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Abstract: Gestational diabetes mellitus (GDM) is one of the most common obstetric complications due
to an increased level of glucose intolerance during pregnancy. The prevalence of GDM increases due
to the obesity epidemic. GDM is also associated with an increased risk of gestational hypertension
and preeclampsia resulting in elevated maternal and perinatal morbidity and mortality. Diet is one
of the most important environmental factors associated with etiology of GDM. Studies have shown
that the consumption of certain bioactive diets and nutrients before and during pregnancy might
have preventive effects against GDM leading to a healthy pregnancy outcome as well as beneficial
metabolic outcomes later in the offspring’s life. Gut microbiome as a biological ecosystem bridges
the gap between human health and diseases through diets. Maternal diets affect maternal and fetal
gut microbiome and metabolomics profiles, which consequently regulate the host epigenome, thus
contributing to later-life metabolic health in both mother and offspring. This review discusses the
current knowledge regarding how epigenetic mechanisms mediate the interaction between maternal
bioactive diets, the gut microbiome and the metabolome leading to improved metabolic health in
both mother and offspring.
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1. Introduction

Gestational diabetes mellitus (GDM) is a common obstetric metabolic complication
where women without diabetes before pregnancy show increased glucose levels and insulin
resistance during pregnancy. According to the International Diabetes Federation (IDF),
GDM has a global prevalence, with the highest prevalence in the Middle East and North
Africa [1,2]. Globally, maternal GDM affects about one in six pregnancies. Extensive
studies have reported a high rate of hyperglycemia and hyperinsulinemia among GDM
women [3,4].

It is well established that the intrauterine environment impacts offspring’s health
throughout their lifespan [5]. During development, fetal growth is greatly influenced
by the placental function, which serves as a biological link between the mother and the
developing fetus through nutrient supply [6]. Periconceptional and prenatal exposure to
certain environmental factors that disrupt placental function might lead to detrimental
health outcomes [7]. Importantly, maternal nutritional factors have been reported to
influence offspring disease susceptibility [8,9]. Likewise, maternal nutrition and dietary
status crucially affects GDM incidence by regulating maternal, fetal, and neonatal glycemic
and insulin statuses during and after pregnancy [10].

Fetal development in utero is influenced by epigenetic regulations, such as DNA
methylation, histone modifications, and non-coding RNAs. These mechanisms are in-
volved in the activation or repression of developmental genes required for the epigenomic
reprogramming process during early development [11]. Most of these epigenetic landmarks
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are dynamically changed in response to environmental factors, such as diets, that may
influence the offspring’s health outcomes later in life [8]. Maternal exposure to certain diets
that contain bioactive compounds with epigenetic regulatory effects (so called “epigenetics
diets”) can regulate epigenetic mechanisms and influence fetal health outcomes, includ-
ing metabolic syndrome [9,12,13]. Intriguingly, our recent studies showed that bioactive
dietary components, such as genistein in soy and sulforaphane in broccoli sprouts, can
significantly reduce the risk of breast cancer and metabolic disorders in the offspring by
modulating differential gene expression during early embryonic development [14–16].
This transgenerational effect can be mediated through epigenetics mechanisms via the
maternal–fetal link of the intrauterine environment bridged by maternal diets. Therefore,
early-life epigenetic changes through maternal diets may affect the offspring’s disease
susceptibility and metabolism later in life [17].

Maternal dietary factors play a role in metabolic disorders through intestinal mi-
crobes [18,19]. Women with GDM have altered microbial composition compared to lean
women without GDM [20,21]. Gut microbial imbalance is a significant feature for GDM,
type 1 and 2 diabetes, as well as obesity [19]. Healthy and balanced fetal gut microbiota has
a long-lasting impact on offspring by mitigating the risks of metabolic disorders later in life.
Maternal nutritional factors can regulate early-life the microbial colonization, succession,
and function of fetal and neonatal microbiota composition, which can significantly affect
offspring health conditions later in life [21].

An alternative pathway that regulates fetal health, growth, and development aside
from maternal gut microbiota is the transport of microbial-derived metabolites through the
uteroplacental unit [18]. For instance, beneficial microbial metabolites, short chain fatty
acids, are responsible for maintaining normal glucose levels and insulin signaling during
pregnancy [20]. Notably, maternal nutritional factors that can influence maternal–fetal
vertical transmission of gut microbiota and metabolites can regulate fetal and neonatal
metabolism [22–25]. Thus, maternal nutritional intervention via the regulation of intestinal
microbiome and metabolomics can create an effective therapeutic avenue for metabolic
disorders for both GDM mothers and their affected progenies [26].

Interestingly, research on the precise mechanisms through which microbiome-metabolome
interface induces epigenetic reprogramming via maternal diets has exponentially increased
in recent years [20]. Maternal intake of bioactive dietary components with an epigenetic
modulatory property is believed to have a beneficial impact on fetal epigenome estab-
lishment, subsequent gene expression profiles, and early development in utero [11,27].
Therefore, appropriate maternal nutrition exposure may lead to a reduced risk of GDM
and metabolic diseases in their newborns [28,29]. Thus, enhanced understanding of the
interrelationships between maternal dietary composition, intestinal microbes, metabo-
lites, and epigenetics would provide a valuable translational insight into GDM and its
obstetric sequelae.

2. Gestational Diabetes Mellitus (GDM)

GDM develops during pregnancy and usually resolves after birth. It is normally due to
glucose intolerance and beta cell dysfunction that adversely affect the health of both moth-
ers and their offspring [30]. GDM affects about 9–25% of pregnancies globally. Importantly,
it is used as a risk factor of type 2 diabetes, obesity, and other metabolic comorbidities
among pregnant women [5]. Screening for GDM is usually done between 24 weeks and
28 weeks of gestation using a 50 g/1 h oral glucose challenge test (GCT) and a subsequent
confirmatory test of 100 g/3 h glucose tolerance test (GTT) if the GCT plasma glucose value
is ≥7.7 mmol/L (130–140 mg/dL) [3,4]. GDM is also distinctively connected to maternal
inflammation and placental malfunction [31,32]. Some altered molecular pathways in GDM
include nuclear factor-κB (NF-κB), peroxisome proliferator-activated receptors (PPARs), sir-
tuins (SIRTs), PI3 K/mTOR, glycogen synthase kinase 3 (GSK3), adenosine monophosphate
(AMP)-activated protein kinase (AMPK), inflammasome, and endoplasmic reticulum (ER)
stress [32]. Potential biomarkers of GDM, such as adiponectin, TNF-alpha (TNF-α), leptin,
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interleukin-6, resistin, visfatin, and apelin, have been associated with lipid metabolism and
insulin sensitivity dynamics. For instance, TNF-α increases insulin resistance by affecting
the insulin receptor and subsequent insulin signaling cascades [14].

Although these obstetric complications most likely resolve after pregnancy [8], about
50% of GDM women have an increased risk of developing type 2 diabetes later in life,
especially when there is increased postpartum weight gain [14,33]. Obesity is a very
high risk for GDM due to glucose insensitivity and insufficient insulin response [34–36].
GDM not only impairs glucose metabolism but also affects lipid metabolism. Increased
triglyceride and cholesterol concentrations as gestation progresses are more pronounced
in GDM compared to normoglycemic pregnant women [37]. Other risk factors for GDM
include advanced maternal age, gravidity, parity, ethnicity and racial groups, genetics
polymorphism, environmental influences, and socio-economic status [5].

2.1. The Influence of GDM on Maternal Health and Pregnancy Outcomes

GDM may result in a transient or long-term impact on maternal health and pregnancy
outcomes (Figure 1). Maternal weight gain and increased BMI during pregnancy are
associated with GDM susceptibility [3,38]. However, a small proportion of GDM mothers
have normal body weight and BMI. This observation suggests that other factors, such as
unhealthy diets and sedentary lifestyles pre- and during pregnancy, may also impose the
risk of GDM [38]. Obesity and GDM are strongly associated with an increased risk of fetal
macrosomia. Fetal macrosomia is defined as estimated fetal weight being at least 4000 g or
greater than the 90th percentile for gestational age [39]. It affects 12% of newborns with
mothers without GDM and 15–45% of GDM mothers [40,41]. In addition, women with
pre-pregnancy obesity, excessive gestational weight gain (GWG), and GDM are susceptible
to an increased risk of caesarean section delivery [42]. Other maternal complications
associated with fetal macrosomia include vaginal lacerations, perineal tears, postpartum
hemorrhage, prolonged labor, uterine rupture, infection, and maternal mortality [36,40,43].
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Figure 1. Metabolic complications associated with GDM. Several metabolic risks link maternal GDM
to fetal and neonatal health outcomes in utero. These obstetrical comorbidities influence fetal growth
and development from embryogenesis to offspring adulthood and are mostly caused by dysfunction
in glucose, insulin, and lipid pathways. The majority of these clinical conditions in GDM mothers are
developed and persistent in the offspring later in life.

Furthermore, the role of the placenta in GDM women is equally important for fetal
development [33]. Notably, as placenta size increases, placenta associated hormones, such
as estrogen, progesterone, lactogen, and cortisol increase in maternal circulation [40,44].
Lactogen decreases insulin sensitivity and stimulates lipolysis during gestation. Thus,
increased free fatty acids (FFAs), which are a useful energy source for maternal needs in
late gestation, contribute to fetal growth and increased adiposity in GDM pregnancies [36].
In addition, hyperinsulinemia is frequently observed among GDM mothers as opposed
to hypo- and normo-insulinemia in non-GDM control mothers [3,36]. GDM women sig-
nificantly express high levels of glucose, triglycerides, leptin, lipocalin-2, and c-peptide,
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but they express low adiponectin levels during their first trimester [45,46]. In addition,
GDM increases the risks of preeclampsia, type 2 diabetes, hypertension, polycystic ovarian
syndrome (PCOS), and breast cancer in mothers’ later life [3,36,47].

2.2. The influence of GDM on Fetal Development and Offspring Metabolic Outcomes

GDM is strongly associated with abnormal fetal growth and development as well
as dysregulated metabolic programming that affects offspring’s health (Figure 1). Off-
spring from GDM mothers are highly vulnerable to experiencing childhood obesity and/or
metabolic syndromes [48]. Newborns delivered by GDM obese mothers have a significant
risk of hyperinsulinemia compared to those with non-obese GDM mothers [40]. Similarly,
in utero exposure to maternal hyperglycemia increases the risk of obesity, glucose intoler-
ance, and type 2 diabetes in the offspring [49,50]. Thus, the inherit tendency of obesity and
type 2 diabetes mellitus from GDM mothers to offspring is a major health concern [40].

Additionally, maternal hyperglycemia due to low insulin sensitivity leads to a larger
amount of glucose passing through the placenta to the fetus [40]. Thus, elevated fetal
insulin secretion in response to fetal hyperglycemia results in fetal hypoglycemia which
causes gluconeogenesis and fat oxidation aberrations [51]. Consequently, fetal macrosomia
and accelerated fetal growth associated with maternal hyperglycemia result in obesity in the
offspring [49]. Increased insulin in amniotic fluid, probably representing stimulated fetal
islet development, may increase the risk of type 1 diabetes in the offspring’s early age [34].
Correspondingly, increased fat deposition in neonate’s liver from GDM mothers may
increase the risk of developing non-alcoholic fatty liver disease during childhood [52]. In
addition, GDM mothers’ infants have increased risks of clavicle fractures, shoulder dystocia,
brachial plexus injury, respiratory problems [43], intrauterine growth restriction [50], and
neonate mortality [36,53]. Metabolically, GDM mothers’ neonates have an overexpression
of leptin and a decreased adiponectin production [53].

3. Epigenetic Reprogramming during Early Development

Epigenetic mechanisms, mainly DNA methylation, histone modification, and non-
coding RNAs, have been shown to play important roles in fetal development and trans-
generational inheritance [54]. Epigenetic regulation has been widely studied in gene-
environmental interaction during early development [55]. Epigenetic alterations in re-
sponse to maternal nutrition regulate metabolic reprogramming during embryogenesis and
early development [9,13,34]. The adverse effects of maternal GDM can also be mediated
through epigenetic mechanisms [56].

The placenta plays an important role in the epigenetic regulation of fetal growth
and development via maternal diets [57]. Placental structure and function bridge the
gap between maternal nutrition and fetal health outcomes. This can also be affected by
epigenetics mechanisms, such as epigenetic imprinting and gene expression regulators [58].
A recent study by Canicais et al. reported that the increased expression of certain imprinted
genes, such as DNA methyltransferases and Ten-eleven-translocation (TET) genes, can lead
to fetal growth restriction and development due to inadequate placental nutrient transfer
from mother to fetus [59].

3.1. Epigenetic Regulation in GDM

Epigenetics refers to the heritable and reversible changes to DNA and histone proteins
without a variation in DNA sequences [17]. Basically, epigenetic mechanisms mediate
most physiological processes, including development, genomic integrity, imprinting, gene
expression, DNA replication, and nucleosome stability [60]. Disruption of epigenetic
modifications are implicated in multiple pathogenesis, including cancer and metabolic
disorders, such as dysregulation of lipid metabolism, insulin resistance, and inflammation,
that are associated with GDM [56].



Nutrients 2022, 14, 5269 5 of 24

3.1.1. DNA Methylation

DNA methylation is a covalent modification that involves the addition of a methyl
group (CH3) to the fifth carbon position of cytosine base to form 5-methyl cytosine
(5mC) [61]. This modification creates a gene repressive pattern by preventing transcription
factors or regulatory proteins from binding to DNA [61]. The pattern of DNA methylation
is catalyzed by DNA methyltransferases (DNMTs), including de novo methyltransferases
(DNMT3a, DNMT3b, and non-catalytic DNMT3l) and maintenance methyltransferase
(DNMT1). CpG dinucleotides are mostly found at CpG islands and are randomly dis-
tributed across the genome. Most CpG sites found at the promoters and transcription start
site (TSS) are unmethylated [62]. Alternative regulators of methylation are the TET genes,
which regulate demethylation by oxidizing 5mC to 5-hydroxymethylcytosine (5mhC), 5-
formylcytocytosine (5fC), and 5-carboxylcytosine (5caC) utilizing base excision repair (BER)
proteins [60].

Both in silico [17,63] and in vitro [64–68] studies have provided substantial evidence
of epigenetic alterations through DNA methylation in GDM. Howe et al. analyzed the state
of differentially methylated genes involved in neonatal development in maternal GDM
as opposed to controlled mothers [63]. These differentially methylated regions (DMRs)
(OR2L13 promoter and gene body of CYP2E1) were hypomethylated in newborns from
GDM mothers. These genes were associated with autism spectrum disorders as well as
type 1 and 2 diabetes, respectively. Nomura et al. evaluated the intrauterine epigenetic
association of maternal GDM and placenta-regulated fetal growth and development [64].
An analysis of global methylation showed significant placental hypomethylation in GDM
mothers. Likewise, GDM exposure can epigenetically influence offspring’s methylome,
consequently impacting fetal metabolic programming and disease cascades [65].

Genomic imprinting is a special epigenetic process for parent-specific gene expression.
Numerous imprinted genes have diverse functions in fetoplacental growth and develop-
ment during embryogenesis and metabolism [67]. Imprinted genes clustered at imprinted
domains are controlled by differentially methylated imprinted control regions (ICR) [68].
Petry et al. reported that a disruption of fetal imprinted H19/IGF2 and INS genes either by
knockout or single nucleotide polymorphism (SNPs) were associated with higher maternal
blood glucose concentration. It revealed that the influence of imprinted fetal genotype on
maternal glycemic index might predispose pregnant women to GDM [69].

3.1.2. Histone Modifications

Histone modification is an important epigenetic mechanism that regulates transcrip-
tion and chromatin structure [70]. The eukaryotic DNA (146bp) is wrapped (1.65 turns)
around the histone octamer that comprises four core histone subunits, including H2A, H2B,
H3, H4, and a linker histone H1. Histone octamer and bound DNA form the nucleosome
which is a functional unit of a chromatin [71]. Histone modifications primarily occur on
histone protein tails at the N-terminal domain that are involved in chromatin accessibility
(euchromatin) and compaction (heterochromatin) [72]. These covalent modifications ex-
hibit several amino acids which are modified by different biochemical patterns, such as
acetylation on lysine, methylation on lysine and arginine, phosphorylation on serine, and
threonine and ubiquitylation. Acetylation and methylation on lysine and arginine residues
of H3 and H4 are the most common histone modification patterns which play significant
roles in gene activation and repression. While histone acetylation is commonly involved in
chromatin activation, histone methylation can lead to either gene transcriptional activation
or silencing depending on specific modified residues and methylation types. For instance,
the methylation of histone H3 at lysine 4 or 36 (H3K4/K36-me3) normally regulates tran-
scriptional activation, whereas variant specific H3K9/K27-me3 leads to gene silencing
expression [73].

Several histone and chromatin modifying enzymes catalyze histone modifications.
Histone acetyltransferases (HATs) regulates histone acetylation, and histone deacetylases
(HDACs) catalyzes histone deacetylation process [74]. Histone lysine methyltransferases
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(HKMTs) and protein arginine methyltransferases (PRMTs) contain SET domains which cat-
alyze the addition of methyl group on lysine and arginine residues, respectively. Moreover,
histone demethylases catalytically remove methyl groups, such as JmjC domain-containing
proteins and LSD1 [68,73]. Additionally, some HKMTs can act as epigenetically reacting
subunits, such as EZH2 and MLL/ASH1, which are subunits of polycomb repressive
complexes and trithorax activating complexes, respectively [75]. Hepp et al. reported a
downregulation of H3K9ac expression in fetal endothelial cells, decidua, and syncytiotro-
phoblasts of GDM placentas compared to the controls [76]. This study indicates that histone
modification may also play an important role in GDM.

3.1.3. Non-Coding RNAs (ncRNAs)

Non-coding RNAs (ncRNAs) are a group of important epigenetic regulators con-
tributing to several pathogenesis [77,78]. In eukaryotic cells, 75% of genomic DNA are
transcribed, but a majority of DNA do not code for proteins. Most of these untranslated
RNAs are non-coding RNA that are classified based on their functions and molecular
sizes [68]. Regulatory ncRNAs include short-interfering RNAs (siRNAs), microRNAs
(miRNAs), piwi-interacting RNAs (piRNAs), long non-coding RNAs (lncRNAs), and
large intergenic non-coding RNAs (lincRNA) that are frequently involved in transcription,
mRNA stability, and gene silencing [79]. siRNAs are double-stranded, regulatory RNA
molecules (~20–24 nucleotides long) that are involved in sustaining genome integrity by
silencing gene expression at specific loci. They engage HDACs and the polycomb group of
proteins for heterochromatin maintenance [68]. miRNAs are small, single-stranded RNA
molecules (18–24 nucleotides long) that often interact with a group of small proteins and
incorporate into the RNA-induced silencing complex (RISC). Functional miRNAs in RISC
down-regulate gene expression by translationally inhibiting or degrading targeted mRNA
transcripts and can recruit chromatin-remodeling proteins to DNA regulatory regions
for chromatin alterations [68,80]. LncRNAs (>200 nucleotides long) mediate epigenetic
changes by integrating chromatin-modifying complexes, regulating post-transcriptional
silencing, and genomic-imprinting [68,79]. piRNAs, a class of 21–35 nucleotides in length,
are generated by a dicer-independent mechanism from long, single-stranded precursors.
They protect germ cells by repressing active transposons [81].

Studies have shown that miRNAs play an imperative function in insulin signaling,
glucose and lipid pathways, and the development of several metabolic disorders, includ-
ing GDM [53,82,83]. Dysregulated placental miRNAs can be discharged into maternal
circulation in GDM mothers [84]. A significant increase in lncRNA MEG8 before and
during pregnancy was observed in GDM patients compared to healthy controls [85]. Ad-
ditionally, the downregulation of plasma lncRNA SNHG17 has been implicated in GDM
prevalence [86].

3.2. Epigenetics Bioactive Diets

Nutrition is an important environmental factor that influences gene expression through
epigenetic programming, contributing to altering disease and health outcomes [9,12].
Moreover, the prenatal and early postnatal nutritional environment can significantly impact
the offspring’s metabolic health [8]. Early exposure to bioactive dietary components can
stimulate a defensive epigenetic mechanism throughout life. For example, it can induce
long-term alteration in the DNA methylation profile that regulates health and disease
susceptibility later in life. Nutrients can alter the expression of vital epigenetic regulators,
including HAT, HDACs, DNMTs, and TET proteins, which in turn influence the presence
of epigenetic substrates for catalytic reactions [12]. Epigenetics diets are a special group of
diets that contain bioactive components to mediate gene expression and cellular function
through epigenetic modifications, such as DNA methylation, histone modification, and non-
coding RNAs. The components in epigenetic diets include, but are not limited to, catechin
in green tea, resveratrol in berries and grape species, genistein in soy, allyl mercaptan in
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garlic, quercetin in citruses, and other phytochemicals or vitamins that can modify cellular
epigenetic states [13,27].

One carbon metabolism utilizes nutrients, such as vitamins and amino acids, to fuel
the metabolic pathway. Folate and methionine cycles, which are the two main constituents
of the one carbon metabolism, recruit methyl groups to metabolites [87]. Folate, which is
a water-soluble B vitamin, is essential for the synthesis of SAM (S-Adenosyl methionine),
which regulates DNA and histone methylation through DNMTs and HMTs, respectively [9].
Folate and choline are well known methyl-donor nutrients which have been reported to
regulate gene expressions during epigenomic establishment and maintenance and are
essential for fetal growth and development. Thus, folate and choline supplements are
antenatally recommended [12]. Deficiency in folic acids or choline can lead to global
hypomethylation of the epigenome but can be reversed with the intake of methyl-donor
nutrients [12]. Additionally, choline, a beneficial supplement required for organ and fetal
development, is crosslinked with folate and methionine metabolism. Choline is delivered
through the placenta to the fetus in utero. Hence, the placenta holds a large amount
of choline as acetylcholine, which is essential for fetal growth and development [88].
Deficiency of intrauterine choline supply could lead to preterm birth and liver and brain
damage [88,89].

Dietary polyphenols are present in most fruits and vegetables and classified based on
their chemical structures. Dietary polyphenols include flavonoids (e.g., epigallocatechin-
3-gallate [EGCG] in green tea), stilbenes (e.g., resveratrol in grapes and red wine), cur-
cuminoids (e.g., curcumin in turmeric), and phenolic acids (e.g., protocatechuic acid in
almonds). Flavonoids are further subdivided into isoflavones (e.g., daidzein and genistein
in soy), anthocyanins (e.g., cyanidin-3-glucoside in blackberries), flavonols (e.g., quercetin
in oranges), flavanols (e.g., EGCG in tea), and flavanones (e.g., hesperidin in oranges) [90].
These polyphenols can exert chemo-preventive roles against cancer and metabolic disorders
by regulating histone or DNA modification patterns [27,90].

Tea is a common beverage that contains multiple polyphenols. Catechins are polyphe-
nols predominantly found in green tea and include epicatechin (EC), epicatechin-3-gallate
(ECG), epigallocatechin (EGC), and EGCG. Among them, EGCG is the most abundant
bioactive component (>50%) in tea and has been well-studied for its anti-cancer effects by
altering epigenetic landmarks leading to apoptosis, senescence, angiogenesis inhibition,
and oxidative stress reduction in cancer cells. Mechanically, EGCG has been reported to act
as DNMTs and HDACs inhibitors leading to demethylation, the reactivation of methylated-
silenced genes, and the reversal of the global methylation state in cancer cells [91]. Similarly,
EGCG can activate insulin receptor substrate and increase glucose uptake through the up-
regulation of GLUT4 and the regulation of miRNAs [90]. Catechins in green tea can induce
weight loss by activating the AMPK pathway and fat oxidation [92]. Decaffeinate polyphe-
nols from black tea, oolong tea, and green tea have been found to induce anti-inflammatory
effects and weight loss and enhance adiponectin levels [93].

Genistein (GE) is a major bioactive isoflavones derived from soybean products, such
as tofu, soy milk, and soy protein. Epidemiological data show a positive association be-
tween consumption of soybean products and low breast cancer prevalence among Asian
women [94]. GE has been found to actively mediate histone acetylation, DNA methyla-
tion, and miRNAs, contributing to its anti-cancer properties [27]. It can repress hTERT,
DNMT1, DNMT3a, and DNMT3b expressions in breast cancer cells, while enhancing the
expression of p16, which is an essential tumor suppressor gene in glucose sensitive can-
cer cells [95,96]. Moreover, GE modifies histone markers by increasing the enrichment of
H3K9me3 and decreasing H3K4me2 in the hTERT promoter region. Thus, GE can act as
a potent demethylation agent to generate a hypomethylated state in the genome [95]. A
recent study showed that a GE diet reduced the expression of tumor affiliated genes, such as
NF-κB and Bcl-xL, and inhibited DNMTs, TETs, and HDACs in triple negative breast cancer
(TNBC) [94]. Studies have shown the therapeutic effects of GE on ERα(-) breast cancer
through its phytoestrogenic properties [97]. In addition to its anti-tumorigenic effects, GE
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has anti-inflammatory and antioxidant properties against metabolic disorders by mediat-
ing insulin sensitivity, fatty acid metabolism, and reactive oxygen species (ROS) [98,99].
GE can ameliorate glucose tolerance and insulin and glucagon ratios in type 2 diabetic
models [100]. Daidzein is another natural isoflavone derived from soybean that has been
shown to improve insulin sensitivity in obese mice via the upregulation of PPARγ and
adiponectin alongside the inhabitation of TNF-α and adiposity [101].

Sulforaphane (SFN) is a secondary metabolite of isothiocyanates mostly found in
cruciferous vegetables, such as cabbage, kale, broccoli, cauliflower, and radish [27]. Glu-
coraphanin is an inactive precursor of SFN that belongs to a class of glucosinolates. SFN
is derived from the catabolic reaction of glucoraphanin mediated by myrosinase and gut
microbiota through the mercapturic acid pathway [102]. SFN can act as an effective HDAC
and DNMTs inhibitor leading to local and systemic histone acetylation and demethylation
of regulatory genes [27]. Additionally, SFN has been found to indirectly restore miRNAs
transcription by hypomethylating and enriching H3K4me1 at miRNA promoters [103]. SFN
has antagonistic effects on obesity and type 2 diabetes. In mice, SFN can suppress high-fat
diet-induced glucose intolerance and adipogenesis by upregulating browning-related gene
expression in white adipose tissues and ROS reduction [104]. Thus, SFN has been identified
as an effective therapeutic phytochemical in various cancers and metabolic diseases due to
its potent anti-tumor and anti-inflammatory characteristics [105,106]. Prenatal and mater-
nal consumption of SFN from broccoli sprouts also creates a potential chemo-preventive
environment for fetal development [15].

Resveratrol is a natural polyphenol in grapes, berries, and peanuts, and it is abundant
in grape skins and seeds. It can act as an effective DNMT and HDAC inhibitor by revers-
ing methylation and acetylation states of regulatory genes [27]. It possesses anti-tumor,
antioxidant, and anti-inflammatory properties that can target cancer and inflammatory
diseases [107]. The protective effects of resveratrol include the suppression of oxidative
stress markers in diabetic rats [108]. Resveratrol can also activate apoptotic signaling, alter
gene expression leading to tumor reduction, and block the modulation of inflammatory
activities in cancer cells [109]. Resveratrol can inhibit epithelial to mesenchymal transition
(EMT) and invasion. At the molecular level, it can induce p53-mediated apoptosis and
anti-proliferative activity and downregulate carcinogenic cellular signaling [110].

Dietary intervention via epigenetic diets can be used as alternative therapeutic strate-
gies for cancer and metabolic diseases. The development and application of nutraceuticals
from bioactive epigenetic dietary components is of the utmost importance for improving
human health [27,111]. Intriguingly, the combination of polyphenols, isoflavones, and
other phytochemicals from epigenetics diets have shown better preventive and therapeutic
effects on human diseases and more genome-wide epigenetic alterations compared to a
single bioactive dietary component, which may also point to a novel avenue for future
disease prevention or therapy through a combinational dietary approach [106].

3.3. Effects of Maternal Epigenetics Diets in GDM

Maternal diet serves as an exclusive supply of nutrients required for placental progres-
sion and fetal development. Thus, imbalanced maternal nutrition could have a significant
impact on offspring health [9,112]. Appropriate nutrition control through maternal diet has
been utilized to manage impaired glycemic indexes in GDM [112]. Extensive studies have
reported the protective effects of maternal epigenetics diets on fetal and maternal complica-
tions associated with GDM. For instance, methyl-donor nutrients, such as folate in oranges
and choline in egg yolks, have been shown to improve insulin sensitivity and prevent
fetal overgrowth, respectively. Controversially, there is an association between high-folate
intake and GDM risk [113–115]. Catechin in tea activates anti-inflammatory cytokines,
alleviates insulin resistance and hyperglycemia, and prevents fetal hypoglycemia and low
birth weight [116,117]. In addition, the consumption of capsaicin found in chili may reduce
cholesterol and triglycerides (TG) levels and prevent glucose and insulin dysfunction and
fetal macrosomia in GDM mothers. [118]. Soy GE intake has been found to reduce fasting
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plasma glucose, insulin resistance, TG, very low-density lipoprotein, (VLDL) and fetal
hyperbilirubinemia and improve reduced glutathione in GDM [119]. Gingerol in ginger
and curcumin in turmeric play similar roles in suppressing fasting blood sugar, fasting
insulin, and the insulin resistance index [120,121]. Maternal intake of curcumin restores
glycogen levels and AMPK activation and contributes to reduced phosphorylated HDAC4
and glucose-6-phosphatase, leading to decreased birth weight [120]. Resveratrol may sig-
nificantly reduce fasting glucose, cholesterol, TG, LDL, leptin, resistin, pro-inflammatory
cytokines, and maternal body weight, but it may increase high-density lipoprotein HDL
and adiponectin while improving insulin secretion [122]. Maternal supplementation of
quercetin in tangerines reduces the thickness of placental labyrinth interhaemal membrane
and upregulates placental adiponectin in GDM mothers [123]. Diallyl disulfide in garlic
reduces fasting blood sugar and diastolic blood pressure [124]. Naringenin in grapefruits
reduces maternal body weight and blood glucose, improves glucose and insulin tolerance,
and significantly inhibits pro-inflammatory cytokines in GDM women [9]. These studies
explicitly elucidate the beneficial effects of bioactive components from epigenetic diets on
GDM complications and fetal development (Figure 2).
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Figure 2. The impact of bioactive epigenetic dietary compounds on GDM. Maternal consumption of
bioactive dietary components from a variety of epigenetics diets, such as sulforaphane in broccoli,
genistein in soy, and catechins in green tea, can mediate epigenetic changes, such as histone modifica-
tions, DNA methylation patterns, and non-coding RNAs. Consequently, these epigenetic changes
prevent metabolic disorders in GDM mothers, their developing fetuses, and their offspring later
in life. Lastly, chromatin changes that influence metabolic disease susceptibility can be transferred
from one generation to the next generation through epigenetic inherence from maternal epigenetics
diets. miRNA refers to microRNA and lncRNA refers to long non-coding RNA. ↑ refers increase and
↓ refers decrease.
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4. Gut Microbiome, Metabolome and Diet

The human body contains trillions of microflorae densely populated in the gastroin-
testinal (GI) tract. These gut microbiotas maintain a symbiotic or parasitic relationship
with the human host and themselves [125]. Facultative and obligate anaerobic bacterial
strains form the majority of the gut microbiome, such as phyla Firmicutes, Bacteroidetes,
Proteobacteria, Verrucomicrobia, and Actinobacteria [126]. With its abundance and diversity,
gut microbiota dynamically participates in host metabolism through facilitating digestive
processes and mediating subsequent cellular processes [125]. The gut microbiota com-
position reflects healthy versus disease statuses. Dysbiosis is a disrupted gut microbiota
composition that has been frequently associated with various chronic human diseases,
including cancer, diabetes, and obesity [125]. Thus, gut microbial imbalance transferred
from GDM mothers to infants could impact offspring’s metabolic outcomes later in life [36].

Importantly, gut microbiota influences health outcomes by synthesizing nutrients into
metabolites that enter the host circulation [127]. Thus, gut dysbiosis can result in detrimen-
tal changes in metabolite profiles, resulting in metabolic disorders. For example, the oral
administration of pathogenic bacteria, Porphyromonas gingivalis, disrupts gut microbiota
composition and increases metabolites linked to diabetes and obesity [128]. Furthermore,
nutrition and diets influence the composition and structure of gut microbiota [18]. The
interaction of nutritional factors, gut microbiome, and metabolome play a critical role in
GDM pathogenesis.

4.1. Establishment of Fetal Gut Microbiome

Although a few studies support the sterile womb theory, others have proven that
the human gut microbiome usually establishes before birth and depends on maternal
conditions during gestation. Maternal diets, perinatal body weight, health status, and
other environmental factors collectively influence the gut microbial profiles of mothers
and developing fetuses [18]. It appears that the maternal GI tract’s microbiota may be
transferred to the developing fetus through the uteroplacental unit. Maternal intestinal
microbial strains can colonize in fetal tissues, such as meconium, umbilical cords, placentas,
and amniotic fluids [9,18]. An alteration in placental development in utero may lead to
fetal gut dysbiosis. These findings reveal the impact of maternal gut microflora on fetal
growth and development.

In addition, mother-breastmilk-infant linkage is important for establishing an early
postnatal microbiome profile that defines both short- and long-term health outcomes for
the offspring. It is widely accepted that human breast milk contains unique beneficial
microbes and bioactive nutrients which exert protective effects against pathogenic strains
present in infants’ intestinal epithelium. During lactation and pregnancy, maternal gut
microbes translocate through cellular pathways to the mammary gland [22,129]. Newborns
exposed to breastfeeding and milk formula show an increased prevalence of beneficial
Bifidobacterium [129,130]. Thus, breast milk is a source of beneficial microbes and nutrients,
which enhances infant health, growth, and development.

Notably, maternal nutritional status, antibiotic use, gestational age, and neonatal
delivery mode have significant impacts on breastmilk and neonatal gut microbiome col-
onization [22–24]. Breastmilk microbiota from women with full term gestation expresses
higher levels of beneficial Bifidobacterium species compared to those of mothers with preterm
gestation. Similarly, Bifidobacterium species are increased in neonates from vaginal deliv-
eries than those from caesarian sections [23,126]. The use of antibiotics during lactation
and gestation alters bacterial richness and evenness (alpha diversity). Studies have shown
that pups from antibiotics treated dams have a lower abundance of Bacteroidetes acidifaciens,
Bacteroides ovatus, Ruminococcus gnavus, and Parabacteroides distasonis, but Proteobacteria was
predominant in their gut [24]. Thus, maternal factors are primary determinants for infant
gut microbial profiles, and bacterial communities in breast milk influence infant early gut
microbial colonization and overall growth and development later in life [24,129].
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4.2. Gut Microbiota-Produced Metabolites through Maternal Diets

Dietary choline is metabolized to betaine, which donates methyl groups to homo-
cysteine to generate methionine. Betaine is converted to dimethylglycine (DMG), which
is further synthesized to glycine. Choline is transported through the placental unit to
the developing fetus. [131]. Gut microbes, such as Firmicutes, Actinobacteria, and Pro-
teobacteria synthesize trimethylamines from dietary methylamines commonly found in red
meat, egg yolk, and full-fat dairy products, which contain nutritional compounds, such
as choline, L-carnitine, and phosphatidylcholine. The liver enzyme known as the flavin-
containing monooxygenase further oxidizes trimethylamines into trimethylamine N-oxide
(TMAO) [19]. An increased plasma TMAO concentration in early and mid-trimesters has
been reported to be a risk factor for GDM [25]. Women with decreased GDM risk express a
high betaine/choline ratio or a low DMG/betaine ratio during the second trimester [132].

Intestinal anaerobic bacteria metabolize dietary fibers into short chain fatty acids (SC-
FAs), such as butyric, propionic, valeric, caproic, and acetic acids. SCFAs act as signaling
molecules of uteroplacental G-protein coupled receptors known as free-fatty acid receptors
GPR41 (FFAR3) and GPR43 (FFAR2) and serve as a link between maternal diets, micro-
biome, and fetal and neonatal health [18,20]. For example, propionic acids regulate the
metabolic programming of the developing fetus. Branched SCFAs, including isovaleric and
isobutyric acids, are fermented by Bacteroides and Clostridium from branched amino acids,
such as valine, leucine, and isoleucine. Dietary substrates and gut microflora determine the
amount and synthesis of SCFAs in the GI tract. Moreover, SCFAs modulate brown tissue
adiposity, fat storage, insulin resistance, and satiety hormones (ghrelin and leptin) [18,20].
The consumption of dietary fibers increases SCFAs levels, leading to enhanced insulin sensi-
tivity and reduced dyslipidemia risk [20,21]. Newborns from GDM mothers show reduced
SCFA-produced bacterial species, including Lactobacillus, Flavonifractor, Erysipelotrichaceae,
and Grammaproteobacteria, and higher acetate levels [133]. Dysbiosis in pregnancy alters
SCFAs levels [20,21]. Thus, SCFAs are implicated in the prevalence of metabolic diseases,
such as GDM, obesity, and type 2 diabetes [20].

Intestinal gut microbiota also metabolizes bioactive nutrients from epigenetics di-
ets. Gut microbiota participates in enzymatic processes during nutrient digestion. For
example, microbially derived metabolites, such as β-thioglucosidases and β-glucosidases,
convert glucoraphanin in broccoli sprouts and isoflavones in soybean into biologically
active metabolites, such as SFN and GE, respectively. Intestinal reductase from certain
microbes converts soy isoflavone daidzein to equol, which is a beneficial metabolite known
for its estrogenic and antioxidant capacities [134]. Bifidobacterium synthesizes folate,
and Slackia equolifaciens and Adlercreutzia equolifaciens synthesize resveratrol to produce
glucuronides and sulfates [9,135,136]. Thus, microbial strains and microbiota-derived
metabolites from epigenetic bioactive diets can be vertically conveyed from mothers to
fetus and neonate, affecting offspring’s health.

4.3. The Roles of Gut Microbiome and Metabolome in Development of GDM

Gestational diabetes and other metabolic diseases are associated with a distorted gut
microbiome and metabolomics profile. As stated earlier, gut microbiota is involved in
host metabolism and physiological function, such as glucose, lipid, and insulin signaling
that are highly associated with GDM etiology [137]. Gut microbiome synthesizes dietary
substrates endogenously to generate metabolites, which are small, soluble compounds
absorbed by the intestinal lumen [126]. Metabolites, such as SCFAs, bile acids, TMAO,
tryptophan, indole derivatives, and branched amino acids, have been implicated in the
pathology of metabolic disorders, including GDM [138]. A growing body of research has
demonstrated the causal relationship between gut dysbiosis and GDM with an imbalance
between commensal symbionts and pathobionts. GDM can cause gut dysbiosis which can
be transferred to the developing fetus and newborn [126,137–140]. Dysbiosis among GDM
women is clearly observed during the third trimester and continues until at least 8 months
of conception [141]. Enrichment of Ruminococcaceae, Parabacteroides distasonis, Prevotella,
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Desulfovibrio, Megamonas, and Phascolarctobacterium was noted in GDM mothers compared
to the controls [137,139]. The relative abundance of P. distasonis, Klebsiella variicola, Catenibac-
terium mitsuokai, Coprococcus comes, Citrobacter spp., Methanobrevibacter smithii, Alistipes spp.,
Bifidobacterium spp., and Eubacterium spp. was observed in women without GDM [140].
Insulin resistance was associated with an increased Firmicutes/Bacteroidetes ratio and
reduced butyrate-producing bacteria, such as Roseburia and Faecalibacterium prausnitzii [19].

Furthermore, microbiome-derived metabolites have been implicated in GDM etiology.
Increased isobutyric acid, isovaleric acid, valeric acid, caproic acid, and bile acid levels
were positively associated with increased fasting glucose, TG, total cholesterol (TC), LDL,
and reduced HDL, which are common metabolic profiles observed in GDM [139]. In
addition to a distorted gut microbiota observed in GDM subjects, the upregulation of
valine, allantoic acid, D-galactose, 3-methoxytyrosine, and D-glucose in fecal and urine
samples were observed in GDM women compared to healthy controls [142]. Similarly,
elevated levels of alanine, glutamic acid, and allantoin are associated with GDM. Disruption
of glucose, amino acid, bile acids, and lipid metabolomic signatures are also found in GDM
patients [142–144]. Thus, gut microbiome and metabolomic profiles may be potentially
used as biomarkers for the early detection of GDM pathogenesis and progression [126,138].

Maternal GDM may impact fetal and neonatal microbiome and metabolome. Meco-
nium from newborns with GDM mothers showed increased Proteobacteria and Actinobacteria
phyla and reduced Prevotella and Lactobacillus. As opposed to GDM neonates, newborns
from healthy mothers showed increased beneficial Bacteroidetes and Butyrivibrio, which are
butyrate producers [145]. Additionally, elevated Firmicutes and depleted Proteobacteria at
the phylum level and elevated Streptococcaceae, Clostridium, and Rothia at the genus level
were observed in GDM newborns [146]. A metabolomic analysis from GDM neonates
showed similar serum metabolites imbalance found in GDM mothers [146]. These stud-
ies suggest that prenatal gut microbial and metabolite aberrations in GDM women can
influence offspring gut microbiome and metabolomic profiles through the fetoplacental
system and maternal–neonatal transmission. Importantly, this pinpoints a positive cor-
relation between GDM dysbiosis and the onset and development of fetal and neonatal
metabolic diseases.

5. Interplay between Maternal Diets, Gut Microbiome, Metabolome, and Epigenome
on GDM Pathogenesis

Studies have reported the roles of microbial-synthesized metabolites derived from
diets on gene expression profiles, DNA methylation, histone modifications, and miR-
NAs [9,20,147]. For instance, SCFAs, which are beneficial metabolites derived from mi-
crobial fermentation of indigestible foods, such as dietary fiber, may regulate epigenetic
processes and influence lipogenesis, gluconeogenesis, and inflammation [147]. Gut mi-
crobiota produce biological active metabolites, such as folate and acetyl CoA, which can
regulate epigenetic markers [9]. Growing evidence indicates that maternal nutritional
status can influence fetal and neonatal epigenetic regulation through the establishment
of gut microbiome and metabolomics profiles [9,148]. Thus, the dynamic interaction be-
tween maternal diets, gut microbiota, metabolome, and host epigenome may determine
individual disease susceptibility later in life.

5.1. Maternal Diets Alter Gut Microbiome and Metabolome

Nutrition status during pregnancy is a significant modulator for maternal and neonatal
health [19]. Maternal diets consumed prenatally and postnatally greatly affect offspring’s
intestinal microbiome and metabolism. Intestinal microbes may initiate inauspicious
metabolic regulation via maternofetal interface in the presence of unhealthy maternal diets
which result in a disrupted glucose and lipid metabolism, leading to an increased risk of
neonatal metabolic abnormalities [20,24].

The development of GDM has been well known to relate to the consumption of un-
healthy diets, such as high fat, high sugar, and low dietary fiber diets. GDM is positively
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linked to other metabolic disorders, such as obesity, overweight, and type 2 diabetes, due
to the similar pathways involved in glucose, lipid, and insulin metabolism [18,20]. Thus,
maternal unhealthy diets may adversely alter the composition and diversity of intestinal
microbes and the abundance of microbial metabolites. Additionally, altered gut microbiome
and metabolomics profiles can result in maternal chronic inflammatory responses, such
as increased pro-inflammatory cytokines transmitted through the placenta to the fetus,
thereby distorting fetal and neonatal health, growth, and development [20,149]. It is well
known that the use of probiotics during pregnancy can reduce the risk of GDM and other
metabolic diseases [9,18,21]. Probiotics contain live beneficial bacteria, such as Bifidobac-
terium, which can use oligosaccharides as their main carbon source [18,21]. Prebiotics utilize
indigestible diets to enhance the activity and growth of beneficial intestinal microbes. The
combination of probiotics and prebiotics is termed synbiotics [21,150]. Notably, prebiotics
supplementation during pregnancy reduces GWG, fasting glucose and insulin resistance in
GDM patients. Maternal prebiotics intake also reduces neonatal fasting plasma glucose,
body fat, and leptin levels [151]. Particularly, probiotics can modulate maternal and fetal
gut microbiota colonization [18,21]. Thus, prenatal probiotics and prebiotics can promote
overall maternal and fetal and neonatal metabolic outcomes [9,18,21,151].

Studies have reported the impact of bioactive compounds from epigenetic diets on
metabolic disorders. Fecal microbiota transplanted from allicin-treated mice into obese
mice inhibit excessive body weight and fat mass, improve glucose and lipid homeostasis,
and increase SCFAs-producing bacterial strains [152]. Combinatorial effects of dietary
bioactive nutrients affect gut microbial and metabolites composition [153]. These findings
suggest that bioactive components from diets can alter gut microbiome and metabolomics
profiles. Table 1 summarized how diets or nutrition factors affect the gut microbiome and
metabolite profiles.

Table 1. Effects of bioactive dietary components on gut microbial and metabolite profiles.

Diets Microbial Profiles Metabolite Profiles

High fat diet

↓ Bacteroides, Prevotella, Lactobacillus [19,154],
and Bifidobacterium [19]

↓ SCFAs (acetic, propionic acids, butyric, and
isobutyric) [154,155]

↑ Clostridium [151] and Firmicutes/Bacteroidetes
ratio [154,155]

↑ 3-hydroxybutyrate, acetone and acetoacetate,
and 2-oxoisocaproate [151]

↑ isoleucine, leucine, and valine [151] and ↓
alanine, proline [151]

↑ o-phosphocholine, cytidine [151]

Curcumin, e.g., turmeric

↑ Akkermansia, Bacteroides, Parabacteroides,
Alistipes, and Alloprevotella [155] ↑ acetate, propionic acid, butyric, and

isobutyric [155]↓ Firmicutes/Bacteroidetes ratio, Desulfovibrio,
and Ruminococcaceae [155]

Sulforaphane, e.g., kale

↑ Bacteroides fragilis, Clostridium cluster 1 [156],
Bacteroidetes, and Lactobacillus [153]

↑ butyric acid [156]
↓ Actinobacteria, Proteobacteria, and

Lactococcus [153]

Green tea polyphenol

↑ Bifidobacterium [157] and Bacteroidetes [153] ↑ acetate and propionate [157]

↓ Clostridium perfringens, C. difficile, [157,158],
and Proteobacteria [153] ↑ isobutyrate, valerate, and hexanoate [153]

Prebiotics, e.g., banana

↑ Bifidobacterium and
Bacteroides/Prevotella spp. [151] ↑myo-inositol [151]

↓Methanobrevibacter spp., Roseburia spp.,
Clostridium coccoides, and C. leptum [151] ↑ arginine, ornithine, citrulline, and proline [151]
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Table 1. Cont.

Diets Microbial Profiles Metabolite Profiles

Diallyl disulfide, e.g., garlic

↓ Parabacteroides, Faecalibacterium,
Escherichia-Shigella, and Streptococcus [159]

↑ 4-(2-aminophenyl)-2,4-dioxobutanoic acid, and
kynurenic acid [159]

↑ Ruminiclostridium, Oscillibacter,
Ruminococcaceae, and Prevotellaceae [159]

↑ 5-hydroxyindoleacetic acid, quinoline-4,8-diol,
4-(2-amino-3-hydroxyphenyl)-2,4-

dioxobutanoic acid, 3-methyldioxyindole,
2-formaminobenzoylacetate, lipoxin A4, and

cholic acids [159]

↑ Bifidobacterium, Bacteroidetes, and
Lactobacillus [152]

↑ Bacteroidetes/Firmicutes ratio [152]

↑ SCAFs (acetate, valine) [152]

Soy

↑ Bacteroidetes, proteobacteria, Enterococcus,
Lactobacilli, and Bifidobacterium [160–162] ↑ SCAFs (butyric acid and lactic acid)

[160,161,163]↓ Clostridia, Enterobacteria, Firmicutes [160,163]

↑ Blautia and Veillonellaceae [164]

Resveratrol, e.g., grapes

↑ Lactobacillus, Bacteroidetes/Firmicutes ratio,
and Bifidobacterium [135,165]

3, 4′-dihydroxy-trans-stilbene and
3,4′-dihydroxy benzyl (lunularin) [135]

↓ Enterococcus faecalis [135], Clostridia spp.,
Parabacteroides distasonis, and Gracilibacter

thermotolerans [165]

glucuronide, sulfate [136,166]

↓ TMAO [167]

Quercetin, e.g., citrus fruits
↓ Firmicutes/Bacteroidetes ratio, Eubacterium
cylindroides [165], Escherichia-shigella [168],

Desulfovibrio, and Helicobacter [169]

↑ butyrate [168,169], acetate, and
propionate [169]

Pectin, e.g., apples

↑ Lactobacillus, Bifidobacterium [170–172] and
Bacteroidetes [171] ↑ acetate [171,173], propionate, and

butyrate [171–173]↓ C. perfringens, Enterobacteriaceae, Pseudomonas
[170], and Firmicutes [171]

↑ refers increase and ↓ refers decrease.

5.2. Crosstalk between Maternal Diets, Gut Microbiome, Metabolome and Epigenome in the
Pathogenesis of Metabolic Disorders

Recent studies have shown the impact of gut microbiome and metabolites on epige-
netic changes which contribute to the pathogenesis of metabolic disorders. The epigenetic
alternations are more prominent at the early infant stages due to microbial colonization
influenced by breastfeeding, delivery mode, and antibiotics use [147]. Biologically active
metabolites, such as folate, choline, SCFAs, TMAO, and biotin are involved in epigenetic re-
programming by altering transcriptional machinery during early development [18,147,148].

Biotin is a soluble vitamin that is mainly synthesized by Bacteroides in the gut. Biotin
is also involved in chromatin remodeling by modifying histones as a substrate for biotinyl
transfer [174,175]. At the transcriptional level, biotin regulates glucokinase and phospho-
enolpyruvate carboxykinase, which are the key enzymes in glycolysis and gluconeogenesis,
indicating that biotin regulates glucose signaling and lipid metabolism [28,175]. Biotin
deficiency is associated with obesity and type 2 diabetes. An impaired bacterial production
of biotin is mostly observed in metabolic diseases [28].

Furthermore, SCFAs have been widely reported as HDAC inhibitors [20,147]. In
mice, consumption of high fat diet results in lower levels of SCFAs, which negatively
alters histone acetylation and abolishes microbiota-dependent H4 acetylation. Acetate,
one of the SCFAs, can be directly converted to acetyl CoA, which is an acetyl-donor for
HATs [29]. Butyrate is an important SCFA produced by beneficial bacterial strains, such
as Roseburia spp., Eubacterium, and Bifidobacterium, and it is considered an important
HDAC inhibitor. Both acetate and butyrate can increase histone acetylation and reverse
silenced genes [20,29]. Butyrate can initiate anti-inflammation by repressing NF-κB and
INF-γ and upregulating PPARγ [18,176]. Butyrate regulates DNA methylation by inducing
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DNMT1 downregulation, demethylating some tumor suppressor genes such as p21 and
p16 [148], and regulating miRNA expression [177].

Metabolites, such as folate, betaine, vitamin B12, and choline, are involved in 5-
methyltetrahydrofolate metabolism which provides one-carbon unit for the conversion
of homocysteine to methionine. The latter is utilized for SAM generation, which is the
methyl donor for DNA and histone methylation [148,178]. Studies have shown relation-
ships between choline, microbiota, epigenetic regulation, and metabolic disorders [178,179].
Choline deficient can alter global DNA methylation which promotes diet-induced metabolic
disease susceptibility [178]. TMAO synthesized from choline can impact epigenetic changes
through the increased production of ROS, causing deamination or depurination of bases,
especially during fetal development. Consequently, this triggers DNA repair mechanisms
and the loss of methylated cytosine (epimutation) [148,180]. Excess ROS induces epi-
genetic remodification that intersects SAM and the antioxidant pathway in response to
oxidative stress [180]. Thus, prenatal, perinatal, and early postnatal diets may influence
early-life epigenetic reprogramming processes through, at least in part, gut microbiome-
metabolomics-epigenetics interface, consequently influencing fetal and neonatal health,
growth, and later life development (Figure 3).
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in life.

6. Recent Clinical Trials through Maternal Diet in the Prevention of GDM

Dietary intervention to prevent GDM during pregnancy is becoming a medical ad-
vancement. A number of human studies have been reported regarding the use of ma-
ternal dietary supplements to reduce the risk of GDM (Table 2). The therapeutic effects
of probiotics and/or Mediterranean diets on metabolic diseases have been well estab-
lished [18,181,182]. In a recent study, co-supplementation of selenium (200µg/day) and
probiotics (2× 109 CFU/day each of Lactobacillus acidophilus, Bifidobacterium bifidum, B. lactis,
and B. longum) for 6 weeks significantly impacted maternal glycemic status by reducing
fasting glucose and insulin resistance. Similarly, these supplements decreased TG, TC, and
LDL levels and increased PPAR-γ expression [181]. In addition, prenatal consumption of
Mediterranean diets has been found to reduce maternal–fetal complications and reduce
GDM risk [183].
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Table 2. Clinical studies in maternal diets on GDM outcomes.

Clinical Trial Dose/Supplement Health Outcome on GDM Reference

Effect of the Mediterranean diet
supplemented with extra virgin oil
and pistachios on GDM

Daily consumption of ≥40 mL of
extra virgin oil and 25–30 g of
pistachios in addition to basic Med
Diet recommendations for 16 weeks

↓maternal fasting blood glucose,
insulin resistance, and GWG
↓ neonatal LGA

[184]

Dietary blueberry and fiber
supplements for GDM women

280 g whole blueberries and 12 g
soluble fiber daily for 18 weeks

↓maternal weight gain and
blood glucose [185]

Effect of DASH diet on GDM

Daily intake of a diet rich in fruits,
vegetables, whole grains, low-fat
dairy products, and a diet low in
saturated fats, cholesterol, and
refined grains and sweets for
4 weeks

Improved pregnancy and fetal
health outcomes
Reduced the need for insulin therapy
↓ fetal macrosomia

[186]

Probiotic supplements

Daily intake of probiotic capsules
(2 × 109 CFU/g each of
a Lactobacillus spp. and
b Bifidobacterium spp.)

↑ PPAR-γ, HDL and
antioxidant capacity
↓ TNF-α, fasting glucose, insulin
resistance, TG, and VLDL

[187]

Myo-inositol supplements 4 g/day throughout pregnancy Reduced the risk of preterm birth,
macrosomia, and maternal weight gain [188]

DASH: dietary approaches to stop hypertension. CFU: colony-forming unit. a Lactobacillus acidophilus, L. casei, and
L. fermentum. b Bifidobacterium bifidum. ↑ refers increase and ↓ refers decrease.

Furthermore, epigenetics diets exhibit a compelling impact on GDM. Soy diets contain-
ing 35% animal protein, 35% soy protein, and 30% other plant protein consumed by GDM
women for 6 weeks significantly reduced fasting plasma glucose, insulin resistance, and TG
and increased insulin sensitivity and antioxidant effects in GDM women. Notably, maternal
soy consumption suppressed neonatal hyperbilirubinemia [119]. Daily intake of 500 mg of
green tea EGCG deceased plasma fasting glucose and insulin resistance in GDM mothers
and inhibited neonatal hypoglycemia and macrosomia in newborns [117]. A combination
of dietary polyphenols in blueberry and soluble fiber intake during pregnancy reduced
GWG and improved glycemic index in GDM women [185]. These data demonstrate the
clinical implication of maternal bioactive diets in GDM management and prevention.

As aforementioned, prenatal and postnatal diets significantly influence fetal and
neonatal growth and development. Thus, a healthy dietary pattern is recommended for
pregnant mothers. According to the 2020–2025 USDA dietary guidelines for Americans,
pregnant and lactating mothers require a daily intake of 2.5–3.5 cups of vegetables and
1.5–2.5 cups of fruits. However, exact consumption depends on the calorie intake required
to maintain a healthy BMI during pregnancy. Further, the nutrition guideline recommends
a sufficient dietary intake of folate, iron, choline, iodine, seafoods, and beverages before and
during pregnancy [189]. This indicates that a beneficial dietary plan is urgently needed to
help prevent nutrient deficiencies and diet-induced metabolic diseases like GDM, resulting
in a healthy pregnancy outcome for both mother and baby. Notably, these guidelines
should be reinforced through more clinical trials and translational research.

7. Conclusions

GDM is a global obstetrical complication positively associated with other metabolic
syndromes which influence maternal and fetal health. It has been well established that
epigenetics diets during pregnancy and lactation can influence maternal gut microbiome
and metabolomics profiles, which can be vertically transmitted to the developing fetus
in utero. The microbiota–metabolite crosstalk modulates fetal and neonatal epigenetic
reprogramming and has a significant impact on offspring’s metabolic health later in life.
Thus, maternal dietary intervention can potentially reduce the risk of developing GDM and
its associated complications in mothers and infants by minimizing gut dysbiosis. Clinical
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implementation of maternal bioactive diets can be utilized in GDM management and
prevention. Future studies on unexplored bioactive compounds in epigenetics diets, combi-
natorial approaches, and time of exposure will be important to explore more efficacious
strategies for the prevention of GDM in the affected women and their babies.
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