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Abstract: Alterations in a mother’s metabolism and endocrine system, due to unbalanced nutrition,
may increase the risk of both metabolic and non-metabolic disorders in the offspring’s childhood and
adulthood. The risk of obesity in the offspring can be determined by the interplay between maternal
nutrition and lifestyle, intrauterine environment, epigenetic modifications, and early postnatal factors.
Several studies have indicated that the fetal bowel begins to colonize before birth and that, during
birth and nursing, the gut microbiota continues to change. The mother’s gut microbiota is primarily
transferred to the fetus through maternal nutrition and the environment. In this way, it is able
to impact the establishment of the early fetal and neonatal microbiome, resulting in epigenetic
signatures that can possibly predispose the offspring to the development of obesity in later life.
However, antioxidants and exercise in the mother have been shown to improve the offspring’s
metabolism, with improvements in leptin, triglycerides, adiponectin, and insulin resistance, as well as
in the fetal birth weight through epigenetic mechanisms. Therefore, in this extensive literature review,
we aimed to investigate the relationship between maternal diet, epigenetics, and gut microbiota
in order to expand on current knowledge and identify novel potential preventative strategies for
lowering the risk of obesity in children and adults.

Keywords: maternal nutrition; epigenetics; microbiome; chronic non-communicable diseases;
prevention strategies

1. Introduction

Pregnancy is a critical period for fetal growth, particularly vulnerable to inadequate
maternal nutrition or adverse intrauterine enviroment, that can program the fetus toward
the development of metabolic and nonmetabolic diseases in childhood and adulthood [1–5].
The most important factors that predispose to the development of obesity in childhood are
represented by maternal obesity, gestational weight gain (GWG), maternal high-fat (HF)
feeding, maternal hyperglycemia, gestational diabetes mellitus (GDM), maternal smoking
and stress, low birth weight with rapid postnatal catch-up growth, and high birth weight [6].
Maternal obesity, defined by the body mass index (BMI) either before conception or during
pregnancy, and GWG are frequently associated with childhood obesity [7,8].
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An elevated maternal BMI during pregnancy and breastfeeding increases fetal adipo-
genesis in white adipose tissue, while at the same time compromising the development
of brown adipose tissue, thus dysregulating fat accumulation and predisposing to obesity
later in life [9,10].

According to the most recent literature data, health, or the predisposition to the devel-
opment of diseases throughout life, is due to a complex and still partially known interplay
between exogenous factors and epigenetic modifications that regulate gene expression [11].
Maternal nutrition represents the most important exogenous factor in determining epige-
netic changes during pregnancy and breastfeeding. It is well known that some bioactive
components of foods can cause DNA methylation, histone acetylation, and modify the
availability of enzymatic substrates [12]. The interaction between maternal nutrition and
lifestyle, intrauterine environment, epigenetic changes, and early post-natal factors is a
determinant for the risk of developing obesity in offspring [13–15]. The accumulation of
adipose tissue is also associated with the enhanced expression of Stearoyl-CoA desaturase-1
(Scd1), an enzyme involved in fatty acid metabolism, and reduced Scd1 promoter methyla-
tion, supporting the hypothesis that the maternal diet plays a key role in the programming
of adipose tissue development through the intrauterine environment [16]. On the other
hand, maternal underweight is also a risk factor for intrauterine growth restriction (IUGR)
and born small for gestational age (SGA) condition [17]. Children born SGA have a greater
risk of developing cardiovascular diseases, obesity, dyslipidemia, type II diabetes, and
insulin resistance in adulthood [18–20].

Maternal high-fat diet (HFD) in pregnancy leads to an early accumulation of fat mass,
the activation of proinflammatory cytokines, and adipose tissue lipolysis, causing negative
effects on adiposity in early life [21].

Maternal hyperglycemia or GDM are considered independent predictors of childhood
obesity [22], and the combination of hyperglycemia and obesity has additional effects on
the risk of adiposity in childhood [23].

A healthy diet allows a symbiosis between the gut microbiome and the host, with
a favorable impact on metabolic health. Studies carried out on fetal meconium suggest
that the colonization of the fetal bowel occurs before birth and, subsequently, the gut
microbiome undergoes further changes during birth and breastfeeding [24].

The gut microbiome produces metabolites capable of inducing epigenetic modifica-
tions and, consequently, modifying gene expression [25].

Evidence shows that newborns born by caesarean section and fed formula milk have a
less healthy gut microbiome, unlike vaginal delivery and breastfeeding [26]. A further study
demonstrated that newborns born via vaginal delivery have a more various microbiome,
rich in Lactobacillus, Bifidobacterial, and Bacteroides, compared to newborns born via
cesarean section who show a microbiome in which Clostridium difficile, Clostridium
Perfrigens, Staphylococcus, and Streptococcus prevail [27].

In this comprehensive literature review, we aimed to explore the maternal diet-
epigenetic-gut microbiome crosstalk to deepen the existing knowledge and to highlight new
possible prevention interventions for reducing the risk of obesity in childhood
and adulthood.

2. Maternal Nutrition and Effects on Fetus and Newborns

Consistent with the origin of health and disease (DOHaD) hypothesis, epigenetic
adaptations during intrauterine life occur in response to environmental influences. These
adaptations defined as “predictive”, if incorrect, can impact the metabolism and increase
the risk of chronic diseases in adulthood [28]. The term “developmental programming”
refers to the molecular, cellular, neuroendocrine, physiological, and metabolic pathways
that can be modified because of an excess or deficiency of nutrients, hormonal alterations,
stress, and placental dysfunction.
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During pregnancy, the nutritional needs of both the mother and the fetus depend on
the gestational period. During the early stages of pregnancy, the maternal diet does not
seem to have an impact on the weight of the newborn, while in the final stage of pregnancy,
a HFD (>35% of energy intake) can alter the body composition of the fetus and predict the
adiposity [29]. Maternal over or under nutrition during pregnancy may lastingly alter gene
expression through epigenetic mechanisms, leading to metabolic alterations and obesity
programming in prenatal life [30]. It has been demonstrated that the tight adherence
to the Mediterranean diet during pregnancy reduces the risk of overweight/obesity in
offspring at 4 years [31], although other studies did not find any association between a
maternal diet and fetal and childhood adiposity [32,33]. Moreover, specific nutrients, such
as Docoexhaenoic acid (DHA), in obese women or in women with GDM administered
in late pregnancy have been positively associated with lower adiposity in infants under
exclusive breastfeeding [34].

Maternal excess weight gain during pregnancy can be due to the preference for HFD
and high-sugar diets (HSD) in the gestational period. This condition may alter metabolism
and fetal body composition and, by increasing leptin expression in subcutaneous and
visceral fat [30]. In a systematic review and meta-analysis, maternal HFD resulted cor-
related with high body fat, high leptin, glucose, insulin, and triglycerides levels, as well
as hypertension later in life [35]. Maternal HFD has been shown to be associated with
alterations in the hypothalamic regulation of weight and energy homeostasis in the fetus,
and with changes in eating behavior after birth, through the regulation of the expression of
the gene encoding for the leptin receptor, POMC and neuropeptide Y [36,37].

Furthermore, maternal obesity and HFD during pregnancy are also associated with
hyperlipidemia and insulin resistance which increase adipose tissue lipolysis causing a
substantial release of free fatty acid (FFA) in the fetus, and the activation of inflammatory
cytokines [21]. The inflammation and plasma FFAs can modify the normal development
of fetal organs such as brain, skeletal muscle, adipose tissue, liver, and pancreas rising
the incidence of metabolic alterations [37]. The prevalence of obesity among adolescents
born in obese mothers and in mothers with GDM is, respectively 40% and 26% [38]. The
risk of childhood obesity has been significantly associated with excess of maternal weight
gain during gestation [39]. A study conducted in 609 mother-child dyads followed for
36 months postpartum showed that the increased risk of childhood obesity is associated
with GWG [40].

Maternal undernutrition can lead to intrauterine growth restriction (IUGR) and
metabolic alterations later in life. The Dutch famine study demonstrated a link between
the gestational period of maternal undernutrition, the metabolic environment of the fetus,
and the subsequent risk of developing obesity, suggesting the presence of critical windows
of susceptibility [41]. Experience of maternal undernutrition during the first and second
trimesters leads to an increase in the prevalence of obesity and cardiometabolic risk in
offspring, compared to those exposed in the third trimester. Maternal undernutrition may
influence the development of obesity through a “predictive adaptive response” secondary
to reduced nutrient availability in the uterus, in which the fetus programs itself in response
to a persistent caloric deficit. However, the response becomes maladaptive in the context
of a mismatch between the expected environment and nutritional exposures across the
lifespan. Maternal undernutrition can therefore influence a “thrifty phenotype”, with
the result that offspring develop obesity later in life following exposure to a high-calorie
diet [42].

3. Maternal Dietary Factors Influencing Metabolic and Endocrine Changes

Pregnancy represents a window of opportunity to plan the future health of both
mothers and newborns. Indeed, the endocrine and metabolic changes occurring during
pregnancy have an impact on the long-term risk of chronic diseases, through a transgener-
ational flow theorized by the DOHaD theory [28]. Several mechanisms can determine a
transgenerational programming of metabolic traits through the maternal line, including
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epigenetic effects via the germline, intrauterine environment, somatic epigenetics, and
mitochondrial programming [43].

The pregnancy is characterized by a complex metabolic and endocrine adaptations
related to both the pre-gestational nutritional status, gestational diet, and gestational weight
gain. These modifications play a crucial role in appropriate fetal development. Several
molecules as glucose, fatty acids, hormones, and adipokines require a correct balance, in
which the placenta has a key role [44]. In addition, the placenta acts as endocrine organs,
secreting adipokines such as resistin, chemerin, omentin, free fatty acid binding protein-4,
and retinol binding protein-4, which modulate metabolism and insulin resistance (IR) in
pregnancy [45,46]. Maternal nutrition in turn regulates placental development and function
by epigenetic modulation of several amino acid and glucose transporters [47,48]. The
deficiency or excess of maternal circulating nutrients and the consequent effects on the
distribution of fetal nutrients across the placenta represents the basis of fetal programming.
The first phase of gestation, defined as the “maternal anabolic phase”, is characterized by
high maternal energy resources, mainly as lipid deposits, to support the maternal-fetal
needs of late gestation and breastfeeding. The second phase, called the “maternal catabolic
phase” or “fetal anabolic phase”, serves for the fetal growth. This phase is characterized
by a significant maternal IR which is critical in supporting the growing fetus during the
third trimester [49,50]. Despite a progressive decrease in fasting glucose, and a 3.0 to
3.5-fold increase in fasting insulin, liver glucose production through gluconeogenesis and
glycogenolysis represents an adaptation of maternal metabolism to the growing carbohy-
drate needs of the fetus and placenta [51]. Maternal nutrition and metabolic status change
also lipid transport through the placenta [52,53]. During the anabolic phase, the increase in
estrogen and progesterone levels stimulate lipid accumulation [44]. In the third trimester,
the transition to the catabolic state occurs and further deposition of fat mass stops, and
lipids become the main source of energy, while glucose and amino acids are stored for the
fetus [54]. The placenta protects the fetus from an adverse metabolic environment, e.g.,
through the accumulation of fatty acids in lipid droplets; however, when adverse metabolic
conditions develop, such as severe maternal obesity or severe hypertriglyceridemia, the
placenta is no longer able to accumulate lipids, resulting in an overflow to the fetus [55].
On the other hand, in fasting status, a fast change of maternal metabolism towards lipid
oxidation occurs, with both an increase in FFA and the production of ketones. This influx
of ketone bodies from maternal to fetal circulation ensures embryonic brain development
in condition of nutrient insufficiency. However, maternal hyperketonemia could have
negative effects on the fetus, such as fetal malformations and altered neurophysiological
development [50,56]. Maternal diet can expose the offspring to glycotoxins, which are
the result of hyperglycemia or fast dry-heat cooking. Glycotoxins include advanced gly-
cation end-products (AGEs), and their precursors, such as methyl-glyoxal (MG) which
transforms the arginine and lysine residues of proteins and DNA, forming AGEs [57–60].
The extracellular AGEs may trigger membrane receptors, such as RAGE, which activate
oxidative stress and inflammatory signaling [61]. These mechanisms are involved in
the senescence of endothelial cells, podocytes and neurons, and diabetic complications
(retinopathy, nephropathy, and peripheral neuropathy) [57], and in the pathophysiology of
cardiovascular, cerebrovascular, and degenerative diseases.

Maternal diabetes and/or obesity stimulate fetal insulin secretion, and several an-
abolic processes such as lipogenesis, protein synthesis, and fetal glucose consumption in
insulin-sensitive cells as hepatocytes, myocytes, adipocytes, causing expanded fetal growth,
increasing glucose requests and IR in late gestation [62]. During brain development, hy-
perinsulinemia can alter metabolic and energy regulation due to the programming of the
hypothalamic metabolic regulation centers [63]. Indeed, maternal hyperglycemia, due to
diabetes or obesity, has been linked with an increased incidence of obesity and diabetes
among the offspring later in life [64].
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Leptin is a hormone which controls body weight and several other processes, such
as the immune and the systemic inflammatory response. Consequently, leptin can act
as a metabolic switch, linking the nutritional status to high energy-consuming processes.
In pregnancy, leptin is produced also by the placenta and its circulating levels gradually
increase during gestation for maintaining energy intake for fetal growth, particularly
in the second and third trimesters [65]. In obese pregnant women, hyperinsulinemia
stimulates leptin production which in turn augments inflammation [66]. This amplified pro-
inflammatory response, together with the increase in TNF-alpha levels, and the enhanced
production of reactive oxygen species (ROS), result in IR in the feto-placental vascular unit
which can determine diseases such as GDM and preeclampsia [67–69]. Thus, maternal
obesity, excessive gestational weight gain, and gestational diabetes may be associated with
a state of “meta-inflammation” that configure a metabolic condition recently indicated as
“Gestational Diabesity” [70,71].

On the other hand, low maternal glucose levels due to maternal undernutrition leads
to IUGR [72]. In this condition, fetal brain development is favored through fetal blood re-
distribution, while other organs, especially the kidney and liver, become exposed to growth
restriction [73,74]. Furthermore, maternal undernutrition and low fetal glucose availabil-
ity can result in decreased pancreatic β-cell mass with consequent insulin hyposecretion,
potentially leading to an augmented susceptibility to diabetes in adult offspring [75,76].

The role of GCs during pregnancy is crucial for fetal survival. Glucocorticoids (GCs),
synthetized by the adrenal glands under the control of the hypothalamic-pituitary-adrenal
(HPA) axis, preserve homeostasis by regulating energy metabolism, inflammation and
other biological processes [77]. The maternal HPA axis undergoes adjustments during
pregnancy [78]. At the beginning of pregnancy, GCs are essential for the embryo implanta-
tion. During gestation, the maternal adrenal glands gradually become hypertrophic due to
placental secretion of corticotrophin releasing hormone (CRH), and consequently, a peak in
cortisol concentration occurs in the third trimester, leading to a 3- to 8-fold increase in total
serum levels [77,79]. Concomitantly, the fetal adrenal glands temporarily produce cortisol
from approximately 7 to 10 weeks of gestation.

The placenta also regulates fetal cortisol levels through the expression of 11β-
hydroxysteroid dehydrogenase 2 (11β-HSD2), which converts cortisol to its inactive form,
cortisone. The “window” and duration of GC exposure during gestation are precisely
regulated and any alterations can lead to pregnancy complications and the development
of permanent diseases [80]. In the presence of malnutrition, stress, and infections, the
HPA axis may undergo overstimulation, with subsequent 11β-HSD2 dysregulation, and
fetal HPA axis hyperactivity. These alterations could lead to preeclampsia, IUGR, hyper-
tension, and life-long outcomes caused by early metabolic stress and potential epigenetic
alterations [81].

Despite the importance of the growth hormone (GH) in fetal development, there are
few data on the programming effects of maternal and/or fetal GH on the hypothalamic
development of offspring. Experimental data have demonstrated a regulation of GH on
the formation of POMC and AgRP axons [82]. Further studies are necessary to establish if
altered maternal or fetal GH levels have an effect on the development of the hypothalamus
with alterations, causing obesity.

4. Maternal Dietary Factors Influencing Epigenetic Changes

There is substantial evidence to support the short- and long-term health advantages
of a healthy diet and lifestyle for women prior, during, and after pregnancy. Pregnancy
increases the body’s need for nutrients in order to support the growth and development
of the fetus as well as the mother’s new tissue and metabolism. Optimal dietary intake
during the postpartum period is also crucial to support the extra nutritional needs for
breastfeeding after gestation [83]. Early nutritional exposures in infancy can impact normal
development and increase the risk of childhood obesity and metabolic programming later
in life [84].
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Furthermore, breastfeeding can also influence the growth, cognitive development,
and microbiota of the newborn. In particular, bioactive molecules, such as human milk
oligosaccharides (HMOs), have been linked to the acquisition of various developmental
milestones, but the extent to which they have an impact depends on maternal secretor
status [85].

Epigenetics consists of a vast array of heritable biological modifications able to modify
gene expression or activity without altering the DNA sequence. The main epigenetic
changes are represented by DNA methylation, the expression of non-coding RNAs (ncR-
NAs), and histone modifications [86]. Nutrition is considered essential for regulating
epigenetic processes [87]. The human epigenome is highly malleable during fetal and early
life development and is vulnerable to environmental influences. As it has been shown in
the pancreas of murine models, a low-protein maternal diet during pregnancy may limit
the availability of nutrients, leading to alterations in the expression and methylation status
of key pancreatic genes, such as Pdx1 and MafA, and to the consequent developmental
dysregulation of β-cell activity with long-term health consequences on the offspring [88].
Hence, maternal dietary habits throughout pregnancy, as well as the early years of life
may be a significant impact factor for the offspring’s epigenetic programming. Thus, com-
promised maternal nutritional choices can result in epigenetic changes able to negatively
influence the development of the embryo or even the epigenetic profile of the offspring at
birth [89].

In particular, maternal nutrition can specifically affect DNA methylation through the
one carbon cycle, a metabolic pathway reliant on micronutrients like methionine, folate,
and vitamins B6 and B12 with potential effects on fetal programming [90]. Leptin has also
been examined in detail because of its central role in the regulation of food intake behaviors,
metabolism, and inflammation [91], and because of the strong association between the
regulation of its expression levels and epigenetic modifications [92].

Bisulfite pyrosequencing experiments have been performed in mothers and their
healthy neonates in order to evaluate the methylation of CpG sites in the promoter re-
gion of the placenta leptin (LEP) gene and ascertain the genotype of the rs2167270 LEP
single nucleotide polymorphism (SNP), which is known to influence leptin methylation,
in association with the maternal dietary habits during the gestational period [93]. It was
demonstrated that the rs2167270 (+19G > A) genotype was an important predictor of pla-
centa leptin DNA methylation, and that lower levels of this methylation were associated
with a higher intake of added sugars and white or refined carbohydrates. These results
could highlight the importance of carbohydrate consumption on the LEP gene methylation
in the placenta. Lower methylation may be a sign of a placenta response to high calorie
and carbohydrate foods, which would raise this hormone’s levels during fetal develop-
ment and impact infant growth, especially considering that methylation decreases gene
transcription. Furthermore, a meta-analysis of epigenome-wide association studies (EWAS)
in mother–child pairs on maternal adherence to the Mediterranean diet during pregnancy
and cord blood DNA methylation of offspring was also performed [92]. It was shown that
maternal adherence to the Mediterranean diet throughout pregnancy was associated with
cord blood DNA methylation at a specific CpG, called cg23757341, which corresponds to
the transcription start site of the WNT5B gene. A negative association of DNA methylation
at cg23757341 with fasting insulin in adult whole blood [94], and a connection between
overexpression of WNT5B and increased adipogenesis in adipocytes, compatible with
a role in the development of type 2 diabetes, have already been established. Therefore,
these findings could be considered significantly supported and able to highlight a poten-
tial cause-related mechanism behind maternal Mediterranean diet and offspring DNA
methylation patterns.
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The Dutch Hunger Winter Families study has also been thoroughly investigated [95–98].
Throughout the winter of 1944–1945 the Dutch famine, caused by a food transport embargo of
the German military forces, offered a rare chance to investigate the impact of various stages of
gestational undernutrition on adult health [99]. In recent years, Tobi et al. [100] identified
singleton births between 1945 and 1946 at three institutions in the western Netherlands
whose mothers were exposed to this famine during or immediately prior to their preg-
nancy, selecting same-sex siblings not exposed to the famine as sibling controls. DNA
methylation analysis was performed in the whole blood of in 422 individuals exposed
to famine in utero and 463 sibling controls, in order to better elucidate the relationship
between adverse intrauterine environment and adult metabolic health. Part of the re-
sults evidenced that DNA methylation at CpG cg09349128 of the PIM3 gene, involved
in energy metabolism, mediated 13.4% of the association between famine exposure and
BMI, while DNA methylation at CpGs of TXNIP, influencing β cell function, and ABCG1,
impacting lipid metabolism, together mediated 80% of the association between famine
and triglycerides, strongly suggesting that DNA methylation may be considered to be a
mediator in the association of prenatal famine exposure with higher adult BMI and serum
triglyceride levels.

Nonetheless, nutrition, also in the postnatal period, may be associated with metabolic
programming. One of the potential underlying mechanisms equally involves epigenetic
modifications, with particular reference to DNA methylation. Because human milk contains
the perfect balance of nutrients, hormones, like leptin, and other factors, like immunoglobu-
lins, which are essential for growth and health, breastfeeding is protective against a number
of chronic diseases. However, its effect on DNA methylation at an early age remains
unclear [101].

The Maternal Nutrition and Offspring’s Epigenome (MANOE) study assessed the
effect of breastfeeding duration on infant growth and DNA methylation in obesity-related
genes by comparing buccal epithelial cells obtained from children who were breastfed for
less than six months and children who were breastfed for more than six months [102]. A
significant difference was observed between infant growth and buccal retinoid X receptor
alpha (RXRA) and LEP gene methylation at 12 months of breastfeeding. Infant weight
was also found to be significantly lower when children were breastfed for 10 to 12 months,
evidencing that breastfeeding duration was also linked to infant biometry. Therefore, this
study suggested that breastfeeding can impact infant growth and offspring buccal DNA
methylation levels in fat metabolism (RXRA) and appetite regulation-related (LEP) genes,
and that extended breastfeeding may have an impact on the development of childhood
obesity, which could be accounted for by an upregulation of RXRA and a downregulation
of LEP in one-year old children.

The duration of breastfeeding has also been evaluated in reference to LEP DNA methy-
lation profiles and BMI in peripheral blood of 10-year-old children [103]. Subsequently, this
research also concentrated on the association between breastfeeding exposure and BMI
trajectories covering the first 18 years by using multi-nominal logistic regression. It was
evidenced that at several LEP CpG sites, the length of exclusive and total breastfeeding was
linked to DNA methylation at 10 years, but not at 18 years. The duration of breastfeeding
was also associated with the early transient overweight trajectory. Moreover, the DNA
methylation of LEP was correlated with this trajectory at one CpG site and early persistent
obesity at another. As a result, a significant association of breastfeeding duration with
altered methylation at a total of seven CpG sites on the LEP gene was determined and a fur-
ther correlation of breastfeeding duration with childhood obesity was confirmed. Although
it has been widely proposed that epigenetic mechanisms may explain the associations
between breastfeeding and long-term health outcomes in children, there is currently still
little evidence in the literature to support these theories and, therefore, a need to investigate
this specific issue in a more detailed manner.
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5. Maternal Diet–Epigenetics–Microbiome

The maternal dietary choices are central in providing the essential components for
the developing fetus during pregnancy. In a fetal and neonatal developmental context,
an increasing number of studies are emphasizing not just the significance of the maternal
diet, but also the impact of epigenetics and the establishment and composition of the
gut microbiome. Dietary regime is a crucial factor for the composition of gut microbiota,
facilitating communication with the intestines, and the transmission of signals to peripheral
organs. Changes in dietary habits can cause shifts in the composition and functionality of
microbial communities, leading to alterations in various processes such as fermentation,
energy metabolism, permeability, and sensation [104,105]. Additionally, recent evidence
indicates that diets significantly influence epigenetic mechanism associated with obesity
development [106].

Maternal dietary patterns or nutritional compositions play a crucial role in shaping the
epigenetic profiles of the fetus. The impact of the maternal diet on the health of offspring is
an area of research closely tied to epigenetics. For example, the major metabolic activity
involves synthesis of metabolites [107] such as vitamin B12, folate, choline, and betaine.
These compounds potentially contribute to the production of 6-methyltetrahydrofolate, a
methyl group donor crucial for generating S-adenosylmethionine (SAM) that participates
in DNA methylation processes [108–112]. The regulation of these methyl donor nutrients
are found to be regulated by specific gut microbial communities, such as Lactobacillus and
Bifidobacteria, which are known for folate production [113]. To comprehend the role of
Lactobacillus and Bifidobacterium, a study by Murri et al. revealed a decrease in their levels
among healthy Caucasian children with type 1 diabetes [114]. These findings underscore
a significant connection between gut microbiota and DNA methylation mechanisms that
could potentially govern diabetes. Gut microbiota represents a host environment and is
also considered as “the second genome” [115], with trillions of microorganisms, containing
about 1000 bacterial species in particular [116]. Advancements in gene sequencing have
revealed that the genome of human gut microbial communities, comprising approximately
3 million genes, is over 100 times larger than the human genome. This is particularly
noteworthy considering that the ratio of human to bacterial cells in the gut is estimated to be
approximately 1:1 [117]. Primarily, the gut microbiota is populated by the Phila Bacteroidetes,
Firmicutes, Actinobacteria, and Proteobacteria. Firmicutes and Bacteroidetes constitute 90%
of all bacterial species. The most abundant phylogenetics class are Clostridia, Bacteroidia,
and Negativicutes, meanwhile, the major genera are Bacteroides, Clostridium, Faecalibacterium,
Streptococcus, Pseudomonas, Prevotella, Fusobacteria, Veillonella, Neisseria, Porphyromonas,
Eubacterium, Ruminococcus, and Bifidobacterium [118,119]. Several elements are pivotal
in shaping the gut microbiome of an infant. Primarily, the gut microbiome is acquired
from the mother during gestation through maternal nourishment and the embryonic
milieu. Furthermore, dietary habits play a fundamental role in the development and
preservation of the gut flora, including breastfeeding, formula consumption, and dietary
composition. Additional factors influencing its formation encompass genetic predisposition
and environmental variables, like pharmaceutical or antibiotic usage, illnesses, lifestyle
choices, relocation to alternative settings, and more. Various research investigations have
indicated that infants delivered via vaginal birth exhibit an initial and plentiful presence
of Lactobacillus, Bacteroides, and Prevotella. Conversely, infants delivered via cesarean
section experience a postponement in the appearance or reduced quantities of Bacteroides,
Bifidobacteria, and Lactobacillus, with a predominant colonization of Clostridium difficile
and Escherichia coli [120–123]. These species are recognized as probiotics because of their
beneficial effects on health and their preventative role in various metabolic conditions like
obesity and diabetes [124] (Figure 1).
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Given that it seems probable that the crucial bacteria obtained by infants born vagi-
nally originate from the maternal fecal pool, one method to establish a healthy bacterial
population in the infant gut following cesarean delivery has been through fecal microbiota
transplantation (FMT) using the mother as a donor. In the study by Korpela et al. they
evaluate the FMT approach in 17 mothers. This approach has been demonstrated to furnish
infants delivered via cesarean section with microbiomes similar to those observed in infants
born vaginally, highlighting the importance that the most pivotal period for the develop-
ment of the human microbiome occurs during the initial 2–3 years of life. Addressing
dysbiosis during pregnancy and early childhood can profoundly impact the future health
of an infant [125].
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Figure 1. Different studies suggest that infants delivered via natural childbirth exhibit an initial
and better gut microbiota for the presence of Lactobacillus, Bacteroides, and Prevotella. These bac-
teria are known to participate in DNA methylation processes, due to their role as methyl group
donors for the production of nutrients such as vitamin B12, folate, betaine, and choline, which, for
example, are potentially involved in the synthesis of 6-methyltetrahydrofolate, for the generation
of S-adenosylmethionine (SAM). Conversely, infants delivered via cesarean section experience a
postponement in the appearance or reduced quantities of Bacteroides, Bifidobacteria, and Lactobacillus,
with a predominant colonization of Clostridium difficile and Escherichia coli.

While the therapeutic efficacy of fecal microbiota transplantation (FMT) has been
well-established in humans through various studies, its application in animal models,
particularly in dogs, has been less explored. Only a few studies have investigated the use of
FMT in dogs. One of these studies highlighted the benefits of FMT, demonstrating increased
fecal bacterial diversity and a metabolome more closely resembling that of healthy controls.
Additionally, FMT shows potential as a therapeutic approach for dogs suffering from
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chronic intestinal diseases and related dysbiosis, such as various chronic enteropathies and
exocrine pancreatic insufficiency [126].

These evidences could suggest that interventions to modify the maternal microbiome
could actually prevent adverse epigenetic changes and modify the phenotype of the fe-
tus. In these studies, fecal transplants have shown that improvements in the maternal
microbiome have beneficial effects on maternal metabolism and on fetal birth weight and
microbial diversity.

Numerous investigations have highlighted that shifts towards an unfavorable micro-
bial balance are primarily linked to the consumption of a “Western” diet, characterized by
high-fat and carbohydrate content. Kumar et al. observed that infants born to mothers with
a higher proportion of Firmicutes in their gut exhibited modified DNA methylation patterns
compared to infants born to mothers with a higher proportion of Bacteroidetes [82]. These
microbial communities are known to directly impact epigenetic changes through DNA
methylation. In addition to dietary influences, other factors, such as antibiotic usage and
infections, can also affect the gut microbiota [127], leading to imbalances and decreased
microbial diversity, a condition referred to as gut dysbiosis. Generally, the first aspect of
gut dysbiosis is an unbalanced percentage relationship between the most important Phila,
such as Firmicutes and Bacteroidetes. In particular, these two Phila in normal conditions
stay in a 1:1 ratio, but when there is a particular dysbiosis, we can observe an unbalanced
ratio markedly in favor of Firmicutes, with a decrease in the percentage of Bacteroidetes.
During the initial years of life, the microbiome of young children undergoes significant
transformations, eventually evolving into a more mature configuration by the age of 3 or 4,
at which point the rate of alteration decreases until after adulthood, where the microbiome
seems to remain stable for extended periods, potentially throughout the entire lifespan [128].
Regarding the influence of diet on the gut microbiota, proteins from sources like red meat
and dairy products have been shown to increase the population of biliary anaerobes and,
notably, boost the abundance of Bacteroides [129]. Moreover, the fermentation of animal
proteins can decrease the levels of Bacteroides and the production of SCFAs, triggering
an inflammatory response in the intestines and potentially worsening chronic diseases.
Nevertheless, consuming certain animal or plant proteins can have beneficial effects on
the gut microbiota by promoting the growth of symbiotic microbiota, such as Bacteroides
and Lactobacillus, in the intestines [130]. Under healthy circumstances, the gut microbiota
demonstrates stability, resilience, and a symbiotic relationship with the host. Various
intrinsic factors, like intestinal permeability, pH levels, and mucus production, may impact
the composition and abundance of microbial communities. Presently, the predominant
perspective suggests that a healthy gut microbiota community typically displays high taxo-
nomic diversity, richness in microbial gene, and a consistent core microbiota composition
(Figure 2).

With the rapid advancement of technologies like high-throughput sequencing, there
has been an increased focus on understanding the functional aspects of the microbiome.
The technology of next-generation sequencing (NGS) has enabled the understanding of the
human microbiome and the characterization of unculturable microbes and their function. It
is possible to sequence gut microbiota in the same time of different patients with some NGS
methods, such as parallel 16S rRNA sequencing, shotgun metagenomic sequencing, and
RNA sequencing. NGS facilitates the identification of more unique species than traditional
culture methods and can determinate the relative abundance with the total amount of reads
for each Phila to comprehend population heterogeneity. The most common NGS method in
use is 16S rRNA with amplicon sequencing. This kind of sequencing involves first amplify-
ing a region of the DNA via PCR, and then sequencing the resultant product. The target
for PCR amplification is, most commonly, the bacterial 16S ribosomal RNA (rRNA) gene.
The 16S rRNA gene serves as an ideal target due to its high conservation and widespread
presence across bacteria; without it, bacteria would be incapable of translating mRNA
into proteins, rendering them nonfunctional. Additionally, the gene encompasses nine
hyper-variable regions (V1–V9) that vary among bacterial species and genera. However,
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it is crucial to acknowledge that no single region can sufficiently differentiate all bacteria,
and sequencing specific hypervariable regions may lead to varying interpretations of data.
For instance, amplifying certain hypervariable regions could introduce biases in results,
potentially causing under- or over-representation of taxa, although it could also aid in
distinguishing between specific species within a genus. Recently, next-generation sequenc-
ing (NGS) of the entire 16S rRNA gene has emerged, and with increasingly sophisticated
analytical techniques, it may offer both species and strain-level resolution in microbiota
communities. Progress in genome sequencing has enabled researchers to explore the micro-
biota and their functions. The evidence gathered suggests that, although certain elements
of the microbiota remain stable, the active members differ along the gastrointestinal tract,
across different age demographics ranging from infants to the elderly, among indigenous
communities to contemporary societies, and across various health states. Despite the
ever-changing nature of the gut microbiota, it serves essential roles in the immunological,
metabolic, structural, and neurological aspects of the human body. Consequently, the gut
microbiota significantly impacts both the physical and mental well-being of individuals.
Additionally, considering that metabolites produced by certain gut bacteria can serve as
substrates or regulators of DNA methylation processes, it is conceivable that the epigenetic
effects of early postnatal nutrition stem from alterations in the gut microbiota during this
period. Interestingly, a recent study demonstrated that the gut microbiota can induce
changes in the methylome of intestinal epithelial cells during postnatal development [131].
Further research is required to delve into the intriguing interplay between prenatal and
postnatal nutrition, the infant gut microbiota, and epigenetic programming. The interaction
between gut microbiota, dietary patterns, and epigenetic mechanism is of paramount
importance for the host’s health.
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6. Prevention Strategies and Epigenetics

A poor maternal diet is considered to be an adverse factor that affects the intrauterine
environment [132] during critical periods of fetal developmental provoking lasting adverse
effects on offspring health, such as type 2 diabetes and an increased risk for obesity [133].
Nonetheless, it has been reported that the offspring’s metabolic profile and lipid metabolism
can be boosted by inositol, resveratrol, and exercise in the mother, with an improvement in
leptin, triglycerides, adiponectin levels, and a decrease in insulin resistance [134].

Moreover, bioactive food components may cause beneficial epigenetic changes at any
time in life, with early nutrition being especially crucial. Folate, a water-soluble B vitamin,
provides a one-carbon source for the synthesis of S-Adenosyl methionine, or AdoMet,
which is required for DNA methylation, connecting the folate metabolism to phenotypic
alterations through DNA methylation. Gene expression may be impacted also by other
methyl donor nutrients, like choline, which can equally change the methylation status of
DNA. Early in pregnancy, the availability of methyl donor nutrients on behalf of the mother
is of vital importance for the correct development of the fetus, with long-term effects on the
children’s health and an increased susceptibility to disease, including cancer [135].

Although epigenetic targets for physical activity are mostly unknown, it has also been
suggested that maternal exercise, in addition to a nutrition intervention, may alter fetal
birth weight through epigenetic mechanisms [136]. Remarkably, maternal exercise totally
offsets the negative effects of a high-fat-enriched diet on the offspring’s metabolism [137]
(Figure 3).

Following weaning, Lillycrop et al. examined the impact of an unbalanced mater-
nal diet on the methylation status and the expression of the glucocorticoid receptor (GR)
and peroxisomal proliferator-activated receptor (PPAR) genes in the livers of the rat off-
spring [138]. Throughout their pregnancies, the dams were fed a diet containing either a
control protein (C), a restricted protein (R), or a restricted protein plus 5 mg/kg of folic
acid (RF). It was reported that the PPAR gene methylation was found to be significantly
lower and its expression levels significantly higher in the livers of the R compared to the C
pup group. The methylation of the GR gene was also estimated to be significantly lower,
while its expression was found to be higher in the R pups compared to the C ones. The
RF diet, on the other hand, prevented these changes. No differences were detected in the
methylation status and expression of the PPAR gene between groups. According to these
findings, a prenatal unbalanced nutrition can cause long-lasting, gene-specific epigenetic
alterations able to impact mRNA expression. However, folic acid supplementation may
shield the offspring from these modifications in hepatic gene expression. This also suggests
that therapeutic approaches to boost methyl group availability may be able to mitigate or
even reverse the effects of early life environmental insults.

Maternal resveratrol supplementation has also been studied in the brain-isolated
hippocampi of a directly exposed F1 generation and the transgenerational F2 generation
in murine models [139]. The offspring originated from female senescence accelerated
mouse-prone (SAMP8) mice that were given a diet rich in resveratrol for two months before
they mated. It was observed that there had been a notable rise in global DNA methylation
and a decrease in hydroxymethylation in F1 and F2. Subsequently, Tet2 and Dnmt3a/b
gene expression levels were equally altered. Methylation levels in the promoters of the
Nrf2 and NF-kβ genes were found to be increased in the offspring group, altering target
gene expression and levels of hydrogen peroxide. The offspring of dams subjected to
resveratrol supplementation exhibited elevated AMPKα activation, mTOR inhibition, and
elevated levels of Beclin-1 protein and Pgc-1α gene expression. Thus, it could be assumed
that, through epigenetic modifications and cell signaling pathways, maternal resveratrol
supplementation could prevent cognitive impairment in the offspring of SAMP8 mice.
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Figure 3. Schematic overview of the epigenetic modifications and health complications in the
offspring due to an unbalanced prenatal and postnatal maternal diet, as well as the possible prevention
strategies cancelling out this effect.

In addition, a previous study [140], which enrolled women and their offspring from
clinic logs of five prenatal clinics in Durham County (USA), aimed to evaluate existing
associations between prenatal physical activity (PA), birth weight, and DNA methylation
levels in the newborn, targeting four imprinted genes, H19, MEG3, SGCE/PEG10, and
PLAGL1, at differentially methylated regions (DMRs) that are known to be crucial for
embryonic development. Peripheral blood samples were collected from the mothers and
samples of the infants’ cord blood at birth. Bisulfite pyrosequencing was used to determine
the imprinted gene methylation levels at DMRs in 484 term mother-infant pairs. It was
discovered that infants born to mothers in the highest quartile of total non-sedentary
time had lower birth weights than those born to mothers in the lowest quartile. The
strongest correlations were made among male newborns and, following adjustment for
race/ethnicity, folic acid intake, gestational age at delivery, and maternal smoking, total
non-sedentary time and birth weight was correlated with methylation at the PLAGL1 DMR
(p < 0.05). Nonetheless, understanding in which ways prenatal PA may alter later health
effects may require more investigation into the long-term consequences of alterations at the
PLAGL1 DMR. Thus, the confirmation of similar results could offer information about the
mechanisms behind the relationships between maternal PA and birth weight, as well as
epigenetic targets for monitoring or treatment.
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Preclinical studies have also been performed to highlight how maternal exercise could
represent a potentially effective intervention to decrease the inheritance of multigenera-
tional metabolic dysfunction provoked specifically by maternal obesity. Maternal exercise
can have a variety of positive effects on the health of the offspring, one of which is the
enhanced glucose metabolism due to DNA demethylation of important hepatic genes.
In this context, a chow or high-fat diet was administered to virgin female C57Bl/6 and
placenta-specific Sod3-knockout (Sod3f/f) mice for two weeks prior to conception, as
well as during gestation, which were subsequently divided into two subgroups, trained
and sedentary [141]. Offspring, on the other hand, were fed chow from birth onward.
DNA methylation and biochemical levels were evaluated in the livers of the offspring of
dams which were sedentary chow-fed, trained chow-fed, sedentary HFD-fed or trained
HFD-fed. It was evidenced that a HFD caused a dysregulation of the offspring’s liver
glucose metabolism in C57BL/6 mice. This dysregulation was linked to an increased
reactive oxygen species production, WD repeat-containing 82 (WDR82) carbonylation and
inactivation of histone H3 lysine 4 (H3K4) methyltransferase, which resulted in a decrease
in H3K4me3 at the promoters of genes involved in glucose metabolism. Interestingly, in
the case of exercise during pregnancy on behalf of the HFD-fed dams, the entire signal
was restored. Hepatoblasts overexpressing WDR82 replicated the effects of maternal exer-
cise on H3K4me3 levels. Placental superoxide dismutase 3 (SOD3) was also found to be
required for the regulation of H3K4me3, gene expression, and glucose metabolism, but
N-acetylcysteine antioxidant therapy was not. In conclusion, it could be affirmed that
maternal exercise may control a multicomponent epigenetic system in the developing liver
of the fetus, passing on the health benefits of exercise to their offspring.

Nowadays, it is well-established that dietary and physical activity interventions during
the gestational period can be linked to epigenome modifications in fetal tissues. However,
further large-scale studies are of vital importance in order to ascertain the biological
significance of these alterations.

7. Conclusions and Prevention Strategies for Future Health

Maternal metabolic and endocrine alterations modify the intrauterine environment,
modulating nutrients for the fetus and predisposing the offspring to metabolic and non-
metabolic diseases. This flow of transgenerational transmission is determined through two
steps: the first involves the direct impairment of fetal tissues due to congenital alterations,
such as cardiac hypertrophy, hyper/hypoinsulinemia, and the excessive deposition of
hepatic lipids; the second includes the consequences of fetal programming, which occurs
through cellular and molecular mechanisms, including the release of inflammatory cy-
tokines, oxidative stress, protein modification and endocrine dysregulation. All of these
alterations can trigger future events that predispose offspring to disease.

Longitudinal studies regarding memory-based mechanisms activated in utero that
contribute to disease susceptibility are still lacking. The identification of such cellular mech-
anisms and critical time points of their activation is essential to develop new approaches to
prevent fetal programming of disease in specific time windows.

One widely studied mechanism which could be potentially found behind disease
susceptibility is represented by alterations in the epigenetic signature.

The perinatal period is a moment of rapid physiological changes, including epigenetic
programming. Lifestyle choices can induce epigenetic modifications with significant conse-
quences on systemic health and disease state. The nutrition of infants in the first 1000 days
of life, from conception up to two years of age, has both immediate and long-term health
consequences in terms of chronic non-communicable conditions.
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The intrauterine environment is mainly regulated by maternal status, such as nutrition
and placental function.

Several studies have evidenced that the adverse intrauterine environment can cause
epigenetic changes throughout fetal development, which may persist into adult life.

It has been suggested that the strong correlation between nutrition and epigenetic
changes could be explained by alterations in the one carbon cycle, which is fundamental
for the availability of methyl groups, due to an unbalanced diet.

At least four distinct levels may be affected by the exposome-induced epigenetic
modification: (1) fertility impairment due to alterations in the gametes’ competence,
(2) embryo development alterations, (3) the poor outcome of the assisted reproductive
technology (ART) protocols and (4) a risk of developing pathologies in the adult life for the
offspring [142].

Moreover, variations in dietary habits can lead to alterations in the of composition and
the epigenetic status of microbial communities.

At present, dietary interventions, such as low dietary fat intake (<35%) with adequate
fatty acid intake during gestation, represent the most effective intervention strategy to
improve the maternal metabolic environment during pregnancy. Bioactive food compo-
nents can also cause beneficial epigenetic changes at any time in life, with early nutrition
being especially crucial. Therefore, it is essential to promote healthy and correct nutrition
in women both in the pre-conceptional and post-conceptional phases in order to protect
the newborn from the development of non-communicable diseases throughout life. Probi-
otic supplementation could mitigate insulin resistance and reduce the risk of obesity and
diabetes. However, larger studies are needed to evaluate optimal dosage, frequency, and
timing of supplementation, as well as safety and long-term effects on maternal, neonatal,
and childhood outcomes.

Author Contributions: Conceptualization, M.F.F. and V.G.; literature search and first draft writing:
F.U., L.A.M., F.A. and F.K., review and editing: M.F.F. and V.G.; supervision: L.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Barker, D.J.P. Developmental origins of adult health and disease. J. Epidemiol. Community Health 2004, 58, 114–115. [CrossRef]

[PubMed]
2. Galvan-Martinez, D.H.; Bosquez-Mendoza, V.M.; Ruiz-Noa, Y.; Ibarra-Reynoso, L.D.R.; Barbosa-Sabanero, G.; Lazo-de-la-Vega-

Monroy, M.L. Nutritional, pharmacological, and environmental programming of NAFLD in early life. Am. J. Physiol. Gastrointest.
Liver Physiol. 2023, 324, G99–G114. [CrossRef]

3. He, S.; Stein, A.D. Early-Life Nutrition Interventions and Associated Long-Term Cardiometabolic Outcomes: A Systematic
Review and Meta-Analysis of Randomized Controlled Trials. Adv. Nutr. 2021, 12, 461–489. [CrossRef] [PubMed]

4. Kintossou, A.K.; Blanco-Lopez, J.; Iguacel, I.; Pisanu, S.; Almeida, C.C.B.; Steliarova-Foucher, E.; Sierens, C.; Gunter, M.J.; Ladas,
E.J.; Barr, R.D.; et al. Early Life Nutrition Factors and Risk of Acute Leukemia in Children: Systematic Review and Meta-Analysis.
Nutrients 2023, 15, 3775. [CrossRef]

5. Ley, D.; Desseyn, J.L.; Gouyer, V.; Plet, S.; Tims, S.; Renes, I.; Mischke, M.; Gottrand, F. Early life nutrition influences susceptibility
to chronic inflammatory colitis in later life. Sci. Rep. 2019, 9, 18111. [CrossRef]

6. Cristian, A.; Tarry-Adkins, J.L.; Aiken, C.E. The Uterine Environment and Childhood Obesity Risk: Mechanisms and Predictions.
Curr. Nutr. Rep. 2023, 12, 416–425. [CrossRef]

7. Heslehurst, N.; Vieira, R.; Akhter, Z.; Bailey, H.; Slack, E.; Ngongalah, L.; Pemu, A.; Rankin, J. The association between maternal
body mass index and child obesity: A systematic review and meta-analysis. PLoS Med. 2019, 16, e1002817. [CrossRef] [PubMed]

8. Chang, R.; Mei, H.; Zhang, Y.; Xu, K.; Yang, S.; Zhang, J. Early childhood body mass index trajectory and overweight/obesity risk
differed by maternal weight status. Eur. J. Clin. Nutr. 2022, 76, 450–455. [CrossRef]

9. Yang, Q.Y.; Liang, J.F.; Rogers, C.J.; Zhao, J.X.; Zhu, M.J.; Du, M. Maternal obesity induces epigenetic modifications to facilitate
Zfp423 expression and enhance adipogenic differentiation in fetal mice. Diabetes 2013, 62, 3727–3735. [CrossRef]

https://doi.org/10.1136/jech.58.2.114
https://www.ncbi.nlm.nih.gov/pubmed/14729887
https://doi.org/10.1152/ajpgi.00168.2022
https://doi.org/10.1093/advances/nmaa107
https://www.ncbi.nlm.nih.gov/pubmed/33786595
https://doi.org/10.3390/nu15173775
https://doi.org/10.1038/s41598-019-54308-6
https://doi.org/10.1007/s13668-023-00482-z
https://doi.org/10.1371/journal.pmed.1002817
https://www.ncbi.nlm.nih.gov/pubmed/31185012
https://doi.org/10.1038/s41430-021-00975-6
https://doi.org/10.2337/db13-0433


Curr. Issues Mol. Biol. 2024, 46 4373

10. Liang, X.; Yang, Q.; Zhang, L.; Maricelli, J.W.; Rodgers, B.D.; Zhu, M.J.; Du, M. Maternal high-fat diet during lactation impairs
thermogenic function of brown adipose tissue in offspring mice. Sci. Rep. 2016, 6, 34345. [CrossRef]

11. Shock, T.; Badang, L.; Ferguson, B.; Martinez-Guryn, K. The interplay between diet, gut microbes, and host epigenetics in health
and disease. J. Nutr. Biochem. 2021, 95, 108631. [CrossRef] [PubMed]

12. Choi, S.W.; Friso, S. Epigenetics: A New Bridge between Nutrition and Health. Adv. Nutr. 2010, 1, 8–16. [CrossRef] [PubMed]
13. Marousez, L.; Lesage, J.; Eberlé, D. Epigenetics: Linking Early Postnatal Nutrition to Obesity Programming? Nutrients 2019,

11, 2966. [CrossRef]
14. Liang, Z.; Liu, H.; Wang, L.; Song, Q.; Sun, D.; Li, W.; Leng, J.; Gao, R.; Hu, G.; Qi, L. Maternal Gestational Diabetes Mellitus

Modifies the Relationship Between Genetically Determined Body Mass Index During Pregnancy and Childhood Obesity. Mayo
Clin. Proc. 2020, 95, 1877–1887. [CrossRef] [PubMed]

15. Hüls, A.; Wright, M.N.; Bogl, L.H.; Kaprio, J.; Lissner, L.; Molnár, D.; Moreno, L.A.; De Henauw, S.; Siani, A.; Veidebaum, T.; et al.
Polygenic risk for obesity and its interaction with lifestyle and sociodemographic factors in European children and adolescents.
Int. J. Obes. 2021, 45, 1321–1330. [CrossRef] [PubMed]

16. Butruille, L.; Marousez, L.; Pourpe, C.; Oger, F.; Lecoutre, S.; Catheline, D.; Görs, S.; Metges, C.C.; Guinez, C.; Laborie, C.; et al.
Maternal high-fat diet during suckling programs visceral adiposity and epigenetic regulation of adipose tissue stearoyl-CoA
desaturase-1 in offspring. Int. J. Obes. 2019, 43, 2381–2393. [CrossRef]

17. Ronnenberg, A.G.; Wang, X.; Xing, H.; Chen, C.; Chen, D.; Guang, W.; Guang, A.; Wang, L.; Ryan, L.; Xu, X. Low preconception
body mass index is associated with birth outcome in a prospective cohort of Chinese women. J. Nutr. 2003, 133, 3449–3455.
[CrossRef]

18. Faienza, M.F.; Brunetti, G.; Delvecchio, M.; Zito, A.; De Palma, F.; Cortese, F.; Nitti, A.; Massari, E.; Gesualdo, M.; Ricci, G.; et al.
Vascular Function and Myocardial Performance Indices in Children Born Small for Gestational Age. Circ. J. 2016, 80, 958–963.
[CrossRef]

19. Marzano, F.; Faienza, M.F.; Caratozzolo, M.F.; Brunetti, G.; Chiara, M.; Horner, D.S.; Annese, A.; D’Erchia, A.M.; Consiglio,
A.; Pesole, G.; et al. Pilot study on circulating miRNA signature in children with obesity born small for gestational age and
appropriate for gestational age. Pediatr. Obes. 2018, 13, 803–811. [CrossRef]

20. Zamojska, J.; Niewiadomska-Jarosik, K.; Kierzkowska, B.; Gruca, M.; Wosiak, A.; Smolewska, E. Lipid Profile in Children Born
Small for Gestational Age. Nutrients 2023, 15, 4781. [CrossRef]
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into the Interaction between Epigenetics and Leptin in Metabolic Disorders. Nutrients 2019, 11, 1872. [CrossRef] [PubMed]

93. Daniels, T.E.; Sadovnikoff, A.I.; Ridout, K.K.; Lesseur, C.; Marsit, C.J.; Tyrka, A.R. Associations of maternal diet and placenta
leptin methylation. Mol. Cell. Endocrinol. 2020, 505, 110739. [CrossRef] [PubMed]

94. Küpers, L.K.; Fernández-Barrés, S.; Nounu, A.; Friedman, C.; Fore, R.; Mancano, G.; Dabelea, D.; Rifas-Shiman, S.L.; Mulder,
R.H.; Oken, E.; et al. Maternal Mediterranean diet in pregnancy and newborn DNA methylation: A meta-analysis in the PACE
Consortium. Epigenetics 2022, 17, 1419–1431. [CrossRef]

95. Heindel, J.J.; Vandenberg, L.N. Developmental origins of health and disease: A paradigm for understanding disease cause and
prevention. Curr Opin Pediatr. 2015, 27, 248–253. [CrossRef] [PubMed]

96. Lumey, L.H.; Stein, A.D.; Kahn, H.S.; van der Pal-de Bruin, K.M.; Blauw, G.J.; Zybert, P.A.; Susser, E.S. Cohort profile: The Dutch
Hunger Winter families study. Int. J. Epidemiol. 2007, 36, 1196–1204. [CrossRef] [PubMed]

97. Heijmans, B.T.; Tobi, E.W.; Stein, A.D.; Putter, H.; Blauw, G.J.; Susser, E.S.; Slagboom, P.E.; Lumey, L.H. Persistent epigenetic
differences associated with prenatal exposure to famine in humans. Proc. Natl. Acad. Sci. USA 2008, 105, 17046–17049. [CrossRef]
[PubMed]

98. Roseboom, T.; de Rooij, S.; Painter, R. The Dutch famine and its long-term consequences for adult health. Early Hum. Dev. 2006,
82, 485–491. [CrossRef]

99. Yarde, F.; Broekmans, F.J.; van der Pal-de Bruin, K.M.; Schönbeck, Y.; te Velde, E.R.; Stein, A.D.; Lumey, L.H. Prenatal famine,
birthweight, reproductive performance and age at menopause: The Dutch hunger winter families study. Hum. Reprod. 2013, 28,
3328–3336. [CrossRef]

100. Tobi, E.W.; Slieker, R.C.; Luijk, R.; Dekkers, K.F.; Stein, A.D.; Xu, K.M. Biobank-based Integrative Omics Studies Consortium,
Slagboom, P.E.; van Zwet, E.W.; et al. DNA methylation as a mediator of the association between prenatal adversity and risk
factors for metabolic disease in adulthood. Sci. Adv. 2018, 4, eaao4364. [CrossRef]

101. Kelishadi, R.; Farajian, S. The protective effects of breastfeeding on chronic non-communicable diseases in adulthood: A review
of evidence. Adv. Biomed. Res. 2014, 3, 3. [CrossRef] [PubMed]

102. Pauwels, S.; Symons, L.; Vanautgaerden, E.-L.; Ghosh, M.; Duca, R.C.; Bekaert, B.; Freson, K.; Huybrechts, I.; Langie, S.A.S.;
Koppen, G.; et al. The Influence of the Duration of Breastfeeding on the Infant’s Metabolic Epigenome. Nutrients 2019, 11, 1408.
[CrossRef] [PubMed]

103. Sherwood, W.B.; Bion, V.; Lockett, G.A.; Ziyab, A.H.; Soto-Ramírez, N.; Mukherjee, N.; Kurukulaaratchy, R.J.; Ewart, S.; Zhang, H.;
Arshad, S.H.; et al. Duration of breastfeeding is associated with leptin (LEP) DNA methylation profiles and BMI in 10-year-old
children. Clin. Epigenetics 2019, 11, 128. [CrossRef]

104. Kumar, H.; Lund, R.; Laiho, A.; Lundelin, K.; Ley, R.E.; Isolauri, E.; Salminen, S. Gut microbiota as an epigenetic regulator: Pilot
study based on whole-genome methylation analysis. MBio 2014, 5, e02113–e02114. [CrossRef] [PubMed]

105. Devaux, C.A.; Raoult, D. The Microbiological Memory, an Epigenetic Regulator Governing the Balance Between Good Health
and Metabolic Disorders. Front. Microbiol. 2018, 9, 1379. [CrossRef] [PubMed]

106. Qian, H.; Chen, Y.; Nian, Z.; Su, L.; Yu, H.; Chen, F.J.; Zhang, X.; Xu, W.; Zhou, L.; Liu, J.; et al. HDAC6- mediated acetylation
of lipid droplet-binding protein CIDEC regulates fat- induced lipid storage. J. Clin. Invest. 2017, 127, 1353–1369. [CrossRef]
[PubMed]

107. Mischke, M.; Plosch, T. More than just a gut instinct-the potential interplay between a baby’s nutrition, its gut microbiome, and
the epigenome. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2013, 304, R1065–R1069. [CrossRef] [PubMed]

108. Kovacheva, V.P.; Mellott, T.J.; Davison, J.M.; Wagner, N.; Lopez-Coviella, I.; Schnitzler, A.C.; Blusztajn, J.K. Gestational choline
deficiency causes global and Igf2 gene DNA hypermethylation by up-regulation of Dnmt1 expression. J. Biol. Chem. 2007, 282,
31777–31788. [CrossRef]

109. Crider, K.S.; Yang, T.P.; Berry, R.J.; Bailey, L.B. Folate and DNA methylation: A review of molecular mechanisms and the evidence
for folate’s role. Adv. Nutr. 2012, 3, 21–38. [CrossRef]

110. Kok, D.E.; Dhonukshe-Rutten, R.A.; Lute, C.; Heil, S.G.; Uitterlinden, A.G.; van der Velde, N.; van Meurs, J.B.; van Schoor, N.M.;
Hooiveld, G.J.; de Groot, L.C.; et al. The effects of long-term daily folic acid and vitamin B12 supplementation on genome-wide
DNA methylation in elderly subjects. Clin. Epigenet. 2015, 7, 121. [CrossRef]

111. Zeisel, S. Choline, Other Methyl Donors and Epigenetics. Nutrients 2017, 9, 445. [CrossRef] [PubMed]

https://doi.org/10.3389/fvets.2023.1138564
https://www.ncbi.nlm.nih.gov/pubmed/36992977
https://doi.org/10.1007/s13668-022-00402-7
https://doi.org/10.1038/s41598-023-28896-3
https://doi.org/10.1016/j.endinu.2020.10.011
https://doi.org/10.3390/nu11081872
https://www.ncbi.nlm.nih.gov/pubmed/31408957
https://doi.org/10.1016/j.mce.2020.110739
https://www.ncbi.nlm.nih.gov/pubmed/32004678
https://doi.org/10.1080/15592294.2022.2038412
https://doi.org/10.1097/MOP.0000000000000191
https://www.ncbi.nlm.nih.gov/pubmed/25635586
https://doi.org/10.1093/ije/dym126
https://www.ncbi.nlm.nih.gov/pubmed/17591638
https://doi.org/10.1073/pnas.0806560105
https://www.ncbi.nlm.nih.gov/pubmed/18955703
https://doi.org/10.1016/j.earlhumdev.2006.07.001
https://doi.org/10.1093/humrep/det331
https://doi.org/10.1126/sciadv.aao4364
https://doi.org/10.4103/2277-9175.124629
https://www.ncbi.nlm.nih.gov/pubmed/24600594
https://doi.org/10.3390/nu11061408
https://www.ncbi.nlm.nih.gov/pubmed/31234503
https://doi.org/10.1186/s13148-019-0727-9
https://doi.org/10.1128/mBio.02113-14
https://www.ncbi.nlm.nih.gov/pubmed/25516615
https://doi.org/10.3389/fmicb.2018.01379
https://www.ncbi.nlm.nih.gov/pubmed/29997595
https://doi.org/10.1172/JCI85963
https://www.ncbi.nlm.nih.gov/pubmed/28287402
https://doi.org/10.1152/ajpregu.00551.2012
https://www.ncbi.nlm.nih.gov/pubmed/23594611
https://doi.org/10.1074/jbc.M705539200
https://doi.org/10.3945/an.111.000992
https://doi.org/10.1186/s13148-015-0154-5
https://doi.org/10.3390/nu9050445
https://www.ncbi.nlm.nih.gov/pubmed/28468239


Curr. Issues Mol. Biol. 2024, 46 4377

112. Mahmoud, A.M.; Ali, M.M. Methyl Donor Micronutrients that Modify DNA Methylation and Cancer Outcome. Nutrients 2019,
11, 608. [CrossRef] [PubMed]

113. Rossi, M.; Amaretti, A.; Raimondi, S. Folate production by probiotic bacteria. Nutrients 2011, 3, 118–134. [CrossRef] [PubMed]
114. Murri, M.; Leiva, I.; Gomez-Zumaquero, J.M.; Tinahones, F.J.; Cardona, F.; Soriguer, F.; Queipo-Ortuño, M.I. Gut microbiota in

children with type 1 diabetes differs from that in healthy children: A case-control study. BMC Med. 2013, 11, 46. [CrossRef]
115. Adak, A.; Khan, M.R. An insight into gut microbiota and its functionalities. Cell. Mol. Life Sci. 2019, 76, 473–493. [CrossRef]
116. Almeida, A.; Mitchell, A.L.; Boland, M.; Forster, S.C.; Gloor, G.B.; Tarkowska, A.; Lawley, T.D.; Finn, R.D. A new genomic

blueprint of the human gut microbiota. Nature. 2019, 568, 499–504. [CrossRef] [PubMed]
117. Sender, R.; Fuchs, S.; Milo, R. Revised Estimates for the Number of Human and Bacteria Cells in the Body. PloS Biol. 2016,

14, e1002533. [CrossRef]
118. Marlicz, W.; Skonieczna-Zydecka, K.; Dabos, K.J.; Loniewski, I.; Koulaouzidis, A. Emerging concepts in non-invasive monitoring

of Crohn’s disease. Ther. Adv. Gastroenterol. 2018, 11, 1756284818769076. [CrossRef] [PubMed]
119. Neu, J.; Pammi, M. Necrotizing enterocolitis: The intestinal microbiome, metabolome and inflammatory mediators. Semin. Fetal

Neonatal Med. 2018, 23, 400–405. [CrossRef]
120. Tsuji, H.; Oozeer, R.; Matsuda, K.; Matsuki, T.; Ohta, T.; Nomoto, K.; Tanaka, R.; Kawashima, M.; Kawashima, K.; Nagata, S.; et al.

Molecular monitoring of the development of intestinal microbiota in Japanese infants. Benef. Microbes 2012, 3, 113–125. [CrossRef]
121. Bokulich, N.A.; Chung, J.; Battaglia, T.; Henderson, N.; Jay, M.; Li, H.; Lieber, A.D.; Wu, F.; Perez-Perez, G.I.; Chen, Y.; et al.

Antibiotics, birth mode, and diet shape microbiome maturation during early life. Sci. Transl. Med. 2016, 8, 343ra382. [CrossRef]
122. Nagpal, R.; Tsuji, H.; Takahashi, T.; Kawashima, K.; Nagata, S.; Nomoto, K.; Yamashiro, Y. Sensitive Quantitative Analysis of the

Meconium Bacterial Microbiota in Healthy Term Infants Born Vaginally or by Cesarean Section. Front. Microbiol. 2016, 7, 1997.
[CrossRef] [PubMed]

123. Nagpal, R.; Tsuji, H.; Takahashi, T.; Nomoto, K.; Kawashima, K.; Nagata, S.; Yamashiro, Y. Gut dysbiosis following C-section
instigates higher colonisation of toxigenic Clostridium perfringens in infants. Benef. Microbes 2017, 8, 353–365. [CrossRef]

124. Azad, M.A.K.; Sarker, M.; Li, T.; Yin, J. Probiotic Species in the Modulation of Gut Microbiota: An Overview. BioMed Res. 2018,
2018, 9478630. [CrossRef] [PubMed]

125. Korpela, K.; Helve, O.; Kolho, K.L.; Saisto, T.; Skogberg, K.; Dikareva, E.; Stefanovic, V.; Salonen, A.; Andersson, S.; de Vos, W.M.
Maternal Fecal Microbiota Transplantation in Cesarean-Born Infants Rapidly Restores Normal Gut Microbial Development: A
Proof-of-Concept Study. Cell 2020, 183, 324–334.e5. [CrossRef]

126. Chaitman, J.; Gaschen, F. Fecal Microbiota Transplantation in Dogs. Vet. Clin. N. Am. Small Anim. Pract. 2021, 51, 219–233.
[CrossRef] [PubMed]

127. Qin, Y.; Wade, P.A. Crosstalk between the microbiome and epigenome: Messages from bugs. J. Biochem. 2018, 163, 105–112.
[CrossRef] [PubMed]

128. Yatsunenko, T.; Rey, F.E.; Manary, M.J.; Trehan, I.; Dominguez-Bello, M.G.; Contreras, M.; Magris, M.; Hidalgo, G.; Baldassano, R.;
Anokhin, A.; et al. Human gut microbiome viewed across age and geography. Nature 2012, 486, 222–227. [CrossRef] [PubMed]

129. Gonzalez, S.; Fernandez-Navarro, T.; Arboleya, S.; De Los Reyes-Gavilan, C.G.; Salazar, N.; Gueimonde, M. Fermented dairy
foods: Impact on intestinal microbiota and health-linked biomarkers. Front. Microbiol. 2019, 10, 1046. [CrossRef]

130. Singh, R.K.; Chang, H.W.; Yan, D.; Lee, K.M.; Ucmak, D.; Wong, K.; Abrouk, M.; Farahnik, B.; Nakamura, M.; Zhu, T.H.; et al.
Influence of diet on the gut microbiome and implications for human health. J. Transl. Med. 2017, 15, 73. [CrossRef]

131. Lee, D.; Choi, S.; Chang, J.; Park, Y.J.; Kim, J.H.; Park, S.M. Association of antibiotics exposure within the first 2 years after birth
with subsequent childhood type 1 diabetes. Endocrine 2022, 77, 21–29. [CrossRef]

132. Di Berardino, C.; Peserico, A.; Capacchietti, G.; Zappacosta, A.; Bernabò, N.; Russo, V.; Mauro, A.; El Khatib, M.; Gonnella, F.;
Konstantinidou, F.; et al. High-Fat Diet and Female Fertility across Lifespan: A Comparative Lesson from Mammal Models.
Nutrients 2022, 14, 4341. [CrossRef] [PubMed]

133. Lee, H.-S. Impact of Maternal Diet on the Epigenome during In Utero Life and the Developmental Programming of Diseases in
Childhood and Adulthood. Nutrients 2015, 7, 9492–9507. [CrossRef]

134. Menichini, D.; Longo, M.; Facchinetti, F. Maternal interventions to improve offspring outcomes in rodent models of diet-induced
obesity: A review. J. Matern. Fetal Neonatal Med. 2019, 32, 2943–2949. [CrossRef] [PubMed]

135. Tiffon, C. The Impact of Nutrition and Environmental Epigenetics on Human Health and Disease. Int. J. Mol. Sci. 2018, 19, 3425.
[CrossRef]

136. Panagiotidou, A.; Chatzakis, C.; Ververi, A.; Eleftheriades, M.; Sotiriadis, A. The Effect of Maternal Diet and Physical Activity on
the Epigenome of the Offspring. Genes 2024, 15, 76. [CrossRef] [PubMed]

137. Kusuyama, J.; Alves-Wagner, A.B.; Makarewicz, N.S.; Goodyear, L.J. Effects of maternal and paternal exercise on offspring
metabolism. Nat. Metab. 2020, 2, 858–872. [CrossRef]

138. 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]

https://doi.org/10.3390/nu11030608
https://www.ncbi.nlm.nih.gov/pubmed/30871166
https://doi.org/10.3390/nu3010118
https://www.ncbi.nlm.nih.gov/pubmed/22254078
https://doi.org/10.1186/1741-7015-11-46
https://doi.org/10.1007/s00018-018-2943-4
https://doi.org/10.1038/s41586-019-0965-1
https://www.ncbi.nlm.nih.gov/pubmed/30745586
https://doi.org/10.1371/journal.pbio.1002533
https://doi.org/10.1177/1756284818769076
https://www.ncbi.nlm.nih.gov/pubmed/29707039
https://doi.org/10.1016/j.siny.2018.08.001
https://doi.org/10.3920/BM2011.0038
https://doi.org/10.1126/scitranslmed.aad7121
https://doi.org/10.3389/fmicb.2016.01997
https://www.ncbi.nlm.nih.gov/pubmed/28018325
https://doi.org/10.3920/BM2016.0216
https://doi.org/10.1155/2018/9478630
https://www.ncbi.nlm.nih.gov/pubmed/29854813
https://doi.org/10.1016/j.cell.2020.08.047
https://doi.org/10.1016/j.cvsm.2020.09.012
https://www.ncbi.nlm.nih.gov/pubmed/33131919
https://doi.org/10.1093/jb/mvx080
https://www.ncbi.nlm.nih.gov/pubmed/29161429
https://doi.org/10.1038/nature11053
https://www.ncbi.nlm.nih.gov/pubmed/22699611
https://doi.org/10.3389/fmicb.2019.01046
https://doi.org/10.1186/s12967-017-1175-y
https://doi.org/10.1007/s12020-022-03042-7
https://doi.org/10.3390/nu14204341
https://www.ncbi.nlm.nih.gov/pubmed/36297035
https://doi.org/10.3390/nu7115467
https://doi.org/10.1080/14767058.2018.1450857
https://www.ncbi.nlm.nih.gov/pubmed/29562760
https://doi.org/10.3390/ijms19113425
https://doi.org/10.3390/genes15010076
https://www.ncbi.nlm.nih.gov/pubmed/38254965
https://doi.org/10.1038/s42255-020-00274-7
https://doi.org/10.1093/jn/135.6.1382
https://www.ncbi.nlm.nih.gov/pubmed/15930441


Curr. Issues Mol. Biol. 2024, 46 4378

139. Izquierdo, V.; Palomera-Ávalos, V.; López-Ruiz, S.; Canudas, A.M.; Pallàs, M.; Griñán-Ferré, C. Maternal Resveratrol Supplemen-
tation Prevents Cognitive Decline in Senescent Mice Offspring. Int. J. Mol. Sci. 2019, 20, 1134. [CrossRef]

140. McCullough, L.E.; Mendez, M.A.; Miller, E.E.; Murtha, A.P.; Murphy, S.K.; Hoyo, C. Associations between prenatal physical
activity, birth weight, and DNA methylation at genomically imprinted domains in a multiethnic newborn cohort. Epigenetics
2015, 10, 597–606. [CrossRef]

141. Kusuyama, J.; Makarewicz, N.S.; Albertson, B.G.; Alves-Wagner, A.B.; Conlin, R.H.; Prince, N.B.; Alves, C.R.R.; Ramachandran,
K.; Kozuka, C.; Xiudong, Y.; et al. Maternal Exercise-Induced SOD3 Reverses the Deleterious Effects of Maternal High-Fat Diet
on Offspring Metabolism Through Stabilization of H3K4me3 and Protection Against WDR82 Carbonylation. Diabetes 2022, 71,
1170–1181. [CrossRef]

142. Stuppia, L.; Franzago, M.; Ballerini, P.; Gatta, V.; Antonucci, I. Epigenetics and male reproduction: The consequences of paternal
lifestyle on fertility, embryo development, and children lifetime health. Clin. Epigenetics 2015, 7, 120. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms20051134
https://doi.org/10.1080/15592294.2015.1045181
https://doi.org/10.2337/db21-0706
https://doi.org/10.1186/s13148-015-0155-4

	Introduction 
	Maternal Nutrition and Effects on Fetus and Newborns 
	Maternal Dietary Factors Influencing Metabolic and Endocrine Changes 
	Maternal Dietary Factors Influencing Epigenetic Changes 
	Maternal Diet–Epigenetics–Microbiome 
	Prevention Strategies and Epigenetics 
	Conclusions and Prevention Strategies for Future Health 
	References

