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Obesity is caused by a combination of hereditary and environmental factors. Despite
extensive study, contemporary through diet, exercise, education, surgery, and pharmaco-
logical treatments, no effective long-term solution has been found to this epidemic. Over
the last decade, there has been a tremendous advancement in understanding the
science of epigenetics, as well as a rise in public interest in learning more about the influ-
ence of diet and lifestyle choices on the health of an individual. Without affecting the
underlying DNA sequence, epigenetic alterations impact gene expression. Previous
animal studies have shown a link between the type of diet and expression or suppression
of obesity genes, but there are very few human studies that demonstrate the relationship
between dietary intake and obesity gene expression. This review highlights the effects of
carbohydrates, lipids, and protein intake from the diet on obesity-related genes.

Introduction

Obesity is a global health problem that has been linked to a variety of diseases and disorders, includ-
ing type 2 diabetes, hypertension, cardiovascular disease, stroke, and cancer [1]. Obesity has compli-
cated pathogenesis, involving various interactions between behavioral, environmental, and genetic
factors [1]. The World Health Organization’s most recent report states that over 1.9 billion adults are
overweight, with over 650 million being obese [2]. In total, this equates to ~13% of the world’s adult
population [2]. The rapid rise in childhood obesity is even more concerning, with millions of children
affected by it [3]. Obesity is a complex condition characterized by the accumulation of excessive and/
or unhealthy body fat, which poses a health risk [1]. From an evolutionary standpoint, the modern
development of a sedentary lifestyle, along with an increase in dietary fat and sugar content, may be
related to the dramatic rise in obesity rates [4]. However, it has been found to be extremely challen-
ging to precisely understand the determinants of obesity.

Over the last decade, significant advances in epigenetics have coincided with a surge of public inter-
est in the effects of food and lifestyle choices on health [3]. Epigenetic modifications affect the gene
expressions without changing the underlying DNA sequences [5]. Epigenetic markers, such as cova-
lent chemical modifications on DNA and histones that determine chromatin structure, are two major
components of the human epigenome. As epigenetic marks do not modify the DNA sequence, the
entire genomic information or genotype inherited from the parents remains unchanged [6].
Epigenetic marks can alter the local chromatin environment, influencing DNA accessibility and con-
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DNA methylation is the epigenetic mark that has received the most attention, and its role in a variety of dis-
eases has been recognized. Since DNA methylation can be reversed, epigenetics is a promising target for thera-
peutic intervention [11]. Various studies show a strong correlation between adiposity and methylation at the
gene and genome-wide studies in children with obesity [12]. The epigenetic events are influenced by dietary,
chemical, and physical influences, resulting in a change in gene expression profile. The variations in DNA
methylation patterns may be the cause of inter-individual differences in susceptibility to obesity and other
metabolic diseases [13].

A well-balanced diet has long been known to extend life expectancy and help reduce the risk of diseases such
as obesity, diabetes, cancer, and mental illnesses [14]. Epigenetic changes can occur as a result of environmental
factors, the most significant of which is diet. Obesity is linked to a high intake of energy-dense foods, which
has long been recognized as a risk factor. The carbohydrates, fats, and proteins provide us with the building
blocks and energy we need to sustain normal physiological processes, but overeating has negative health out-
comes [5]. It has been shown that nutrients and bioactive food components can affect epigenetic phenomena
either by inhibiting enzymes that catalyze DNA methylation or histone modifications directly or by altering the
availability of substrates required for certain enzymatic reactions [15]. As a result, knowing how food consump-
tion affects the epigenome, and how this, in turn, affects gene expression, is crucial for developing improved
nutritional therapies in the treatment of various metabolic diseases.

There is solid evidence in the mouse model evaluating the effects of maternal exposure to bisphenol A (BPA) on
the epigenome of offspring in ectodermal (brain and tail) cells [16]. Other research demonstrates the link between
macronutrient content of the food and epigenetic regulation and obesity development in mice [13]. Another trans-
generational mice study showed that male pups developed hyperglycemia and insulin resistance as a result of the
maternal high-fat diet (HFD) coupled with the offspring HFD [17]. Male pups exposed to the maternal HFD still
had hyperglycemia and glucose intolerance after switching to the control diet. The liver of the pups showed
hypermethylation at the gene Irs2 and hypomethylation at Map2k4 when exposed to a maternal HFD [17]. Similar
to the previous study, the long-term effect of maternal HFD intake on dopamine and opioid gene expression in the
hypothalamus of the offspring was studied using a mouse model, the findings showed that maternal HFD can
modify the epigenetic markers (DNA hypomethylation) of her offspring, which is linked to long-term gene expres-
sion changes [18]. Although long-term transgenerational studies have been performed in animal models, this
experiment design is cost-prohibitive in humans. However, a study demonstrated DNAm mediated the association
of prenatal famine exposure with adult body mass index (BMI) and triglyceride, but not with glucose. Around
13.4% of the association between famine exposure and BMI was mediated by DNAm at PIM3, a gene involved in
energy metabolism. DNAm at six CpGs, including TXNIP, impacts beta cell function, and ABCGI,which regulates
lipid metabolism, mediated 80% of the association between famine exposure and serum TG [19].

This review highlights recent studies, which provide insight into the effects of carbohydrates, lipids and
protein intake on the epigenetic modifications in various genes (Table 1 and Figure 1). All the human studies
that focused on obesity-related genes which play a major role in the metabolic pathways are included in this
review and some animal studies are used as additional references. A non-systematic search of electronic bases
such as PubMed, Web of Science, and Medline for human studies was done using the following search terms:
epigenetics, obesity, childhood obesity, dietary intake, carbohydrates, fats, proteins, DNA methylation, gene
expression, epigenetic modifications, HED, high carbohydrate diet, energy balance, transgenerational epigenetic
modifications.

Carbohydrate
Obesity is becoming more prevalent across the world, and the importance of considering diet in the prevention
and treatment of obesity is widely known. Carbohydrate (CHO) is one of the macronutrients that provide
energy, and as a result, they can lead to excessive energy consumption and weight gain [20]. In the past few
years, the association of CHO intake with epigenetic modifications has been analyzed in various studies.
Carnitine palmitoyltransferase-1 (CPT1) converts long-chain acyl-CoAs into long-chain acylcarnitines, allow-
ing them to pass through the mitochondrial membrane and into the mitochondrial matrix, where fatty acid
oxidation occurs [21]. Insulin-mediated inhibition of glucose production, insulin secretion, and glycogen syn-
thesis, as well as appetite regulation, are all controlled by CPTIA expression. A high level of methylation at
CPT1A cg00574958 is related to a lower risk of obesity [22]. A research study conducted by Lai et al. looked at
the relationship between CHO and fat (FAT) intake as percentages of total diet energy, as well as the CHO/
FAT ratio, and the risk of metabolic diseases with CPT1A-cg00574958 methylation. A strong link between
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Table 1 Summary of studies on relation between macronutrient intake and obesity genes Part 1 of 3
Macronutrient
Subjects Parameter intake Gene CpG Results
Adult Population from: Carbohydrate intake, fat CHO (% of total CPTA1 cg00574958 CHO intake and the CHO/
Genetics of intake, carbohydrate/fat energy): 48.9 +6.4; FAT ratio were positively
Lipid-Lowering Drugs ratio 46.6 +8.6. correlated with cg00574958
and Diet Network, n= 414 +7.51 methylation, while FAT
978; Framingham Heart Total fat (% of total intake was negatively
Study, n=2331; COR energy): correlated [23].
study, n =645 35.4+6.9
33.0+6.6
40.9+6.87
Adult population within Carbohydrate intake, BMI Carbohydrates (g/day): [TPR3, cg03489495, A strong correlation was
the Methyl Epigenome 239.6 +68.1 (with PPP2R2D, €g22851378, seen between 12 CpG sites
Network Association abdominal obesity) PPP2R2D, cg04021127, and BMI (P <0.0001).
project (n =473) 272.1 £107.3 (without SLC178A7, €g22441882, SLC18A1 and SLC6A3
abdominal obesity) DRDS5, ITPR2,  cg03045635, gene methylation correlated
DDC, SLC6A3. ¢g23341970, with total energy (P < 0.001)
cg13051970, and carbohydrate
cg00574958. (P <0.001) intakes [26].
Overweight and obese Carbohydrate, fat, and Carbohydrate FTO, IRX3 Not available Higher carbohydrates intake
adolescent boys (n=84) protein intake (g/day): significantly up-regulated the
220.41+86.16 FTO gene (P=0.001) and
(overweight) down-regulated the IRX3
248.49 +105.12 gene (P=0.01).
(obese) Protein intake up-regulated
Protein intake(g/day): the FTO gene (P =0.00),
166.12+280.18 with no significant
(overweight) effect on IRX3 expression
88.29 + 48.95 (obese) (P=0.57). There was no
Fat intake (g/day): significant
177.33 £ 89.89 association between
(overweight) fat intake and IRX3 and
170.36 £ 75.43 FTO expression (P =0.65,
(obese). P =0.26, respectively) [33].
Subjects from Methyl Carbohydrate, total energy, Not available RORA, cg09578018, Significant correlations
Epigenome Network protein, and fat. BHLHE40 cg01180628 (P <0.05) between
Association (MENA) methylation at cg09578018
project. (n=474) (RORA) and cg01180628
(BHLHE40) with total energy
and carbohydrate intakes.
There were no significant
associations between these
CpGs’ methylation patterns
with protein or fat
consumption [34].
Women followed a Carbohydrate intake, total Not available BMALT1 Not available Energy (P =0.047)
nutrition program based  caloric intake. and carbohydrate
on Mediterranean dietary (P=0.017) intake were
pattern (n =61) positively associated with
baseline methylation of the
CpG 5 to 9 area in the gene
BMAL1 [35].
Children aged 10 years.  The ratio of polyunsaturated Total fat intake (% of Not available Not available Total fat consumption was

(n=69).

fatty acids (PUFA) to
saturated fatty acids (SFA),
the ratio of
monounsaturated fatty
acids (MUFA) to SFA, and

total energy intake)
39.92 +8.96
45.82 +9.54.
MUFA intake (% of
total energy intake)

strongly associated with the
methylation levels of one
CpG island shore and four
sites. Methylation levels
were significantly correlated
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Part 2 of 3

Macronutrient

Subjects Parameter intake Gene CpG Results
the ratio of MUFA + PUFA  19.00+5.97 with PUFA/SFA on 2
to SFA, cholesterol intake.  21.74 +5.91 islands, 11 island shores,

PUFA intake (% of and 16 sites; MUFA/SFA on
total energy intake) 9 islands, 26 island
7.83+7.99 beaches, and 158 locations;
4.77 £0.92. and (MUFA + PUFA)/SFA on
SFA intake (% of 10 islands, 40 island shores,
total energy intake) and 130 sites [37].
13.32+3.62
16.29 + 3.54.
Cholesterol (g/day)
188.90+101.84
304.49+137.54

Adult normal, overweight, Monounsaturated fat, Energy intake (kcal/ CLOCK, Not available The percentage of

and obese women. polyunsaturated fat. day): 2110 £ 875. BMAL1 and methylation of CLOCK

(n=60) Protein (Kcal- % total ~ PER2 CpGs showed associations
energy): 357 + 158. with the intake of
Carbohydrate (Kcal- % monounsaturated and
total energy): 884 + polyunsaturated fatty acids
350. [5].
Fats (Kcal- % total
energy): 883 + 485.

Adult participants High fat or low-fat diet Low SFA diet APOA2 cg04436964 Methylation site

carrying the rs5082 CC (<22 g/d) cg04436964 was found to

or TT genotypes and High-SFA diet differ significantly between

consuming low-SFA (>22 g/d) CC and TT individuals who

(<22 g/d) or high-SFA ate a high-SFA diet and

diet (>22 g/d) in Boston those who ate a low-SFA

Puerto Rican Health diet [38].

Study (n =80).

The findings were

validated in the Genetics

of Lipid-Lowering Drugs

and Diet Network Study

(n=379) and the

Framingham Heart Study

(n=243).

The POUNDS Lost Trail  Fat intake Fat (%): 36.4 £+ 6.1 NFATC2IP €g26663590 A significant associations of

is a two-year randomized
intervention study in
which 811 overweight
and obese people (BMI
25-40 kg/m).

fat consumption was
associated with genetic
(rs11150675) and
transcriptional (ILMN
1725441) alterations at the
NFATC2IP locus [39].

cg00574958 methylation and metabolic phenotypes (BMI, triglyceride, glucose) and diseases was observed. The
findings revealed that CHO intake and the CHO/FAT ratio were positively correlated with cg00574958 methyla-
tion, while the FAT intake was negatively correlated [23]. A similar finding was observed in rodent studies
where a high fructose intake or a low-fat diet-induced CPTIA methylation in liver tissue [24,25]. The findings
of the above-mentioned studies indicate that proportion of CHO and FAT in the diet has an impact on the risk
of metabolic diseases via the epigenetic status of CPTIA.

Dopamine (DA) is a neurotransmitter that controls the rewarding and motivating mechanisms that control
food consumption and eating habits. An association was looked for between obesity, metabolic profiles, and
dietary intake with DNA methylation signatures at genes that modulate DA signaling [26]. The results of the
study showed 12 CpG sites to be strongly correlated (P <0.0001) with BMI: cg03489495 (ITPR3), cg22851378
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Figure 1. Venn diagram representing various obesity genes and the combined effects of carbohydrates, lipids, and
protein intake.

(PPP2R2D), cg04021127 (PPP2R2D), cg22441882 (SLCI8AI), cg03045635 (DRDS5), cg23341970 (ITPR2),
cg13051970 (DDC), cg09691393 (SLC6A3). Furthermore, the average methylation levels of these genes varied
depending on whether abdominal obesity was present in the subjects. The findings suggest that methylation
status on DA signaling genes may play a role in epigenetic mechanisms influencing CHO and calorie intake, as
well as fat deposition.

After the age of seven years [27], genes like the fat mass and obesity-associated (FTO) gene have been shown
to be closely related to obesity and overweight [28]. The FTO gene is thought to play a key role in regulating
food intake and basal metabolic rate [29]. According to the findings of recent research, the FTO gene and
dietary macronutrient intake have a mutual interaction. FTO gene expression can be influenced by dietary
macronutrients such as fats, carbohydrates, and proteins, according to some studies [30,31]. The effects of
dietary macronutrients on body weight, hormone secretion, and appetite, on the other hand, are also affected
by the FTO genotype [31,32]. A field trial study [33] was conducted to determine the effects of FTO genotype
on the interactions with the macronutrient intake and homeobox transcription factor Iroquois-3 (IRX3) gene
expression levels. Higher carbohydrate consumption significantly up-regulated the FTO gene (P=0.001) and
down-regulated the IRX3 gene (P =0.01), according to the findings. Protein intake increased the expression of
the FTO gene (P =0.001).

Several physiological and behavioral processes are regulated by the circadian clock [34]. The circadian clock system
has been linked to the onset and development of obesity and some other comorbidities. Epigenetic mechanisms,
such as DNA methylation, are putatively involved in the regulation of the circadian clock system [34]. Ramoz et al.
aimed to determine a link between DNA methylation at circadian rhythm pathway genes and BMI, metabolic
profiles, and dietary intakes. The total energy and carbohydrate intakes were associated with methylation status
at cg09578018 (RORA) and cg01180628 (BHLHE40). There were no significant associations between these
CpGs’ methylation patterns with protein or fat consumption [35]. In another study, energy (P =0.047) and carbohy-
drate (P=0.017) intake were positively associated with baseline methylation of the CpG 5 to 9 area in the gene
BMALLI [34].
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In recent years, the profile of fatty acids consumption has shifted substantially from diets rich in monounsatu-
rated fatty acid (MUFA) and Polyunsaturated fatty acid (PUFA) to a “Western-style’ diet which is rich in satu-
rated fatty acids (SFA) and trans fatty acids. This dietary shift has been related to the increasing obesity
epidemic and connected to abnormal epigenetic modifications [5]. Epidemiological evidence indicates that a
HFD facilitates the development of obesity and that the amount of dietary fat consumed, and the degree of
obesity are directly related [36].

The type and amount of dietary fat have a major impact on the metabolic pathways that lead to obesity, meta-
bolic syndrome, type 2 diabetes, and cardiovascular disease. A study on Greek adolescents was conducted by
Voisin et al. [37] in which they looked at the effects of cholesterol intake, the proportion of energy intake derived
from fat, the ratio of PUFA to SFA, the ratio of MUFA to SFA, and the ratio of MUFA + PUFA to SFA between
normal-weight and obese children’s genome-wide DNA methylation patterns. The overall fat consumption was
significantly associated with the methylation levels of one CpG island shore and four different sites. PUFA/SFA
was significantly correlated with the methylation levels of 2 islands, 11 island shores, and 16 sites; MUFA/SFA
was significantly correlated with the methylation levels of 9 islands, 26 island shores, and 158 sites; and (MUFA
+PUFA)/SFA was significantly correlated with the methylation levels of 10 islands, 40 island shores, and 130
sites. There was a significant gene enrichment in 34 PUFA/SFA pathways, including the leptin pathway, and a sig-
nificant gene enrichment in 5 (MUFA + PUFA)/SFA pathways. The findings indicate that specific changes in
DNA methylation can play a significant role in the physiological responses to various types of dietary fats [37].

The DNA methylation on three genes CLOCK, PER2 and BMALI and the association with dietary fat
intake was studied by Milagro et al. [5]. The results showed that CLOCK CpGs 1 and 8 methylation levels
showed a negative correlation with MUFA intake (P <0.05) but, was positively associated with PUFA consump-
tion (P <0.05). These findings imply that dietary fatty acid content may affect the methylation pattern of genes
involved in circadian rhythm regulation.

Lai et al. [38] proposed that the genotype-dependent response to a high-SFA diet might entail epigenetic
alterations, which would result in altered APOA2 expression and metabolic alterations in energy metabolism
and homeostasis. The study investigated the relationship between epigenome-wide variation and APOA2 geno-
type in selected participants of the Boston Puerto Rican Health Study (BPRHS), conditional on dietary SFA
intake, and then validated the findings in two additional populations, the Framingham Heart Study (FHS) and
the Genetics of Lipid-Lowering Drugs and Diet Network (GOLDN) Study [38]. Epigenome-wide scan was used
on 80 people who had rs5082 CC or TT genotype and were consuming either a low-SFA (22 g/d) or a
high-SFA (22 g/d) diet, and were matched for age, sex, BMI, and diabetes status. In the BPRHS, the methyla-
tion site cg04436964 differed significantly between CC and TT people who ate a high-SFA diet, but not those
who ate a low-SFA diet. Furthermore, cg04436964 methylation was shown to be negatively associated with
APOA?2 expression in the blood of FHS individuals who consumed a high-SFA diet. Additionally, CC carriers
showed lower APOA2 expression than TT genotype carriers when eating a high-SFA diet. Finally, metabolomic
analysis revealed that four pathways, including tryptophan and branched-chain amino acid (BCAA) pathways,
were overrepresented by metabolite variations between CC and TT genotypes with high-SFA consumption. In
high-SFA consumers, these pathways were related to rs5082-specific cg04436964 methylation variations. This
suggests that the epigenetic state of the APOA2 regulatory region is linked with SFA consumption, inducing an
APOA?2 expression difference between APOA2 genotypes on a high-SFA diet, and altering BCAA and trypto-
phan metabolic pathways. These findings point to potential processes by which this highly reproducible gene-
diet interaction affects obesity risk, and the link between SFA and human health.

The DNA methylation of NFATC2IP has been linked to body mass index [39]. In a 2-year weight-loss trial,
researchers looked at the implications of genetic variation, methylation, and gene expression at this locus in rela-
tion to adiposity variations [39]. DNA methylation was determined from stored blood samples at baseline (n =
48) and participants (1 = 692) were genotyped and randomly allocated to one of four reduced-calorie diets. On a
2-year weight change, a significant genetic association of fat consumption was identified at rs11150675 SNP
locus, and a significant transcriptional alteration (ILMN 1725441) was also demonstrated at the NFATC2IP locus.

Protein

Another macronutrient that influences body weight and composition is protein. Dietary protein enhances
satiety, energy expenditure, and alters body composition in favor of fat-free body mass, making it helpful for
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weight management. There is no human research study that determines the association between protein intake
and obesity genes except for one [33], which has been discussed in the carbohydrate section. Dietary protein
was found to increase the expression of the FTO gene. But it was significantly associated negatively with IRX3
gene expression. Evidence has been seen in animal studies, where dipeptidyl peptidase-4 (Dpp4) mRNA expres-
sion was found to be regulated by DNA methylation in numerous tissues. In primary hepatocytes, amino acids
enhanced Dpp4 expression, whereas glucose and fatty acids had no effect. In mice, dietary protein restriction
increased Dpp4 DNA methylation in the liver, which resulted in decreased Dpp4 expression and, as a result,
lower plasma DPP4 activity. The study concluded that protein restriction in adolescence and adulthood is a suf-
ficient strategy for lowering DPP4, which helps to improve glucose homeostasis [40]. Another finding suggested
that during pregnancy, maternal exposure to a low-protein diet and folic acid affects imprinted gene expression
of Igf2 and H19 gene expression in the liver by modulating DNA methylation of these genes [41]. Yimin et al.
determined the G6PC activity in maternal malnutrition during pregnancy. Throughout gestation, primiparous,
purebred Meishan sows were given either standard protein (SP) or low-protein (LP) diets, and hepatic G6PC
expression in both male and female newborn piglets was examined. Male LP piglets showed considerably lower
blood glucose levels and higher hepatic GGPC mRNA expression and enzyme activity than female piglets [42].

Transgenerational epigenetic changes and macronutrient
intake

The risk of developing a chronic disease depends a lot on the early environment provided to the child.
Reduced nutritional availability is a key risk factor for the development of metabolic, cardiovascular, neuro-
psychiatric, immunologic, and gastrointestinal problems later in life [43]. According to recent epidemiological
data, maternal hyperglycemia is linked to an increased risk of impaired glucose tolerance, obesity, and elevation
in blood pressure in children by the age of seven [44]. Obesity in mothers and poor-quality diets are linked to
a higher risk of obesity in children. Placental gene expression and nutrient transport are influenced by maternal
nutrition and obesity, but the impact of diet and obesity on epigenetic alterations in the placenta is poorly
known [45]. DNA methylation of placental genes may occur due to various environmental exposures, which
may affect the development of the fetus [46].

Daniels et al. [46] aimed to examine the effects of maternal nutrition on placenta leptin methylation. Leptin
is a pro-inflammatory cytokine generated predominantly by adipose tissue, although it may also be found in
other tissues, including the placenta [47]. Leptin is a hormone that regulates appetite, metabolism, and inflam-
mation in the body [48,49]. The placenta produces leptin, and circulating maternal leptin rises throughout the
second trimester, resulting in a physiologic hyperleptinemic state with accompanying hypothalamic leptin
insensitivity, allowing for increased appetite [47]. It was found that lower levels of leptin methylation were
substantially related to higher carbohydrate intake (P <0.05), particularly added sugars (P <0.05), and white
or refined carbohydrates (P <0.05). Although total caloric intake was linked to placental leptin methylation
(P <0.05), the significance was reduced after adjusting for covariates. There was no significant link between
placental leptin methylation and protein or fat consumption of the mother (P <0.05). The findings highlight
the importance of carbohydrates intake on the methylation of placental leptin. Because methylation decreases
gene transcription, a decreased methylation level might indicate a placental response to a high-calorie, high-
carbohydrate diet, resulting in higher levels of leptin throughout fetal development [46].

Thalika et al. [45] hypothesized that maternal characteristics such as maternal obesity and maternal food
composition during pregnancy would be linked to altered placental DNA methylation. Multivariable linear
regression modeling was used to evaluate the effects of maternal nutrition on placental DNA methylation
during pregnancy. Maternal SFA consumption was associated with 302 CpGs of placental DNA methylation,
whereas maternal carbohydrate, protein, and lipid intake were substantially associated with methylation of 12,
14, and 28 CpGs, respectively.

The amount of fat consumed by the mother during pregnancy has an impact on fetal development, although
the mechanism behind this association remains unknown [50]. Chiu et al. looked at the links between fat con-
sumption during pregnancy and methylation of the insulin-like growth factor 2 (IGF2) and H19 genes in cord
blood DNA, which are a pair of imprinted genes with paternal and maternal expression, respectively. During
the first trimester, maternal PUFA and total fat intakes were found to be inversely related to IGF2 DNA methy-
lation. Lower IGF2 DNA methylation in cord blood was linked to higher first-trimester PUFA consumption. In
particular, increased omega-6 fat consumption was linked to decreased IGF2 DNA methylation [50].
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Subject Parameter Macronutrient intake  Gene CpG site Results
The Rhode Island Child Health Study: ~ Carbohydrate, Carbohydrate mean Placental leptin - Not Leptin methylation was inversely
mother-infant pair recruited following fat, and protein.  daily intake(g): 283 methylation available  related to calorie consumption
delivery at Women and Infants Fat mean daily intake(g): (r=0.176, P=0.041), carbohydrate
Hospital in Providence, Rhode Island, 57.8 intake (r=0.221, P=0.010),
US.A. (h=135) Protein mean daily and added sugar intake (r=0.205,
intake(g): 75.8 P =0.017). Furthermore, white/
refined carbohydrate consumption
(r=0.213, P=0.013) showed
significant negative correlations with
leptin DNA methylation [46].
Mothers enrolled in the Glowing study  Carbohydrate, Mean % calories from Placental DNA  Not Maternal SFA consumption was
(n=150) protein, and fat  carbohydrate: 49.6 methylation available  associated with 302 CpGs of
Mean % calories from placental DNA methylation whereas
protein: 15.8 maternal carbohydrate, protein, and
Mean % calories from lipid intake were associated with
fat: 35.6 methylation of 12, 14, and 28
CpGs, respectively [45].
Participants at their initial obstetric care Lipid SFA intake, % calories:  IGF2, H19 IGF2- site  During the first trimester, maternal
visit at Atrius Harvard Vanguard 10.7 (first trimester), 1and2 PUFA and total fat intakes were
Medical Associates, a multi-site/ 11.2 (second trimester). H19- site inversely related to IGF2 DNA
multispecialty practice in Eastern MUFA intake, % 1t06 methylation [50].
Massachusetts, between 1999 and calories: 10.8 (first
2002 for Project Viva, a prospective trimester), 11.3 (second
pre-birth cohort (n = 96) trimester).
PUFA intake, % calories:
6.0 (first trimester), 6.3
(second trimester).
Omega-3 intake, %
calories: 0.5 (first
trimester), 0.5 (second
trimester).
Omega-6 intake, %
calories: 5.3 (first
trimester), 5.5 (second
trimester).
Healthy pregnant women aged 18-39  Lipid Omega 3 PUFA MSTN, Not MSTN, IFNA13, and ATP8B3 were
years from Feeding fetus’ low-grade concentration IFNA13, available  differently methylated in low and
inflammation and insulin-resistance (n Low: 2.01% ATP8BS, high n-3 PUFA groups compared
=1000) Medium (%): 4.34% GABBR2 with the medium group. The
High (%): 6.01% GABBR2 gene was methylated
differently in the medium and high
n-3 PUFA groups [51].

The human body does not produce omega-3 PUFA and must obtain from their diet. They are essential for
fetal growth and brain development, regulating the inflammatory immune response, to lowering the risk of cardi-
ometabolic illnesses, and reducing subsequent allergy problems in children. The link between the mother’s
omega-3 PUFA consumption and offspring DNA methylation in cord blood mononuclear cells was studied [51].
Three genes were observed to be differently methylated in both the low and high n-3 PUFA groups when
compared with the medium n-3 PUFA group MSTN, IFNA13, and ATP8B3. The GABBR2 gene was methylated
differently in the medium and high n-3 PUFA groups (Table 2). Figure 2, demonstrates the link between the
methionine cycle, methyl donor SAM and epigenetic modification, DNA methylation.

Reversibility of epigenetic modification

The reversal of epigenetic modification in human obesity is not very well understood. Bariatric surgery appears to

be capable of partially correcting the obesity-related epigenome [52]. However, no studies addresses whether alter-

ing the diet and environment can reverse the epigenetic modifications. This research topic warrants further study.
494 © 2022 The Author(s). Published by Portland Press Limited on behalf of the Biochemical Society
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Figure 2. A link between the methionine cycle and epigenetic modification.

Limitations and future directions

There were a few limitations observed in the studies reviewed here; firstly, different methods and tissues were
used to analyze the methylation in CpGs. Two of the studies included subjects from various groups, which
increases the inconsistency in estimating the methylation associated with population-specific effect size. Also,
the dietary habits varied due to the availability of food sources, cultural and regional differences. More inter-
vention studies, including control and various age groups, are needed for a better understanding of DNA
methylation and its role in gene regulation leading to an increased risk of obesity.

Conclusion

The current review discusses how the dietary intake of carbohydrates, lipids, and protein affects the methylation
of various obesity genes. Overall it can be concluded that dietary lipid and carbohydrate causes alterations at
various CpGs affecting the regulation of the genes which in turn affects various metabolic pathways increasing
the risk of obesity. However, the results shows mixed results, because epigenetic modifications are tissue-specific
and hence more research using human participants in different age groups are needed. This can help to under-
stand the effects of dietary components on epigenetic modifications, allowing us to explore alternative
nutrition-based therapeutic approaches and developing tools for a personalized diet to improve the health.

Perspectlves

Genome-wide studies have identified various obesity-related genes associated with epigenetic
changes due to dietary intake.

e Epigenetic changes affects the expression of genes involved in the metabolic pathways in
children and adults in various ethnicities.

e More human studies are needed to demonstrate the link between dietary intake and
epigenetics.
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