
intake by both parents can have long-lasting consequences
for the health of offspring and future generations.
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