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Abstract: Maternal nutrition plays a decisive role in developmental programming of many
non-communicable diseases (NCDs). A variety of nutritional insults during gestation can cause
programming and contribute to the development of adult-onset diseases. Nutritional interventions
during pregnancy may serve as reprogramming strategies to reverse programming processes and
prevent NCDs. In this review, firstly we summarize epidemiological evidence for nutritional
programming of human disease. It will also discuss evidence from animal models, for the common
mechanisms underlying nutritional programming, and potential nutritional interventions used as
reprogramming strategies.

Keywords: developmental origins of health and disease (DOHaD); gut microbiota; non-communicable
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1. Introduction

Maternal nutrition plays an essential role in fetal growth and development. It has long been
known that adverse nutritional conditions during pregnancy may permanently change the structure
and function of specific organs in the offspring, leading to many adult diseases. This concept is now
currently referred to as the Developmental Origins of Health and Disease (DOHaD) [1]. Conversely,
the DOHaD concept provides a strategy to reverse programming processes by shifting the therapeutic
interventions from adulthood to fetal or infantile stage, before clinical phenotype becomes evident [2,3].
Nutritional interventions during pregnancy have started to gain importance as a reprogramming
strategy to prevent DOHaD-associated diseases [4–6].

Nutritional exposure at early life is particularly important, as the plasticity of developing organs
that shape the way in which the body reacts to challenges in later life. This review highlights evidence
for the impact of nutritional programming on offspring health and the role of nutritional interventions
as a reprogramming strategy in the emerging area of DOHaD research.

2. Nutritional Programming of Health and Disease: Good, Bad, or Ugly?

The term nutritional programming describes the process through which exposure to early-life
nutritional stimuli brings about morphological changes or functional adaption of the offspring [7,8].
The long-term consequences of nutritional insults are variable and depend on several factors such as
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the type of nutrient, exposure duration and intensity, species, sex, and the critical time-windows of
development during which it is applied. Nutritional programming is emerging as a critical risk factor
for a number of non-communicable diseases (NCDs), including hypertension, cardiovascular disease,
diabetes, obesity, allergic diseases, kidney disease, neurocognitive impairments, nonalcoholic fatty liver
disease (NAFLD), and metabolic syndrome [3–10]. NCDs constitute the main cause of death all over
the world. Although NCDs are generally preventable, current approaches are obviously insufficient.

Conversely, nutritional programming can also be advantageous. From an evolutionary perspective,
developmental plasticity seems to represent an adaptive process. Developmental plasticity is beneficial
for fitness, despite such benefits may come at a cost to health outcomes. Developmental plasticity can
offer a survival advantage to the offspring based on evolutionary grounding [11]. Also, developmental
plasticity is beneficial when environmental conditions change within generations [11]. Importantly,
several reports suggest, at least in animal models, that developmental programming of adult disease
is potentially reversible by nutritional interventions during the period of developmental plasticity.
In genetic models of hypertension, early-life nutritional interventions can improve cardiovascular
outcomes in adult offspring [12,13]. The identification of critical time-windows and specific nutritional
interventions is thus a promising way to explore in order to offer novel reprogramming strategies.

Considering the good and bad sides of nutritional programming during pregnancy, there is
still an ugly side of it. Currently, little information exists on certain nutrients for women with
pre-existing deficiencies, as the dietary reference intakes are established for healthy individuals.
Almost all dietary reference intake reports lack long-term offspring outcome data to accurately inform
recommendations for women in the pregnancy stage. However, currently in human studies it is
difficult to confirm causation linking maternal nutrition status with phenotypes in offspring. Also,
these cohorts do not identify molecular mechanisms by which the phenotype is generated and aid in
developing specific nutritional interventions for a wide spectrum of adult diseases. As a consequence
of ethical considerations concerning what is achievable or not in human studies, animal models are
essential. It is for this reason that much of our knowledge of the type of nutritional insults driving
the programming process, the critical time-window of vulnerability for nutritional insults, potential
mechanisms underpinning nutritional programming, and reprogramming strategy largely come from
studies in animal models.

On the contrary, there are some limitations of animal models when translating into replications
in human trials. Possible problems include different models with varying similarity to the human
conditions, variability in animals for study, follow-up duration may not correspond to disease latency
in humans, and outcome measures have uncertain relevance to the human conditions [14].

Despite interesting results using nutritional interventions to prevent various adult diseases
have been obtained from animal models, many challenges still lie ahead for successful translation
of promising animal therapies to humans. As nutrients do not drive their programming effect
independently from each other, key questions for future research include what are the nutrient–nutrient
interactions, nutrient–drug interactions, and nutrient–environment interactions that can affect the
programming power on pregnancy and offspring outcomes.

A schematic summarizing the good, the bad, and the ugly sides of nutritional programming
involved in the developmental programming of adult diseases is presented in Figure 1.
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First, several famine cohort studies consistently showed that offspring exposed to gestational 
famine are more vulnerable to metabolic syndrome-related disorders [15–18]. One famous example 
is the Dutch famine study, which demonstrated that undernutrition in pregnancy is associated with 
increased risk of adult offspring developing coronary heart disease, hyperlipidemia, obesity, 
obstructive airways disease, kidney disease, and hypertension [16,18]. The Dutch famine study also 
showed that offspring exposed to famine in early gestation are prone to developing coronary heart 
disease, hyperlipidemia, and obesity. Exposure in mid gestation is associated with obstructive 
airways disease and microalbuminuria. These findings suggest that the timing of undernutrition in 
pregnancy predicts which organ system is reprogrammed and leads to the development of adult 
diseases [16]. However, no such consequence was observed in the Leningrad siege famine study [29]. 
The dissimilar effects of exposure to the two famines suggest the importance of the timing during 
gestation and the organs and systems developing during that critical time-window. A recent meta-
analysis of 20 studies reported that fetal famine exposure may increase the risk of overweight and 
obesity [30]. 

Overnutrition is a form of malnutrition in which the intake of nutrients or a specific nutrient is 
oversupplied, especially in unbalanced proportions. Only a small number of studies have examined 
the contribution of excessive intake of a specific macronutrient during pregnancy to the adverse 
offspring outcomes [23–27]. It has been demonstrated that high-free-sugar intake in pregnancy is 
associated with childhood atopy and asthma [23]. There is also an association between high-protein 
intake in pregnancy and the risk for high blood pressure (BP) in adult offspring [24–26]. Additionally, 

Figure 1. Schematic illustration of the good, the bad, and the ugly sides of nutritional programming
involved in developmental programming of health and disease.

3. Epidemiological Evidence for Nutritional Programming of Human Disease

Excessive or insufficient consumption of a specific nutrient has been linked to developmental
programming of a variety of NCDs [15–27]. Table 1 mainly summarizes cohort studies documenting
adverse offspring outcomes in response to both undernutrition and overnutrition during pregnancy [15–27].
Although low birth weight is considered as a surrogate marker of early-life nutrition and numerous studies
of maternal under- and over-nutrition have revealed its association with offspring health [28], we have
restricted this review only to adverse outcomes starting from childhood.

First, several famine cohort studies consistently showed that offspring exposed to gestational
famine are more vulnerable to metabolic syndrome-related disorders [15–18]. One famous example
is the Dutch famine study, which demonstrated that undernutrition in pregnancy is associated with
increased risk of adult offspring developing coronary heart disease, hyperlipidemia, obesity, obstructive
airways disease, kidney disease, and hypertension [16,18]. The Dutch famine study also showed
that offspring exposed to famine in early gestation are prone to developing coronary heart disease,
hyperlipidemia, and obesity. Exposure in mid gestation is associated with obstructive airways disease
and microalbuminuria. These findings suggest that the timing of undernutrition in pregnancy predicts
which organ system is reprogrammed and leads to the development of adult diseases [16]. However,
no such consequence was observed in the Leningrad siege famine study [29]. The dissimilar effects of
exposure to the two famines suggest the importance of the timing during gestation and the organs and
systems developing during that critical time-window. A recent meta-analysis of 20 studies reported
that fetal famine exposure may increase the risk of overweight and obesity [30].

Overnutrition is a form of malnutrition in which the intake of nutrients or a specific nutrient is
oversupplied, especially in unbalanced proportions. Only a small number of studies have examined
the contribution of excessive intake of a specific macronutrient during pregnancy to the adverse
offspring outcomes [23–27]. It has been demonstrated that high-free-sugar intake in pregnancy is
associated with childhood atopy and asthma [23]. There is also an association between high-protein
intake in pregnancy and the risk for high blood pressure (BP) in adult offspring [24–26]. Additionally,
consumption of a high-fat diet during pregnancy has been reported to increase the risk of overweight
in male adult offspring [27]. It is noteworthy that most studies mainly focused on cardiovascular
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outcomes and metabolic outcomes, rather less attention has been paid to other programming effects,
including neurobehavioral, endocrine, and respiratory outcomes.

Table 1. Effects of malnutrition during pregnancy on adverse offspring outcomes in human
cohort studies.

Nutritional Risk
Factors Outcome Offspring

Number
Age at

Measure (Year) Country Cohort Study

Undernutrition

Undernutrition

Hypertension,
impaired glucose

tolerance, and
overweight

1339 40 Nigeria Biafran famine study
[15]

Undernutrition

Coronary heart disease,
hyperlipidemia,

obesity, obstructive
airways disease, and

microalbuminuria

741 50 Netherlands Dutch famine study
[16]

Undernutrition

Overweight, type 2
diabetes,

hyperglycemia, and
metabolic syndrome

1029–8973 55 China
China great leap

forward famine study
[17]

Undernutrition Elevation of blood
pressure 359 59 Netherlands Dutch famine study

[18]

Low vitamin B12 Insulin resistance 653 6 India PMNS [19]

Low vitamin B12 Impaired cognition
function 118 9 India PMNS [20]

Vitamin D deficiency Elevation of blood
pressure 1834 5–6 Netherlands ABCD [21]

Vitamin D deficiency Elevation of blood
pressure 3525 9.9 United

Kingdom ALSPAC [22]

Overnutrition

Free sugar intake Atopy and asthma 8956 7–9 United
Kingdom ALSPAC [23]

High-protein,
low-carbohydrate diet

Elevation of blood
pressure 253 40 Scotland Aberdeen maternity

hospital study [24]

High-protein,
low-carbohydrate diet

Elevation of blood
pressure 626 30 Scotland Motherwell study [25]

High-protein intake Elevation of blood
pressure 434 20 Denmark DaFO88 [26]

High-fat diet Obesity 965 20 Denmark Aarhus birth cohort
study [27]

Studies tabulated according to nutritional risk factor and age at measure. ABCD, Amsterdam born children and their
development; ALSPAC, the Avon longitudinal study of parents and children; CHDS, child health and development
studies; CPP, the collaborative perinatal project pregnancy cohort; DaFO88 = Danish fetal origins cohort; MUSP,
Mater University study of pregnancy and its outcomes; PMNS, Pune maternal nutrition study.

Since epidemiological studies do not dissect the physiological and molecular mechanisms by
which the disorder is created, animal models with full control over the dietary manipulations are
essential in the discovery of mechanisms underlying nutritional programming and the development of
ideal nutritional interventions before they are implemented in humans.

4. Insights from Animal Models of Nutritional Programming

4.1. Animal Models for Nutitional Programming

Animal models particularly aid in inferring relevant information for possible translation to clinical
practice in the field of nutritional programming. Using animal model with proven construct validity
can increase the probability of successful translation of preclinical findings to clinical application. The
translatability may further be increased by using a broader spectrum of relevant animal models. The
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choice of one animal model over another mainly depends on its similarity to the human diseases. For
example, rabbits offer a better model of human atherosclerosis than rodents as they are prone to develop
fatty streak lesions in studies of high-fat intake [31]. Although non-human primate is considered as
the gold standard because of their similarity to humans, the most common species used are rodents
in the DOHaD field [32]. Other species such as rabbits, sheep, pigs have been used depending on
the experimental approaches, to study nutritional programming related to offspring outcomes [32].
Mice models provide a low-cost and easy-to-handle option, allowing genetic modification. Rabbits are
suitable for studies on the blastocyst due to their large size. Additionally, their placenta structure and
lipid metabolism are close to those in humans. Sheep are a monotocous species with a long gestational
period as in humans. Pigs are considered as a good model for studying early stages of fertilization
and development. Thus, animal studies play a pivotal role for us to clarify programming effects,
identify critical developmental windows, and develop ideal reprogramming strategies for nutritional
programming. The range of nutritional insults that have been utilized can be grouped into models that
seek to restrict calorie intake, manipulate macronutrient intake, or restrict micronutrient intake.

4.2. Animal Models of Maternal Caloric rRstriction

Rodent studies of calorie restriction ranging from 30–70% to pregnant dams showed hypertension
in the adult offspring [33–35]. Offspring that experienced a 50% calorie restriction during the last
week of gestation showed impairment of beta cell development [36]. In rodents, severe 70% caloric
restriction during pregnancy resulted in obesity, hypertension, hyperleptinemia, and hyperinsulinism
in adult offspring [37]. Similar adverse cardiovascular outcomes have been observed in cows and
sheep [38,39]. Pups exposed to a more severe degree of caloric restriction were likely to develop
hypertension earlier [5]. Additionally, the severity of adverse offspring outcome seems relevant
to the timing of exposure. In a maternal 50% caloric restriction sheep model, no major change in
glucose–insulin homeostasis was observed in adult offspring born of undernourished ewes during early
pregnancy [40]. However, maternal undernutrition during late pregnancy caused glucose intolerance
and insulin resistance in adult offspring. These findings suggest that undernutrition in late pregnancy,
during the period of maximal fetal growth, impacts negatively on the subsequent adult offspring’s
glucose–insulin homeostasis.

4.3. Animal Models of Macronutrients Imbalance

Macronutrients include carbohydrates, proteins, and fats. Sugar consumption, particularly
fructose, has grown over the past several decades and its growth has been paralleled by an increase in
obesity, diabetes, and hypertension [41]. Several rodent studies showed that maternal diets consisting
of 75% simple carbohydrates (dextrose and maltodextrin) led to a significantly higher body weight gain
in offspring [42–44]. Fructose is a monosaccharide naturally present in fruits. However, most of the
increase in fructose consumption now is derived from refined sugars and high-fructose corn syrup [45].
As we reviewed elsewhere [46], consumption of high-fructose alone or as a part of diet by rodent
mothers induces several features of metabolic syndrome in adult offspring, including hypertension,
insulin resistance, obesity, hepatic steatosis, and dyslipidemia.

Of note, adverse effects of fructose feeding depend on the amount and duration of fructose
consumption [47]. Despite being viewed as far in excess of a relevant load, most rodent studies have
been performed using diets containing 50–60% fructose [48,49]. However, a recent study indicated
that maternal consumption of 10% w/v fructose significantly increased BP in mice offspring after 1
year [50]. On the other hand, several studies used fructose as a part of maternal diet along with fat and
salt to induce hypertension in adult offspring [51,52]. As Western diet is characterized by the intake of
high-sugar drinks, high-fat products, and excess salt, it is important to dissect the interplay between
fructose, fat, and salt on the nutritional programming. Indeed, animal studies examining the combined
effects of key components of the Western diet have shown their synergistic effects of fructose, fat, and
salt on the elevation of BP in adult offspring [53,54].
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Protein is another macronutrient. The low-protein model has been extensively used to study the
mechanisms of nutritional programming. In rodents, protein restriction during pregnancy leads to
intrauterine growth retardation (IUGR) with subsequent hyperglycemia, glucose intolerance, insulin
resistance, obesity, and adipocyte hypertrophy [10]. Additionally, rodent studies of protein restriction
ranging from 6–9% to pregnant dams showed hypertension in the adult offspring [55–59]. Similar
to caloric restriction, a greater degree of protein restriction shows a higher propensity to develop
hypertension earlier in offspring [5]. Similar observations in several model species have confirmed the
effects of maternal low-protein diet on the above-mentioned metabolic syndrome-related phenotypes
in mammals [59]. Programming effects of protein restriction occur not only during pregnancy but also
through breastfeeding. Mice offspring born to dams fed with low-protein diet during lactation have
impaired cardiac structure and function that limit exercise/functional capacity [60].

Maternal high-fat diet is a widely used animal model to induce developmental programming of
obesity and related disorders [61]. Adult offspring exposed to a maternal high-fat consumption in
utero developed insulin resistance, increased lipid profile, hepatic steatosis, increased visceral fat mass,
and adipocyte hypertrophy [61–63]. Nevertheless, maternal high-fat-diet-induced responses of BP
include an increase [64,65] or no change [66,67], mainly depending on strain, sex, age, and diverse
fatty acid compositions.

Additionally, alteration of the protein-to-carbohydrate ratio of the maternal diet was related
to an adverse outcome in offspring. Male offspring rats born of dams exposed to a diet
with high-protein/carbohydrate ratio were characterized by elevated BP and a greater degree of
glomerulosclerosis [68]. These data are in agreement with human studies showing that a maternal
high-protein, low-carbohydrate diet is linked to elevated BP in the offspring [24,25].

4.4. Animal Models of Micronutrients Deficiency

There is also evidence to support that deficiencies in micronutrients, including minerals,
trace elements and vitamins, in pregnant mothers are associated with the development of NCDs.
Evidence in rats showed both maternal low- and high-salt diets lead to elevated BP in male adult
offspring [69]. Additionally, maternal calcium-deficient diet increased BP and insulin resistance in
adult rat offspring [70,71]. Furthermore, magnesium-deficient diet in pregnancy caused impaired
kidney function but had no effect on BP in rat offspring [72]. Deficiencies in trace elements and vitamins
in pregnant mothers are associated with the development of hypertension, impaired glucose tolerance,
and insulin resistance in their adult offspring [73–78]. These micronutrients include iron [73,74],
zinc [75,76], and vitamin D [77,78]. Additionally, maternal folate and vitamin B12 restriction increased
visceral adiposity and altered lipid metabolism in rat offspring [79].

The vitamins folic acid, B12, B6, and B2 have a key role as coenzymes in one-carbon metabolism,
serving as methyl-donor nutrients. Because one-carbon metabolism is required for epigenetic regulation
of gene expression, pregnant women are recommended to eat methyl-donor food to reduce adverse
birth outcomes [80]. These foods contain nutrients that directly provide methyl-donors or serve as
cofactors, such as methionine, folic acid, vitamins B2, B6, B12, and choline. Although methyl-donor
supplementation may be of benefit in preventing disease, we recently found that pregnant rats fed
with high-methyl-donor diet led to hypertension in male adult offspring [81]. Thus, additional studies
should be taken to assess the programming effects of these methyl-donor nutrients and to solve the
current conflicting data in regards to maternal methyl-donor diet.

Vitamin C, E, B6, and coenzyme Q-10 have shown beneficial effects on lowering BP [82]. However,
whether deficiencies of these micronutrients on pregnant mothers lead to programmed hypertension in
their offspring remains unclear. So far, no studies have been conducted examining the role of deficient
non-essential nutrients on developmental programming of adult disease.
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5. Common Mechanisms Underlying Nutritional Programming of Disease

In view of the fact that diversely nutritional insults in gestation create very similar outcome in adult
offspring, there might be some common mechanisms contributing to the pathogenesis of nutritional
programming of disease. Currently, possible mechanisms underlying nutritional programming include
nutrient-sensing signals, oxidative stress, tissue remodeling, epigenetic regulation, gut microbiota, and
sex differences [5–10,59]. Each mechanism will be discussed in turn.

5.1. Nutrient-Sensing Signals

Fetal metabolism and development are determined by maternal nutritional status via
nutrient-sensing signals. Sirtuin 1 (SIRT1), cyclic adenosine monophosphate (AMP)-activated protein
kinase (AMPK), mammalian target of rapamycin (mTOR), and peroxisome proliferator-activated
receptors (PPARs) are well-known nutrient-sensing signals [83]. In excessive nutrient conditions, the
mTOR is activated by increases in glucose, amino acid, and insulin levels, while in nutrient-depleted
conditions, AMPK and SIRT1 are activated by increases in intracellular AMP and NAD+ levels,
respectively. Dysregulated nutrient-sensing signals are present in several metabolic diseases [83]. The
interplay between AMPK and SIRT1 driven by maternal nutritional insults was reported to mediate
PPARs and their target genes, thereby generating developmental programming of adult disease [84].
Maternal high-fat diet increased fetal fat mass accompanied by elevated PPARγ but decreased SIRT1
expression [85]. As we mentioned earlier, maternal high-fructose diet induced several phenotypes of
metabolic syndrome in adult offspring [46]. Using the maternal high-fructose rat model, we found
PPAR signaling pathway is significantly regulated in the offspring liver, heart, and kidney using
next-generation RNA sequencing (NGS) analysis [48,86].

On the other hand, pharmacological interventions targeting AMPK or PPARs signaling have
been reported to prevent the development of hypertension and metabolic syndrome in a variety of
fetal programming models [84,87]. Although nutrient-sensing signaling are not likely to be the sole
mechanism that increases susceptibility to disease in later life, it is required to elucidate their interplay
with other mechanisms of nutritional programming in determining its impact on adult diseases of
developmental origins.

5.2. Oxidative Stress

The embryo and fetus have low-antioxidant capacity. An overproduction of reactive oxygen
species (ROS) under suboptimal intrauterine conditions would prevail over antioxidants, leading
to oxidative stress damage and thus compromising fetal development [88]. These damages include
oxidation of biological molecules, like lipids, proteins, and DNA. Excessive pro-oxidant molecules can
overpower the antioxidant defense, resulting in biological damage, namely, oxidative stress. There are
several types of nutritionally mediated oxidative stress sources, including diets high in carbohydrates,
animal-based protein, and saturated fat [89]. Oxidative stress during pregnancy may lead to lifelong
effects on vulnerable organs leading to adverse offspring outcomes in later life [90]. As reviewed
elsewhere [91], several nutritional insults in pregnancy have been linked to oxidative stress in adult
offspring, including maternal caloric restriction [33,35], high-fructose diet [48], low-protein diet [57],
high-fat diet [64,65], zinc-deficiency diet [75], iron-deficiency diet [92,93], and methyl-donor diet [81].
Detailed mechanisms that underlie the interactions between maternal nutrition and oxidative stress
and their roles in the programming process toward adult diseases of developmental origins, however,
remain to be determined.

The major antioxidant nutrients in our body are copper, zinc, manganese, selenium, vitamins
E, C, and A, and the glutathione system. Although some prospective assessment of the effect of
supplemental antioxidants on human health suggests benefit, there are conflicting results in this
area [94]. Although antioxidant nutrients therapy in pregnancy have been shown to prevent adult
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NCDs [33], there is a lack of data on when and how to use antioxidant nutrients to reprogram oxidative
stress-related adult diseases.

5.3. Tissue Remodeling

In the first trimester, there is rapid differentiation and development of organs and systems. The
second trimester is characterized by the development of structures and the start of functional activities.
The third trimester is a period of the most rapid growth during the gestation. Most organ development
lasts to birth, while some others continue to develop after birth, like the liver and nervous system [95].

If nutritional insults in gestation impact on critical periods of rapid growth, then it would be
expected that the organs will mature at a smaller size and with a reduced functional capacity. For
example, maternal low-protein diet caused fewer islets, smaller islets, and reduced islet vascularization
in rat offspring pancreas [96]. The same maternal insult also influenced the thymic growth in a
low-protein diet mice model [97].

Another example is the kidney. Low nephron number plays a key role in the developmental
programming of cardiovascular disease, hypertension, and kidney disease [8]. There is an increasing
body of literature demonstrating the relationship between maternal malnutrition and low nephron
number, as reviewed elsewhere [98,99]. In rodent models, reported nutritional insults include maternal
caloric restriction [35], low-protein diet [56], high-salt diet [69], low-salt diet [69], zinc deficiency [75],
vitamin A restriction [100], and iron restriction [101]. In low-protein diet model, adult male offspring
developed low nephron number and hypertension, which is related to renal hyperfiltration and
activation of the renin–angiotensin system (RAS) [56]. On the other hand, nutritional programming can
also have no effect [102], or even augment nephron number in adult offspring [103]. These observations
highlight that the nutritional programming might be not driven by a single factor (i.e., low nephron
number) and other organ- or phenotype-specific mechanisms remain to be identified.

5.4. Epigenetic Regulation

Persistent epigenetic modification of genes linked to disease is considered as a crucial mechanism
for developmental programming [104]. Epigenetics is defined as alterations in gene expression that are
not explained by changes in the DNA sequence. Epigenetic mechanisms include DNA methylation,
histone modification, and non-coding RNAs, all of which are involved in translating nutritional insults
in pregnancy to the developmental programming of adult diseases [104].

In rats, low-protein diet in pregnancy was shown to alter methylation and expression levels of
PPARα gene and glucocorticoid receptor (GR) genes in the liver of the offspring [105]. Of note is that
such alterations can be reversed by folic acid supplementation. Using DNA microarray technology, a
previous study showed maternal low-protein diet caused a global upregulation of genes implicated
in adipocyte differentiation, as well as in protein, carbohydrate, and lipid metabolism in the visceral
adipose tissue [106]. Additionally, global methylation patterns in the offspring liver and brain have
been studied in two different programming models, low-protein diet model [107], and micronutrient
deficiency model [108], respectively. Several genes belong to the renin–angiotensin system have been
reported to be altered by epigenetic regulation, culminating to the development of hypertension [109].
Using a mouse model, a report showed that maternal low-protein diet caused significant increases
in the mRNA and protein expression of angiotensin converting enzyme-1 (ACE1) in offspring brain,
with changes in DNA methylation and miRNA [110]. Furthermore, maternal undernutrition resulted
in epigenetic changes in hypothalamic genes, GR, neuropeptide Y, and proopiomelanocortin, which
predispose offspring to altered regulation of food intake and glucose homeostasis in later life [111].

Another important point to note is the impact of methyl-donor nutrients involved in the DNA
methylation. It has been reported that maternal serum vitamin B12 levels inversely correlated
with offspring’s global methylation status at birth [112]. Another report showed that folic acid
supplementation directly impacted the methylation status of the IGF2 gene in the infants up to 17
months of age [113]. Moreover, maternal blood concentrations of methyl-donor nutrients measured
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around the time of conception can predict the methylation patterns at metastable epialleles in their
offspring [114].

Overall, these studies support that malnutrition in pregnancy can epigenetically program
development of adult diseases in later life. Nevertheless, the detailed mechanisms underlying
the epigenetic modulation of common genes by different maternal nutritional insults still await for
further study in diverse models of developmental programming.

5.5. Gut Microbiota

There is now growing evidence suggesting the role of early-life gut microbiota in developmental
programming of metabolic syndrome-related disorders [115,116]. Maternal nutritional insults may
cause a microbial imbalance, namely dysbiosis. Dysbiosis of gut microbiota may link early-life
nutritional insults and later risk of adult diseases [117]. The gut microbiota produces a variety of
metabolites detectable in host circulation, including short-chain fatty acids, small organic acids, bile
acids, vitamins, and choline metabolites [118]. During pregnancy, the diet–gut microbiota interactions
can mediate changes in global histone acetylation and methylation not only in mother but also in the fetus
via the contact with their metabolites [119]. Emerging evidence shows that gut microbiota dysbiosis
in early-life might be correlated with adverse offspring outcomes including obesity [120], metabolic
syndrome [120], diabetes [120], hypertension [121], allergy [122], and neurological disorder [123]. On
the other hand, non-essential nutrients are substances within foods that can have a significant impact
on health, for example, dietary fiber. Of note, consumption of dietary fiber has become one dietary
strategy for modulating the gut microbiota. A recent study from our laboratory examined the maternal
high-fructose-induced hypertension model and found that modulation of gut microbiota by inulin
is able to protect adult offspring against programmed hypertension [124]. Although recent studies
demonstrating that microbiota-targeted therapies can be applied to a variety of diseases [125], their
roles on nutritional programming-related disorders, especially the use of prebiotics in pregnancy,
demand further exploration.

5.6. Sex Differences

There is a growing body of evidence that indicates sex differences exist in nutrient intake,
bioavailability, and metabolism [126,127]. Several above-mentioned mechanisms related to
nutritional programming, such as nutrient-sensing signal [128], oxidative stress [129], and epigenetic
regulation [130] have been reported to respond to maternal nutritional insults in a sex-specific manner.

Same maternal nutritional insults, such as caloric restriction [34], high-fructose diet [49], or high-fat
diet [67], can induce different phenotypes on male and female offspring. For example, male offspring
are more prone to hypertension than female offspring [5]. This difference has led many studies to
target their efforts totally to one sex, especially to males [35,56,57,69,75].

Evidence from animal models of maternal overnutrition has suggested that females are more
vulnerable to programming of glucose homeostasis, whereas males are more susceptible to changes
in adiposity and body weight [131–133]. On the other hand, male offspring of pregnant rats with
caloric restriction during early gestation displayed obesity later in life, but female offspring were
unaffected [134].

A few studies have investigated the sex-specific programming response to maternal diet on
transcriptome profiles of the offspring [49,135]. A previous study has shown that more genes in
the placenta were affected in females than in males under different maternal diets [135]. This is
in accord with a report revealing that sex-specific placental adaptations are often associated with
male offspring developing adult disease while females are minimally affected [136]. In a maternal
high-fructose diet model [49], we found a sex-specific alteration of renal transcriptome response to
maternal high-fructose intake and female offspring are more fructose-sensitive. However, whether
higher sensitivity to nutritional insults is beneficial or harmful for programming effects in female
offspring awaits further evaluation. As males and females likely respond differentially to nutritional
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programming, future research is required to clarify whether nutritional interventions also result in
sex-specific reprograming effects.

6. Nutritional Interventions as Reprogramming Strategies

Reprogramming strategies aim to reverse the programmed development and achieve normal
development. These strategies could be nutritional intervention, exercise, lifestyle modification,
or pharmacological therapy. Nutritional programming is theoretically bidirectional. Inadequate
(e.g., folate deficiency) or excessive intake (e.g., excess of macronutrients) of certain nutrients in
pregnancy leads to adult diseases in later life. Conversely, adverse programmed processes during a
compromised pregnancy can be prevented or at least reduced by appropriate nutritional interventions.
It is well known that a balanced, diverse, and nutritious diet is universally recommended to meet
nutritional needs to improve maternal and birth outcomes [137,138]; however, little is known whether
supplementing with certain classes of nutrients in gestation can be beneficial on DOHaD-related
disorders induced by various early-life insults in humans. In the current review, we only restrict to
nutritional interventions during pregnancy and/or lactation periods as reprogramming strategies to
prevent adult diseases of developmental origins in all sorts of animal models, some of which are listed in
Table 2 [33,35,124,139–150]. Rats are the most commonly used species for developmental programming
research. Rats become sexually mature at approximately 5–6 weeks of age. In adulthood, one rat month
is comparable to three human years [151]. Accordingly, Table 2 lists the ages of reprogramming effects
measured in rats ranging from 4 to 14 months, which can be translated to humans of specific age groups,
from childhood to young adulthood. However, limited information is available about the long-term
effects of nutritional interventions on older adult offspring. Additionally, developmental window is
not uniform across different organ systems or species. For example, renal development in rodents,
unlike in humans, continues up to postnatal week 1–2 [99]. Therefore, nutritional interventions during
pregnancy and early lactation period may preserve nephrogenesis and increase nephron numbers to
prevent the developmental programming of kidney disease [35,140].

Table 2. Reprogramming strategies aimed at nutritional interventions to prevent developmental
programming of adult diseases in animal models.

Treatments Animal Models Species/
Gender

Period of
Treatment

Reprogramming
Effects

Age at
Measure Reference

Macronutrients

Glycine
Maternal

low-protein diet,
9%

Wistar/M Pregnancy Prevented
hypertension 4 weeks [139]

Citrulline Maternal caloric
restriction, 50% SD/M Pregnancy and

lactation

Prevented
reduced nephron

numbr and kidney
injury

12 weeks [35]

Citrulline Streptozotocin-induced
diabetes SD/M Pregnancy and

lactation

Prevented
reduced nephron

numbr and
hypertension

12 weeks [140]

Citrulline
Prenatal

dexamethasone
exposure

SD/M Pregnancy and
lactation

Prevented
reduced nephron

number and
hypertension

12 weeks [141]

Citrulline Maternal nitric
oxide deficiency SD/M Pregnancy and

lactation
Prevented

hypertension 12 weeks [142]

Branched-chain
amino acid

Maternal 70%
caloric restriction SD/M Pregnancy Prevented

hypertension 16 weeks [143]

Taurine Streptozotocin-induced
diabetes Wistar/M + F Pregnancy and

lactation

Prevented
hypertension,

hyperglycemia,
and dyslipidemia

16 weeks [144]



Nutrients 2019, 11, 894 11 of 21

Table 2. Cont.

Treatments Animal Models Species/
Gender

Period of
Treatment

Reprogramming
Effects

Age at
Measure Reference

Conjugated
linoleic acid

Maternal high-fat
diet SD/M Pregnancy and

lactation

Prevented
hypertension and

endothelial
dysfunction

18 weeks [145]

Omega-3
polyunsaturated

fatty acids

Maternal
low-protein diet,

5%
Wistar/M + F Pregnancy and

lactation

Attenuated
hypertension and

cardiac
remodeling

6 months [146]

Omega-3
polyunsaturated

fatty acids

Maternal
caferteria diet SD/M + F Pregnancy and

lactation
Prevented liver

steatosis 14 months [147]

Micronutrients

Vitamin C, E,
selenium

and folic acid

Maternal 50%
caloric restriction Wistar/M + F Pregnancy

Prevented
hypertension and

endothelial
dysfunction

14–16 weeks [33]

Folic acid
Maternal

low-protein diet,
9%

Wistar/M Pregnancy

Prevented
hypertension and

cardiovascular
dysfunction

15 weeks [148]

Vitamin E Cholesterol-enriched
diet Rabbit Pregnancy

Prevented
hypertension and

atherosclerosis

6 and 12
months [149]

Non-essential nutrients

Long-chain inulin Maternal
high-fructose diet SD/M Pregnancyand

lactation
Prevented

hypertension 12 weeks [124]

Oligofructose
Maternal

high-fat/-sucrose
diet

SD/M Pregnancyand
lactation

Attenuated
hepatic steatosis

and insulin
resistance

21 weeks [150]

Studies tabulated according to types of treatments and age at measure. SD, Sprague–Dawley rat. M, male; F, female.

Most importantly, some nutritional interventions are employed in non-nutritional-insults-induced
programming models [140–142,144]. Nutritional interventions are grouped into macronutrients,
micronutrients, and non-essential nutrients.

6.1. Macronutrieents

Macronutrients used as reprogramming strategies are mainly directed at amino acids. Within the
body, amino acids are used for a wide variety of structural proteins and, hence, they play critical roles
in organogenesis and fetal development. Among them, the most commonly used for reprogramming
is citrulline. Maternal citrulline supplementation has been reported to protect adult offspring against
hypertension and kidney disease in several models of developmental programming, including maternal
caloric restriction [35], streptozotocin-induced diabetes [140], prenatal dexamethasone exposure [141],
and maternal nitric oxide (NO) deficiency [142]. Citrulline is a precursor to arginine, and it is involved in
the generation of NO [152]. Despite post-weaning arginine supplementation being reported to improve
hypertension, insulin sensitivity, and beta cell function in offspring rats [153,154], the reprogramming
effects of arginine supplementation in pregnancy are yet to be examined. Supplemental citrulline is
more efficient than arginine to produce NO as citrulline can bypass hepatic metabolism and allow
renal conversion to arginine. Thus, a better understanding of maternal citrulline supplementation in
the prevention of diverse animal models of developmental programming is warranted before it is
implemented in humans.

Another three amino acids, glycine, branched-chain amino acid, and taurine have also been
used as reprogramming interventions in models of maternal low-protein diet [139], maternal caloric
restriction [143], and streptozotocin-induced diabetes [144], respectively. Glycine is a simple amino
acid not essential to the human diet. Glycine and vitamins (folic acid, vitamin B2, B6, and B12) take
part in one-carbon metabolism and DNA methylation. Thus, glycine supplementation may have
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important implications for fetal programming through epigenetic mechanisms. Additionally, maternal
branched-chain amino acid supplementation protects adult rat offspring against hypertension in a
maternal caloric restriction model [143]. Taurine is an abundant semi-essential, sulfur-containing
amino acid. Taurine supplementation during gestation prevented maternal diabetes-induced
programmed hypertension [144]. Taurine supplementation can lower BP and increase hydrogen
sulfide simultaneously [155]. Cumulative evidence supports hydrogen sulfide as a reprogramming
strategy for long-term protection against programmed hypertension [156]. Additional studies are
required to clarify whether the protective effects of maternal taurine supplementation on programmed
hypertension is related to hydrogen sulfide pathway in other programming models.

So far, three reports showed maternal polyunsaturated fatty acids’ (PUFAs) supplementation has
reprograming effects against hypertension [145,146], cardiac remodeling [146], and liver steatosis [147]
in adult rat offspring. Although PUFAs have been recommended for pregnant and breastfeeding
women [138], a recent meta-analysis that included 3644 children showed maternal supplementation
with omega-3 PUFA during pregnancy does not have a beneficial effect on obesity risk [157]. Thus,
whether there are differential reprogramming effects of individual PUFAs used as dietary supplement
during pregnancy on diverse adult diseases remain to be determined.

6.2. Micronutrients

Micronutrients include vitamins and minerals. Relatively few reports demonstrated
reprogramming effects of maternal micronutrients supplementation on offspring outcome [33,148,149].
One previous report demonstrated that combined micronutrients vitamin C, E, selenium, and folic
acid supplementation in gestation prevented maternal caloric restriction-induced hypertension and
endothelial dysfunction [33]. Vitamin C, E, and selenium have antioxidant properties. These
micronutrients were shown to prevent programmed hypertension by reducing oxidative stress [158].
Folic acid is known to prevent neural tube defects, leading to global recommendations for folic acid
supplementation before and during early pregnancy. Besides, folic acid, combined with other vitamins
B12, B6, and B2, are the source of coenzymes which participate in one-carbon metabolism. In our body,
one-carbon metabolites serve as methyl-donors that are required for DNA methylation. Although
folic-acid supplementation during pregnancy was reported to improve offspring cardiovascular
dysfunction induced by maternal low-protein diet [148], whether its reprogramming effects is related
to epigenetic regulation remains undiscovered. On the other hand, our recent study showed that
pregnant rats fed with high-methyl-donor diet or methyl-deficient diet both resulted in programmed
hypertension in their male adult offspring [81]. Additional studies are required to approve whether
methyl-donor food intake in pregnant women is beneficial to reduce adverse offspring and not just
birth outcomes [80]. In a rabbit model, maternal vitamin E supplementation protected adult offspring
against hypertension and hypercholesterolemia [135]. Many of the physiological functions of vitamin
E, including its antioxidative effects, have been well studied. However, there still exists an ongoing
debate regarding its beneficial effects on human health [159]. Despite recent studies demonstrating that
antioxidant vitamins and minerals can be applied to a variety of diseases [94], their reprogramming
effects on different adult diseases for dietary supplement use during pregnancy remain to be identified.

6.3. Non-Essential Nutrients

Dietary fiber, one of the non-essential nutrients, has been used as reprogramming strategies
to prevent developmental programming of hypertension [124], hepatic steatosis, and insulin
resistance [150]. Maternal supplementation with inulin protected adult rat offspring born to dams fed
with high-fructose diet against the developmental programming of hypertension [124]. Another report
demonstrated that maternal oligofructose supplementation attenuated hepatic steatosis and insulin
resistance in adult rat offspring in a high-fat/-sucrose diet model [150]. Inulin and oligofructose are
the most studied forms of prebiotic foods for beneficial gut microorganisms. As gut microbiota can
influence development of sensitization and allergy, the World Allergy Organization (WAO) experts
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issued their guidelines on the use of prebiotics for all formula-fed infants in allergy prevention [160].
Nevertheless, whether prebiotics can be used in pregnant women for prevention of allergy in their
offspring required further preclinical and clinical evidence.

Additionally, combined supplementations with high-fiber diet and acetate prevented hypertension
in deoxycorticosterone acetate (DOCA)–salt hypertensive mice [161]. Acetate is the most abundant
short-chain fatty acids, the major metabolites of gut microbiota. Considering that the gut microbiota
dysbiosis is a key mechanism underlying nutritional programming, maternal supplementation with
prebiotics or other microbiota-targeting nutritional interventions (e.g., probiotics and postbiotics) might
be used as reprogramming strategies in different adult diseases of developmental origins.

It is noteworthy that reprogramming strategies can be created based on the above-mentioned
mechanisms leading to a variety of adult diseases. For example, maternal inulin supplementation
prevented adult rat offspring against high-fructose diet-induced programmed hypertension associated
with nutrient-sensing signals [124]. The beneficial effects of vitamin C and E, selenium, and folic
acid [33], citrulline [140,142], conjugated linoleic acid [145], and folic acid [148] on developmental
programming of hypertension are relevant to the reduction of oxidative stress. Moreover, low nephron
number was restored by citrulline supplementation in the maternal caloric restriction model [35],
streptozotocin-induced diabetes model [140], and prenatal dexamethasone exposure model [141]. Thus,
nutritional interventions in pregnancy may reprogram common mechanisms of both nutritional and
non-nutritional in utero insults to prevent offspring against adult diseases of developmental origins.
This effect requires more efforts to bridge gaps between basic animal research and clinical practice.

7. Conclusions

Almost all NCDs can originate in early-life. It stressed the importance of taking a DOHaD
approach to prevent and control global burden of NCDs. All nutrients in pregnancy play a pivotal
role in fetal growth and development. Without a doubt, maternal malnutrition is definitely bad for
offspring health as it induces nutritional programming, leading to the developmental programming of
numerous NCDs. Conversely, nutritional programming can also be advantageous. Through animal
models, several nutritional interventions have been proven effective as a reprogramming strategy to
prevent the development of various NCDs. Although there is a great opportunity that reprogramming
strategy is good for offspring health, there is also an ugly side to it.

Given that the complexities of nutritional programming in pregnancy lead to both beneficial
and deleterious effects in mother and offspring health, there remains a long road ahead to determine
the “right” nutritional intervention for the “right” person (mother or offspring) at the “right” time,
to prevent the DOHaD-related diseases. It is clear that better understanding of the type of nutrient,
dose of supplement, and therapeutic duration for nutritional interventions are needed before patients
could benefit from this reprogramming strategy. We expect that studies utilizing animal models of
nutritional programming will provide the much-needed scientific basis for the development of ideal
reprogramming strategies for clinical practice that will improve pregnancy and offspring outcomes
in humans.
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94. Yeung, A.W.K.; Tzvetkov, N.T.; El-Tawil, O.S.; Bungǎu, S.G.; Abdel-Daim, M.M.; Atanasov, A.G. Antioxidants:
Scientific Literature Landscape Analysis. Oxid. Med. Cell Longev. 2019, 2019, 8278454. [CrossRef]

95. Gilbert, S.F. Developmental Biology, 6th ed.; Sinauer Associates, Inc.: Sunderland, MA, USA, 2000.
96. Snoeck, A.; Remacle, C.; Reusens, B.; Hoet, J.J. Effect of a low protein diet during pregnancy on the fetal rat

endocrine pancreas. Biol. Neonate 1990, 57, 107–118. [CrossRef] [PubMed]
97. Chen, J.H.; Tarry-Adkins, J.L.; Heppolette, C.A.; Palmer, D.B.; Ozanne, S.E. Early-life nutrition influences

thymic growth in male mice that may be related to the regulation of longevity. Clin. Sci. 2009, 118, 429–438.
[CrossRef]

98. Wood-Bradley, R.J.; Barrand, S.; Giot, A.; Armitage, J.A. Understanding the role of maternal diet on kidney
development; an opportunity to improve cardiovascular and renal health for future generations. Nutrients
2015, 7, 1881–1905. [CrossRef]

99. Tain, Y.L.; Hsu, C.N. Developmental origins of chronic kidney disease: Should we focus on early life? Int. J.
Mol. Sci. 2017, 18, 381. [CrossRef] [PubMed]

100. Lelièvre-Pégorier, M.; Vilar, J.; Ferrier, M.L.; Moreau, E.; Freund, N.; Gilbert, T.; Merlet-Bénichou, C. Mild
vitamin A deficiency leads to inborn nephron deficit in the rat. Kidney Int. 1998, 54, 1455–1462. [CrossRef]

101. Lisle, S.J.; Lewis, R.M.; Petry, C.J.; Ozanne, S.E.; Hales, C.N.; Forhead, A.J. Effect of maternal iron restriction
during pregnancy on renal morphology in the adult rat offspring. Br. J. Nutr. 2003, 90, 33–39. [CrossRef]
[PubMed]

102. Woods, L.L.; Morgan, T.K.; Resko, J.A. Castration fails to prevent prenatally programmed hypertension in
male rats. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2010, 298, R1111–R1116. [CrossRef] [PubMed]

103. Hokke, S.; Puelles, V.G.; Armitage, J.A.; Fong, K.; Bertram, J.F.; Cullen-McEwen, L.A. Maternal fat feeding
augments offspring nephron endowment in mice. PLoS ONE 2016, 11, e0161578. [CrossRef]

http://dx.doi.org/10.3390/nu10101407
http://www.ncbi.nlm.nih.gov/pubmed/30279341
http://dx.doi.org/10.1177/1753944710368205
http://dx.doi.org/10.1038/nature14190
http://www.ncbi.nlm.nih.gov/pubmed/25592535
http://dx.doi.org/10.3390/ijms17010020
http://www.ncbi.nlm.nih.gov/pubmed/26712739
http://dx.doi.org/10.2337/db14-1627
http://www.ncbi.nlm.nih.gov/pubmed/25948680
http://dx.doi.org/10.3390/nu8120757
http://www.ncbi.nlm.nih.gov/pubmed/27897982
http://dx.doi.org/10.3390/ijms19061744
http://www.ncbi.nlm.nih.gov/pubmed/29895790
http://dx.doi.org/10.1016/j.freeradbiomed.2010.07.011
http://www.ncbi.nlm.nih.gov/pubmed/20656021
http://dx.doi.org/10.1155/2018/9719584
http://www.ncbi.nlm.nih.gov/pubmed/29643982
http://dx.doi.org/10.1093/nutrit/nuu001
http://www.ncbi.nlm.nih.gov/pubmed/26024054
http://dx.doi.org/10.3390/ijms18040841
http://www.ncbi.nlm.nih.gov/pubmed/28420139
http://dx.doi.org/10.1096/fj.201701080R
http://www.ncbi.nlm.nih.gov/pubmed/29401611
http://dx.doi.org/10.1093/cvr/cvz029
http://dx.doi.org/10.1155/2019/8278454
http://dx.doi.org/10.1159/000243170
http://www.ncbi.nlm.nih.gov/pubmed/2178691
http://dx.doi.org/10.1042/CS20090429
http://dx.doi.org/10.3390/nu7031881
http://dx.doi.org/10.3390/ijms18020381
http://www.ncbi.nlm.nih.gov/pubmed/28208659
http://dx.doi.org/10.1046/j.1523-1755.1998.00151.x
http://dx.doi.org/10.1079/BJN2003881
http://www.ncbi.nlm.nih.gov/pubmed/12844373
http://dx.doi.org/10.1152/ajpregu.00803.2009
http://www.ncbi.nlm.nih.gov/pubmed/20106989
http://dx.doi.org/10.1371/journal.pone.0161578


Nutrients 2019, 11, 894 19 of 21

104. Bianco-Miotto, T.; Craig, J.M.; Gasser, Y.P.; van Dijk, S.J.; Ozanne, S.E. Epigenetics and DOHaD: From basics
to birth and beyond. J. Dev. Orig. Health Dis. 2017, 8, 513–519. [CrossRef] [PubMed]

105. Lillycrop, K.A.; Phillips, E.S.; Jackson, A.A.; Hanson, M.A.; Burdge, G.C. Dietary protein restriction of
pregnant rats induces and folic acid supplementation prevents epigenetic modification of hepatic gene
expression in the offspring. J. Nutr. 2005, 135, 1382–1386. [CrossRef] [PubMed]

106. Guan, H.; Arany, E.; van Beek, J.P.; Chamson-Reig, A.; Thyssen, S.; Hill, D.J.; Yang, K. Adipose tissue
gene expression profiling reveals distinct molecular pathways that define visceral adiposity in offspring of
maternal protein-restricted rats. Am. J. Physiol. Endocrinol. Metab. 2005, 288, E663–E673. [CrossRef]

107. Rees, W.D.; Hay, S.M.; Brown, D.S.; Antipatis, C.; Palmer, R.M. Maternal protein deficiency causes
hypermethylation of DNA in the livers of rat fetuses. J. Nutr. 2000, 130, 1821–1826. [CrossRef] [PubMed]

108. Sable, P.; Randhir, K.; Kale, A.; Chavan-Gautam, P.; Joshi, S. Maternal micronutrients and brain global
methylation patterns in the offspring. Nutr. Neurosci. 2015, 18, 30–36. [CrossRef]

109. Bogdarina, I.; Welham, S.; King, P.J.; Burns, S.P.; Clark, A.J. Epigenetic modification of the renin-angiotensin
system in the fetal programming of hypertension. Circ. Res. 2007, 100, 520–526. [CrossRef]

110. Goyal, R.; Goyal, D.; Leitzke, A.; Gheorghe, C.P.; Longo, L.D. Brain renin-angiotensin system: Fetal epigenetic
programming by maternal protein restriction during pregnancy. Reprod. Sci. 2010, 17, 227–238. [CrossRef]

111. Stevens, A.; Begum, G.; Cook, A.; Connor, K.; Rumball, C.; Oliver, M.; Challis, J.; Bloomfield, F.; White, A.
Epigenetic changes in the hypothalamic proopiomelanocortin and glucocorticoid receptor genes in the ovine
fetus after periconceptional undernutrition. Endocrinology 2010, 151, 3652–3664. [CrossRef]

112. McKay, J.; Groom, A.; Potter, C.; Coneyworth, L.J.; Ford, D.; Mathers, J.C.; Relton, C.L. Genetic and
non-genetic influences during pregnancy on infant global and site specific DNA methylation: Role for folate
gene variants and vitamin B 12. PLoS ONE 2012, 7, e33290. [CrossRef]

113. Steegers-Theunissen, R.; Obermann-Borst, S.; Kremer, D.; Lindemans, L.; Siebel, C.; Steegers, E.A.;
Slagboom, P.E.; Heijmans, B.T. Periconceptional maternal folic acid use of 400 µg per day is related
to increased methylation of the IGF2 gene in the very young child. PLoS ONE 2009, 4, 1–5. [CrossRef]

114. Dominguez-Salas, P.; Moore, S.E.; Baker, M.S.; Bergen, A.W.; Cox, S.E.; Dyer, R.A.; Fulford, A.J.; Guan, Y.;
Laritsky, E.; Silver, M.J.; et al. Maternal nutrition at conception modulates DNA methylation of human
metastable epialleles. Nat. Commun. 2014, 5, 3746. [CrossRef] [PubMed]

115. Tamburini, S.; Shen, N.; Wu, H.C.; Clemente, J.C. The microbiome in early life: Implications for health
outcomes. Nat. Med. 2016, 22, 713–722. [CrossRef] [PubMed]

116. Stiemsma, L.T.; Michels, K.B. The role of the microbiome in the developmental origins of health and disease.
Pediatrics 2018, 141, e20172437. [CrossRef] [PubMed]

117. Chu, D.M.; Meyer, K.M.; Prince, A.L.; Aagaard, K.M. Impact of maternal nutrition in pregnancy and lactation
on offspring gut microbial composition and function. Gut Microbes 2016, 7, 459–470. [CrossRef]

118. Nicholson, J.K.; Holmes, E.; Kinross, J.; Burcelin, R.; Gibson, G.; Jia, W.; Pettersson, S. Host-gut microbiota
metabolic interactions. Science 2012, 336, 1262–1267. [CrossRef]

119. Krautkramer, K.A.; Kreznar, J.H.; Romano, K.A.; Vivas, E.I.; Barrett-Wilt, G.A.; Rabaglia, M.E.; Keller, M.P.;
Attie, A.D.; Rey, F.E.; Denu, J.M. Diet-Microbiota Interactions Mediate Global Epigenetic Programming in
Multiple Host Tissues. Mol. Cell 2016, 64, 982–992. [CrossRef]

120. Mulligan, C.M.; Friedman, J.E. Maternal modifiers of the infant gut microbiota: Metabolic consequences.
J. Endocrinol. 2017, 235, R1–R12.

121. Al Khodor, S.; Reichert, B.; Shatat, I.F. The Microbiome and Blood Pressure: Can Microbes Regulate Our
Blood Pressure? Front. Pediatr. 2017, 5, 138. [CrossRef]

122. Cukrowska, B. Microbial and Nutritional Programming-The Importance of the Microbiome and Early
Exposure to Potential Food Allergens in the Development of Allergies. Nutrients 2018, 10, 1541. [CrossRef]

123. Codagnone, M.G.; Spichak, S.; O’Mahony, S.M.; O’Leary, O.F.; Clarke, G.; Stanton, C.; Dinan, T.G.; Cryan, J.F.
Programming Bugs: Microbiota and the Developmental Origins of Brain Health and Disease. Biol. Psychiatry
2019, 85, 150–163. [CrossRef]

124. Hsu, C.N.; Lin, Y.J.; Hou, C.Y.; Tain, Y.L. Maternal Administration of Probiotic or Prebiotic Prevents Male
Adult Rat Offspring against Developmental Programming of Hypertension Induced by High Fructose
Consumption in Pregnancy and Lactation. Nutrients 2018, 10, 1229. [CrossRef]

125. Lankelma, J.M.; Nieuwdorp, M.; de Vos, W.M.; Wiersinga, W.J. The gut microbiota in internal medicine:
Implications for health and disease. Neth. J. Med. 2015, 73, 61–68.

http://dx.doi.org/10.1017/S2040174417000733
http://www.ncbi.nlm.nih.gov/pubmed/28889823
http://dx.doi.org/10.1093/jn/135.6.1382
http://www.ncbi.nlm.nih.gov/pubmed/15930441
http://dx.doi.org/10.1152/ajpendo.00461.2004
http://dx.doi.org/10.1093/jn/130.7.1821
http://www.ncbi.nlm.nih.gov/pubmed/10867057
http://dx.doi.org/10.1179/1476830513Y.0000000097
http://dx.doi.org/10.1161/01.RES.0000258855.60637.58
http://dx.doi.org/10.1177/1933719109351935
http://dx.doi.org/10.1210/en.2010-0094
http://dx.doi.org/10.1371/journal.pone.0033290
http://dx.doi.org/10.1371/journal.pone.0007845
http://dx.doi.org/10.1038/ncomms4746
http://www.ncbi.nlm.nih.gov/pubmed/24781383
http://dx.doi.org/10.1038/nm.4142
http://www.ncbi.nlm.nih.gov/pubmed/27387886
http://dx.doi.org/10.1542/peds.2017-2437
http://www.ncbi.nlm.nih.gov/pubmed/29519955
http://dx.doi.org/10.1080/19490976.2016.1241357
http://dx.doi.org/10.1126/science.1223813
http://dx.doi.org/10.1016/j.molcel.2016.10.025
http://dx.doi.org/10.3389/fped.2017.00138
http://dx.doi.org/10.3390/nu10101541
http://dx.doi.org/10.1016/j.biopsych.2018.06.014
http://dx.doi.org/10.3390/nu10091229


Nutrients 2019, 11, 894 20 of 21

126. Marino, M.; Masella, R.; Bulzomi, P.; Campesi, I.; Malorni, W.; Franconi, F. Nutrition and human health from
a sex-gender perspective. Mol. Aspects Med. 2011, 32, 1–70. [CrossRef] [PubMed]

127. Clegg, D.J.; Riedy, C.A.; Smith, K.A.; Benoit, S.C.; Woods, S.C. Differential sensitivity to central leptin and
insulin in male and female rats. Diabetes 2003, 52, 682–687. [CrossRef]

128. Loganathan, N.; Belsham, D.D. Nutrient-sensing mechanisms in hypothalamic cell models: Neuropeptide
regulation and neuroinflammation in male- and female-derived cell lines. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2016, 311, R217–R221. [CrossRef]

129. Vina, J.; Gambini, J.; Lopez-Grueso, R.; Abdelaziz, K.M.; Jove, M.; Borras, C. Females live longer than males:
Role of oxidative stress. Curr. Pharm. Des. 2011, 17, 3959–3965. [CrossRef]

130. Hartman, R.J.G.; Huisman, S.E.; den Ruijter, H.M. Sex differences in cardiovascular epigenetics-a systematic
review. Biol. Sex Differ. 2018, 9, 19. [CrossRef]

131. Pankey, C.L.; Walton, M.W.; Odhiambo, J.F.; Smith, A.M.; Ghenis, A.B.; Nathanielsz, P.W.; Ford, S.P.
Intergenerational impact of maternal overnutrition and obesity throughout pregnancy in sheep on metabolic
syndrome in grandsons and granddaughters. Domest. Anim. Endocrinol. 2017, 60, 67–74. [CrossRef]
[PubMed]

132. Fuente-Martín, E.; Granado, M.; García-Cáceres, C.; Sanchez-Garrido, M.A.; Frago, L.M.; Tena-Sempere, M.;
Argente, J.; Chowen, J.A. Early nutritional changes induce sexually dimorphic long-term effects on body
weight gain and the response to sucrose intake in adult rats. Metabolism 2012, 61, 812–822. [CrossRef]
[PubMed]

133. Dearden, L.; Balthasar, N. Sexual dimorphism in offspring glucosesensitive hypothalamic gene expression
and physiological responses to maternal high-fat diet feeding. Endocrinology 2014, 155, 2144–2154. [CrossRef]

134. Jones, A.P.; Friedman, M.I. Obesity and adipocyte abnormalities in offspring of rats undernourished during
pregnancy. Science 1982, 215, 1518–1519. [CrossRef] [PubMed]

135. Mao, J.; Zhang, X.; Sieli, P.T.; Falduto, M.T.; Torres, K.E.; Rosenfeld, C.S. Contrasting effects of different
maternal diets on sexually dimorphic gene expression in the murine placenta. Proc. Natl. Acad. Sci. USA
2010, 107, 5557–5562. [CrossRef] [PubMed]

136. Cheong, J.N.; Wlodek, M.E.; Moritz, K.M.; Cuffe, J.S. Programming of maternal and offspring disease:
Impact of growth restriction, fetal sex and transmission across generations. J. Physiol. 2016, 594, 4727–4740.
[CrossRef] [PubMed]

137. Haider, B.A.; Bhutta, Z.A. Multiple-micronutrient supplementation for women during pregnancy.
Cochrane Database Syst. Rev. 2017, 4, CD004905. [CrossRef]

138. Schwarzenberg, S.J.; Georgieff, M.K.; COMMITTEE ON NUTRITION. Advocacy for Improving Nutrition in
the First 1000 Days to Support Childhood Development and Adult Health. Pediatrics 2018, 141, e20173716.
[CrossRef] [PubMed]

139. Jackson, A.A.; Dunn, R.L.; Marchand, M.C.; Langley-Evans, S.C. Increased systolic blood pressure in rats
induced by a maternal low-protein diet is reversed by dietary supplementation with glycine. Clin. Sci. 2002,
103, 633–639. [CrossRef] [PubMed]

140. Tain, Y.L.; Lee, W.C.; Hsu, C.N.; Lee, W.C.; Huang, L.T.; Lee, C.T.; Lin, C.Y. Asymmetric dimethylarginine
is associated with developmental programming of adult kidney disease and hypertension in offspring of
streptozotocin-treated mothers. PLoS ONE 2013, 8, e55420. [CrossRef] [PubMed]

141. Tain, Y.L.; Sheen, J.M.; Chen, C.C.; Yu, H.R.; Tiao, M.M.; Kuo, H.C.; Huang, L.T. Maternal citrulline
supplementation prevents prenatal dexamethasone-induced programmed hypertension. Free Radic. Res.
2014, 48, 580–586. [CrossRef] [PubMed]

142. Tain, Y.L.; Huang, L.T.; Lee, C.T.; Chan, J.Y.; Hsu, C.N. Maternal citrulline supplementation prevents prenatal
NG-nitro-l-arginine-methyl ester (L-NAME)-induced programmed hypertension in rats. Biol. Reprod. 2015,
92, 7. [CrossRef]

143. Fujii, T.; Yura, S.; Tatsumi, K.; Kondoh, E.; Mogami, H.; Fujita, K.; Kakui, K.; Aoe, S.; Itoh, H.; Sagawa, N.; et al.
Branched-chain amino acid supplemented diet during maternal food restriction prevents developmental
hypertension in adult rat offspring. J. Dev. Orig. Health Dis. 2011, 2, 176–183. [CrossRef] [PubMed]

144. Thaeomor, A.; Teangphuck, P.; Chaisakul, J.; Seanthaweesuk, S.; Somparn, N.; Roysommuti, S. Perinatal
Taurine Supplementation Prevents Metabolic and Cardiovascular Effects of Maternal Diabetes in Adult Rat
Offspring. Adv. Exp. Med. Biol. 2017, 975, 295–305. [PubMed]

http://dx.doi.org/10.1016/j.mam.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21356234
http://dx.doi.org/10.2337/diabetes.52.3.682
http://dx.doi.org/10.1152/ajpregu.00168.2016
http://dx.doi.org/10.2174/138161211798764942
http://dx.doi.org/10.1186/s13293-018-0180-z
http://dx.doi.org/10.1016/j.domaniend.2017.04.002
http://www.ncbi.nlm.nih.gov/pubmed/28527530
http://dx.doi.org/10.1016/j.metabol.2011.11.003
http://www.ncbi.nlm.nih.gov/pubmed/22209665
http://dx.doi.org/10.1210/en.2014-1131
http://dx.doi.org/10.1126/science.7063860
http://www.ncbi.nlm.nih.gov/pubmed/7063860
http://dx.doi.org/10.1073/pnas.1000440107
http://www.ncbi.nlm.nih.gov/pubmed/20212133
http://dx.doi.org/10.1113/JP271745
http://www.ncbi.nlm.nih.gov/pubmed/26970222
http://dx.doi.org/10.1002/14651858.CD004905.pub5
http://dx.doi.org/10.1542/peds.2017-3716
http://www.ncbi.nlm.nih.gov/pubmed/29358479
http://dx.doi.org/10.1042/cs1030633
http://www.ncbi.nlm.nih.gov/pubmed/12444916
http://dx.doi.org/10.1371/journal.pone.0055420
http://www.ncbi.nlm.nih.gov/pubmed/23408977
http://dx.doi.org/10.3109/10715762.2014.895341
http://www.ncbi.nlm.nih.gov/pubmed/24555785
http://dx.doi.org/10.1095/biolreprod.114.121384
http://dx.doi.org/10.1017/S204017441100002X
http://www.ncbi.nlm.nih.gov/pubmed/25141043
http://www.ncbi.nlm.nih.gov/pubmed/28849464


Nutrients 2019, 11, 894 21 of 21

145. Gray, C.; Vickers, M.H.; Segovia, S.A.; Zhang, X.D.; Reynolds, C.M. A maternal high fat diet programmes
endothelial function and cardiovascular status in adult male offspring independent of body weight, which is
reversed by maternal conjugated linoleic acid (CLA) supplementation. PLoS ONE 2015, 10, e0115994.

146. Gregório, B.M.; Souza-Mello, V.; Mandarim-de-Lacerda, C.A.; Aguila, M.B. Maternal fish oil supplementation
benefits programmed offspring from rat dams fed low-protein diet. Am. J. Obstet. Gynecol. 2008, 199, e1–e7.
[CrossRef] [PubMed]

147. Sánchez-Blanco, C.; Amusquivar, E.; Bispo, K.; Herrera, E. Dietary fish oil supplementation during early
pregnancy in rats on a cafeteria-diet prevents fatty liver in adult male offspring. Food Chem. Toxicol. 2019,
123, 546–552. [CrossRef]

148. Torrens, C.; Brawley, L.; Anthony, F.W.; Dance, C.S.; Dunn, R.; Jackson, A.A.; Poston, L.; Hanson, M.A. Folate
supplementation during pregnancy improves offspring cardiovascular dysfunction induced by protein
restriction. Hypertension 2006, 47, 982–987. [CrossRef] [PubMed]

149. Palinski, W.; D’Armiento, F.P.; Witztum, J.L.; de Nigris, F.; Casanada, F.; Condorelli, M.; Silvestre, M.; Napoli, C.
Maternal hypercholesterolemia and treatment during pregnancy influence the long-term progression of
atherosclerosis in offspring of rabbits. Circ. Res. 2001, 89, 991–996. [CrossRef] [PubMed]

150. Paul, H.A.; Collins, K.H.; Nicolucci, A.C.; Urbanski, S.J.; Hart, D.A.; Vogel, H.J.; Reimer, R.A. Maternal
prebiotic supplementation reduces fatty liver development in offspring through altered microbial and
metabolomic profiles in rats. FASEB J. 2019. [CrossRef]

151. Sengupta, P. The Laboratory Rat: Relating Its Age with Human’s. Int. J. Prev. Med. 2013, 4, 624–630.
152. Romero, M.J.; Platt, D.H.; Caldwell, R.B.; Caldwell, R.W. Therapeutic use of citrulline in cardiovascular

disease. Cardiovasc. Drug Rev. 2006, 24, 275–290. [CrossRef]
153. Alves, G.M.; Barão, M.A.; Odo, L.N.; Nascimento Gomes, G.; do Carmo Franco, M.; Nigro, D.; Lucas, S.R.;

Laurindo, F.R.; Brandizzi, L.I.; Zaladek Gil, F. L-Arginine effects on blood pressure and renal function of
intrauterine restricted rats. Pediatr. Nephrol. 2002, 17, 856–862. [CrossRef] [PubMed]

154. Carvalho, D.S.; Diniz, M.M.; Haidar, A.A.; Cavanal, M.F.; da Silva Alves, E.; Carpinelli, A.R.; Gil, F.Z.;
Hirata, A.E. L-Arginine supplementation improves insulin sensitivity and beta cell function in the offspring
of diabetic rats through AKT and PDX-1 activation. Eur. J. Pharmacol. 2016, 791, 780–787. [CrossRef]

155. DiNicolantonio, J.J.; OKeefe, J.H.; McCarty, M.F. Boosting endogenous production of vasoprotective hydrogen
sulfide via supplementation with taurine and N-acetylcysteine: A novel way to promote cardiovascular
health. Open Heart 2017, 4, e000600. [CrossRef] [PubMed]

156. Hsu, C.N.; Tain, Y.L. Hydrogen Sulfide in Hypertension and Kidney Disease of Developmental Origins.
Int. J. Mol. Sci. 2018, 19, 1438. [CrossRef] [PubMed]

157. Vahdaninia, M.; Mackenzie, H.; Dean, T.; Helps, S. The effectiveness of ω-3 polyunsaturated fatty acid
interventions during pregnancy on obesity measures in the offspring: An up-to-date systematic review and
meta-analysis. Eur. J. Nutr. 2018. [CrossRef] [PubMed]

158. Ji, Y.; Wu, Z.; Dai, Z.; Sun, K.; Wang, J.; Wu, G. Nutritional epigenetics with a focus on amino acids:
Implications for the development and treatment of metabolic syndrome. J. Nutr. Biochem. 2016, 27, 1–8.
[CrossRef]

159. Miyazawa, T.; Burdeos, G.C.; Itaya, M.; Nakagawa, K.; Miyazawa, T. Vitamin E: Regulatory Redox Interactions.
IUBMB Life 2019. [CrossRef] [PubMed]

160. Cuello-Garcia, C.A.; Fiocchi, A.; Pawankar, R.; Yepes-Nuñez, J.J.; Morgano, G.P.; Zhang, Y.; Ahn, K.;
Al-Hammadi, S.; Agarwal, A.; Gandhi, S.; et al. World Allergy Organization- McMaster University
Guidelines for Allergic Disease Prevention (GLAD-P.): Prebiotics. World Allergy Organ J. 2016, 9, 10.
[CrossRef] [PubMed]

161. Marques, F.Z.; Nelson, E.; Chu, P.Y.; Horlock, D.; Fiedler, A.; Ziemann, M.; Tan, J.K.; Kuruppu, S.;
Rajapakse, N.W.; El-Osta, A.; et al. High-Fiber Diet and Acetate Supplementation Change the Gut Microbiota
and Prevent the Development of Hypertension and Heart Failure in Hypertensive Mice. Circulation 2017,
135, 964–977. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ajog.2007.12.016
http://www.ncbi.nlm.nih.gov/pubmed/18279825
http://dx.doi.org/10.1016/j.fct.2018.12.006
http://dx.doi.org/10.1161/01.HYP.0000215580.43711.d1
http://www.ncbi.nlm.nih.gov/pubmed/16585422
http://dx.doi.org/10.1161/hh2301.099646
http://www.ncbi.nlm.nih.gov/pubmed/11717155
http://dx.doi.org/10.1096/fj.201801551R
http://dx.doi.org/10.1111/j.1527-3466.2006.00275.x
http://dx.doi.org/10.1007/s00467-002-0941-z
http://www.ncbi.nlm.nih.gov/pubmed/12376817
http://dx.doi.org/10.1016/j.ejphar.2016.10.001
http://dx.doi.org/10.1136/openhrt-2017-000600
http://www.ncbi.nlm.nih.gov/pubmed/28674632
http://dx.doi.org/10.3390/ijms19051438
http://www.ncbi.nlm.nih.gov/pubmed/29751631
http://dx.doi.org/10.1007/s00394-018-1824-9
http://www.ncbi.nlm.nih.gov/pubmed/30251019
http://dx.doi.org/10.1016/j.jnutbio.2015.08.003
http://dx.doi.org/10.1002/iub.2008
http://www.ncbi.nlm.nih.gov/pubmed/30681767
http://dx.doi.org/10.1186/s40413-016-0102-7
http://www.ncbi.nlm.nih.gov/pubmed/26962387
http://dx.doi.org/10.1161/CIRCULATIONAHA.116.024545
http://www.ncbi.nlm.nih.gov/pubmed/27927713
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Nutritional Programming of Health and Disease: Good, Bad, or Ugly? 
	Epidemiological Evidence for Nutritional Programming of Human Disease 
	Insights from Animal Models of Nutritional Programming 
	Animal Models for Nutitional Programming 
	Animal Models of Maternal Caloric rRstriction 
	Animal Models of Macronutrients Imbalance 
	Animal Models of Micronutrients Deficiency 

	Common Mechanisms Underlying Nutritional Programming of Disease 
	Nutrient-Sensing Signals 
	Oxidative Stress 
	Tissue Remodeling 
	Epigenetic Regulation 
	Gut Microbiota 
	Sex Differences 

	Nutritional Interventions as Reprogramming Strategies 
	Macronutrieents 
	Micronutrients 
	Non-Essential Nutrients 

	Conclusions 
	References

