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defined epigenetics as “the branch of biology which stud-
ies the causal interactions between genes and their products 
which bring the phenotype into being” [3]. However, the 
meaning of the word has gradually changed over the following 
years, and epigenetics is known today as “the study of changes 
in gene function that are mitotically and/or meiotically herita-
ble and that do not entail a change in DNA sequence” [4]. Dif-
ferently from traditional genetics, based on cell lineages and 
clonal inheritance, epigenetic changes often occur in groups 
of cells while some epigenetic events are clonal. In addition, 
genetic changes are, almost by definition, stable, whereas epi-
genetic changes are plastic events [2]. An example of the lat-
ter concept is provided by genomic imprinting, where DNA 
methylation may be lost during development, or when persist-
ing, it is erased and re-setted during gametogenesis [5]. Epige-
netic mechanisms are plastic genomic processes that change 
genome function under endogenous and exogenous influences 
[6, 7], and may propagate modifications of gene activity from 
one cell generation to the next [8]. These mechanisms imply 
chemical modification of DNA, such as DNA methylation, 
post-traslational changes in histone proteins altering chroma-
tin conformation, and transcriptional gene silencing mediated 
by non-coding RNAs (ncRNAs) [9] (Fig.  1). Abnormalities 
in one or more of these mechanisms can lead to inappropriate 
expression or silencing of genes, resulting in imbalance of the 
epigenetic network and may result in metabolic disorders such 
as T2D and obesity [10, 11].

Epigenetic mechanisms and gene function

DNA methylation

DNA methylation is a covalent modification of DNA that 
occurs at position 5 of the cytosine pyrimidine ring [12]. 
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Epigenetics: current status of knowledge

It is now well recognized that environmental factors including 
diet, physical activity, drugs and smoking, affect the pheno-
type and provide a major contribution to susceptibility to most 
chronic non communicable diseases [1]. Epigenetics acts at 
the interface between the genome and environmental factors, 
and might be broadly defined as the sum of all the mechanisms 
necessary to unfold the genetic program into development 
[2]. In the early 1940 s, Conrad Waddington linked genetics 
and developmental biology coining the term epigenetics. He 

 *	 F. Beguinot 
	 beguino@unina.it

1	 URT of the Institute of Experimental Endocrinology 
and Oncology “G. Salvatore”, National Council of Research, 
Naples, Italy

2	 Department of Translational Medical Sciences, University 
of Naples “Federico II”, Via Pansini 5, 80131 Naples, Italy

http://crossmark.crossref.org/dialog/?doi=10.1007/s40618-016-0473-1&domain=pdf


1096	 J Endocrinol Invest (2016) 39:1095–1103

1 3

Nearly four decades ago, DNA methylation was identified 
as hotspot for spontaneous base substitutions [13]. Indeed, 
while spontaneous deamination of cytosine produces ura-
cil, a nitrogenous base that does not belong to DNA and 
that is immediately recognized and corrected by the sys-
tem of DNA repair; deamination of 5-methyl cytosine pro-
duces thymine, causes C:G to T:A transitions, and creates 
a mismatch that the system of DNA repair does not always 
preserve [10, 14]. DNA methylation is the better character-
ized epigenetic mark. In mammals, it is essential during 
development and is involved in a variety of biological pro-
cesses, including genomic imprinting and X chromosome 
inactivation [15]. DNA methylation is established during 
embryogenesis by de-methylation and de novo methyla-
tion events that can be inherited and maintained clonally 
by the action of specific enzymes termed DNA methyl-
transferases (DNMTs) [15, 16]. DNMT1 faithfully and 
symmetrically propagates cytosine methylation through 
recognition of methylated cytosines from an existing DNA 
strand to its novel partner upon  replication and is primar-
ily responsible for the maintenance of DNA methylation 
in cells. DNMT3A and DNMT3B are mainly involved in 

de novo methylation and establish new methylation pat-
terns [4]. DNA methylation has long been recognized as an 
epigenetic silencing mechanism [17] which preferentially 
occurs at CpG di-nucleotides that are usually clustered in 
the CpG islands (CGIs) [18]. Quite often, un-methylated 
CpG sites at gene promoters create a transcriptionally per-
missive chromatin state by destabilizing nucleosomes and 
facilitating the recruitment of transcription factors [19]. 
On the other hand, dense DNA methylation of CpGs medi-
ates stable long-term gene silencing by direct inhibition of 
transcription factors binding or by a combination of events 
mediated by methyl-CpG binding domain proteins (MBDs) 
which recruit methylated DNA mediators of chromatin 
remodeling, such as histone deacetylases (HDACs), or 
other repressors of gene expression (Table 1) [17, 20, 21].

Histone modifications

In eukaryotic cells, nucleosomes are the repeating and 
functional structural units of chromatin. They are com-
posed of DNA wrapped around eight histone proteins, two 
homo-dimers histones H3 and H4, and two hetero-dimers 
histones H2A/H2B. Nucleosomes are mutually connected 
among themselves by the stretches of variable length of 
DNA linker conveyed by histone H1 [22, 23]. Histone 
modifications, such as acetylation, methylation, phospho-
rylation, ubiquitination, sumoylation and ADP ribosylation, 
are reversible epigenetic modifications, occurring at the 
histone tails. These modifications regulate gene expression 
by dynamically altering chromatin conformation causing 
electrostatic change and/or modulating binding proteins to 
chromatin [22, 24]. Even more extensively than other types 
of modifications, acetylation and methylation mediate for-
mation of the condensed transcriptionally silent hetero-
chromatin and of the transcriptionally active euchromatin. 
In mammalian cells, heterochromatin prevails and is gener-
ally characterized by high levels of DNA methylation and 
histone de-acetylation, and is enriched in tri-methylation of 
H3-Lys9, H3-Lys27, and H4-Lys20 [25, 26]. On the other 
hand, euchromatin exhibits lower levels of DNA methyla-
tion, and is typically enriched in acetylation of lysine resi-
dues at histones H3 and H4 and in mono- and tri-methyla-
tion of H3-Lys4 (Table 1) [27, 28].

NcRNAs

Findings over the past ten years have progressively revealed 
the relevance of ncRNAs in most epigenetically controlled 
events including modulation of gene transcription, trans-
poson activity and silencing, X-chromosome inactivation 
and paramutation [29]. NcRNAs include multiple classes 
of RNA transcripts that do not encode proteins but rather 
regulate gene expression at the post-transcriptional level 

Fig. 1   Schematic representation of epigenetic modifications. Epi-
genetic modifications include DNA methylation, histone modifica-
tions and miRNAs. DNA methylation preferentially occurs at CpG 
di-nucleotides and is generally recognized as an epigenetic silencing 
mechanism. Histone modifications, instead, influence gene expression 
by directly altering the chromatin conformation through the passage 
from a condensed transcriptionally silent heterochromatin to tran-
scriptionally active euchromatin and vice versa. Different types of 
modifications are known and include acetylation (Ac), methylation 
(Me), and phosphorylation (P) of histones tails. Finally, miRNAs act 
at post-transcriptional level by suppressing target gene expression or, 
through a non-perfect complementarity between miRNA and target 
mRNA that causes translation inhibition of the target or through near-
perfect complementarity which results in the degradation of the target 
mRNA
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[30]. The most extensively studied ncRNAs are the miR-
NAs, small RNA molecules (21–25 nucleotides in length) 
often implicated in cell- and tissue-specific differentia-
tion and development and associated to different disorders 
[31]. In the human genome, the exact number of reported 
sequences coding for these regulatory molecules contin-
ues to rise. In 2015, an analysis of 13 human cell types has 
revealed the existence of 3707 novel miRNA sequences, in 
addition to the 1900 sequences previously described [32]. 
miRNAs in the human genome are transcribed from both 
introns and exons of non-coding genes and from introns of 
protein coding genes as well [33]. In addition, some mam-
malian miRNAs derived from various transposons and pro-
cessed pseudogenes [34]. miRNAs are critical regulators 
of post-transcriptional gene expression. In particular, sup-
pression of the target gene expression mediated by miR-
NAs occurs based on the degree of complementarity of 
the miRNA with the 3’ Untranslated Region (3’UTR) of 
the target mRNA. Non-perfect complementarity between 
miRNA and target RNA, generally due to a pairing of only 
six to eight nucleotides, causes translation inhibition of the 
target mRNA, while near-perfect complementarity results 
in the degradation of the target mRNA by the RNA-induced 
silencing complex (Table  1) [35]. Interestingly, miRNAs 
are also susceptible to epigenetic modulation. Aberrant 
DNA methylation of miRNA gene promoters frequently 
occurs in human cancer and results in miRNAs expres-
sion down-regulation [36]. On the other hand, miRNAs are 

able to regulate both DNA methylation and histone modi-
fications. Indeed, miRNAs may control the expression of 
important epigenetic regulators including DNMTs and 
HDACs thereby impacting on the entire gene expression 
profile [37].

Epigenetics in T2D and obesity

T2D and obesity are common metabolic disorders, which 
have reached epidemic proportions globally [38, 39]. Popu-
lation and family (including twins) studies have extensively 
documented the familial aggregation of these diseases [40–
45] with more than 175 genetic loci conclusively associ-
ated [46, 47]. Nevertheless, the impact of these loci, even 
in combination, on risk is very modest (5–10  % for T2D 
and ~2% for body mass index, BMI), leaving the heritabil-
ity issue unsolved [48]. Technical limitations might, in part, 
account for this situation [49]. More likely, inheritance 
may be explained by epigenetics. Indeed, familial aggrega-
tion may reflect not only genetic influences, but also rep-
resent the effects of a shared family environment and thus 
of common environmentally induced epigenetic modifica-
tions [48]. In addition, while not been proved in humans 
yet, in rodents, certain environmentally induced epigenetic 
modifications can be trans-generationally transmitted to 
the offspring [50–52]. Environmentally induced epigenetic 
modifications may further explain the global epidemics of 

Table 1   Epigenetic modifications

Overview of the epigenetic modifications and of the different classes of enzymes involved in these processes

DNMTs DNA methyltransferases, TET ten–eleven translocation enzymes family, HATs histone acetyltransferases, HDACs histone deacetylases, 
HMTs histone N-methyl transferases, HDMs histone demethylases, MSK1 mitogen-and-stress activated protein kinase-1, H3 histone 3, H4 his-
tone 4, K lysine residue, S serine residue, Me2 di-methylation, Me3 tri-methylation

Epigenetic modifications Enzymes Type of modification Effect on gene expression References

DNA Methylation DNMT1
DNMT3A, DNMT3B

Methylation maintenance
de novo methylation

Suppression
Suppression

[17]

TET family De-methylation Activation [16]

Histone modifications HATs Acetylation Activation
e.g., H3K9, H3K14, H3K18, H3K56, H4K5, 

H4K8, H4K12, H4K16.

[25–28]

HDACs De-Acetylation Repression [25–28]

HMTs Methylation Activation
e.g., H3K4me2, H3K4me3, H3K36me3, 

H3K79me2
Repression
e.g., H3K9me3, H3K27me3, H4K20me3.

[25–28]

HDMs De-methylation Activation or repression based on the lysine 
residue

[25–28]

MSK1 Phosphorilation Activation
e.g., H3S28

[26]

miRNAs Non-perfect complementarity Inhibition of the mRNA target translation [35]

Perfect complementarity Degradation of the mRNA target [35]
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T2D and obesity, whose exponential rise in the past dec-
ades have been related to rapid cultural and social changes, 
such as socio-economic status, dietary changes, physical 
inactivity and unhealthy behaviors, all of which tend to 
cluster in family groups [38, 53]. Finally, epigenetics may 
help to understand the identical twin discordance for obe-
sity and T2D [54, 55]. For example, the concordance rates 
for T2D among monozygotic twins are only ~ 70 % [56]. 
In these metabolic disorders, the incomplete concordance 
may be in part due to stochastic or environmentally deter-
mined epigenetic modifications that change over the life-
time and is responsible for the phenotypic differences and 
susceptibility to disease. Epigenetic processes may, there-
fore, contribute to the development of T2D and obesity and 
mediate the effects of environmental exposure on risk [9, 
57]. In the following paragraphs, examples from our own 
as well as other investigators will be presented supporting 
the evidence linking epigenetic modifications, in particular 
DNA methylation, to T2D and obesity in both humans and 
rodents.

T2D and DNA methylation

T2D is a metabolic abnormality characterized by elevated 
plasma glucose levels. T2D typically occurs when insulin 
secretion fails to keep pace with reduced sensitivity to the 
action of circulating insulin [38]. There is now substantial 
evidence indicating that environmentally induced epige-
netic changes contribute to diabetes prevalence (Table  2). 
Ling et  al. have recently demonstrated that the promoter 
of the transcriptional co-activator Peroxisome proliferator 
activated receptor gamma coactivator-1 alpha (PGC1-α) 
gene, mainly involved in mitochondrial function, is highly 
methylated in pancreatic islets obtained from diabetic 
patients compared with non-diabetic controls [58]. Addi-
tionally, Barrès et  al. have shown that the hyper-meth-
ylation of the PGC-1α promoter occurs even in the skel-
etal muscle from type 2 diabetic subjects compared with 

normal glucose-tolerant (NGT) individuals. Hyper-meth-
ylation negatively correlates with PGC-1α mRNA expres-
sion in these subjects [59]. In addition, the exposure of pri-
mary human skeletal muscle cells from NGT individuals to 
external factors, such as free fatty acids and tumor necrosis 
factor-alpha (TNF-α) directly and acutely alters the methyl-
ation status of PGC-1α promoter. These findings illustrate 
how alterations in the extracellular milieu may predispose 
to T2D by inducing DNA methylation changes [59]. Also, a 
genome-wide DNA methylation analysis of skeletal muscle 
from obese subjects before and after bariatric surgery pro-
vides evidence that the promoter methylation of PGC-1α 
is altered by obesity and restored after weight loss. DNA 
methylation inversely correlates to BMI, leptin, triglyceride 
and insulin levels in these subjects, which supports the role 
of DNA methylation in the physiological control of PGC-
1α gene transcription [60]. The Pancreatic duodenal home-
obox 1 (PDX-1) promoter is also methylated. PDX-1 is a 
homeodomain-containing transcription factor that plays a 
key role in pancreas development and function. In humans, 
mutations of PDX-1 cause maturity onset diabetes of the 
young 4 (MODY4) [61], while Pdx-1 silencing in pancre-
atic β-cells causes diabetes in mice [62]. In humans pan-
creatic islets, Yang et al. have shown that 10 CpG sites in 
the PDX-1 promoter and enhancer regions are hyper-meth-
ylated in type 2 diabetics compared with healthy individu-
als and that glycosylated hemoglobin (HbA1c) negatively 
correlates with mRNA expression of PDX-1 and positively 
correlates with DNA methylation, suggesting a role of 
chronic hyperglycemia in the modulation of PDX-1 expres-
sion through epigenetic events [63]. In support of this con-
cept, these authors also found an increased DNA methyla-
tion of the Pdx-1 gene in clonal rat β-cells exposed to high 
levels of glucose associated to increased mRNA expres-
sion and binding of the Dnmt1 on Pdx-1 promoter [63]. 
More recently, a genome-wide analysis of differentially 
methylated sites in genomic regions associated to T2D has 
recently revealed that the Fat mass and Obesity-associated 

Table 2   DNA methylation in T2D and Obesity

Examples of epigenetically modulated genes in T2D and obesity

T2D type 2 diabetes, PBLs peripheral blood lymphocytes, PGC1α peroxisome proliferator activated receptor gamma coactivator-1 alpha, PDX-1 
pancreatic duodenal homeobox1, FTO fat mass and obesity-associated, POMC pre-proopiomelanocortin, RXRA retinoid X receptor-alpha

Genes Regions Epigenetic modification Phenotypes Tissues/cells References

PGC1α Promoter ↑ DNA Methylation T2D Pancreatic islets, Skeletal muscle [58]
[59]

PDX-1 Promoter ↑ DNA Methylation T2D Pancreatic islets [63]

FTO Intron 1 ↓ DNA Methylation T2D PBLs [64]

POMC Intron 2-Exon 3 ↑ DNA Methylation Obesity PBLs [72]

RXRA Promoter ↑ DNA Methylation Obesity Umbilical cord [74]
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(FTO) gene is hypo-methylated in a CpG site within the 
first intron in type 2 diabetics compared with control sub-
jects in human peripheral blood. The T2D predictive power 
of this mark is significantly greater than all genetic vari-
ants so far described [64]. In the same investigation Top-
eroff et al. have also prospectively established, that, in an 
independent cohort hypo-methylation at the FTO intron is 
observed in young subjects that later progress to T2D. This 
further finding provides evidence that methylation changes 
predispose to T2D and deserve to be considered further 
investigated as T2D markers.

Obesity and DNA methylation

Obesity is a complex disorder resulting in an abnormal 
accumulation of fat in the organism due to alterations 
in energy homeostasis in terms of balance among energy 
intake, expenditure and storage [65]. It has been extensively 
documented in both humans and animal models that a rela-
tionship exists between obesity and the epigenetic regula-
tion of genes involved in the control of food intake (Table 2) 
[51, 66–70]. In this context, the epigenetic modulation of 
the Agouti gene is a paradigmatic example of this associa-
tion in mice. The Agouti gene encodes the paracrine-sign-
aling molecule “Agouti signalling peptide” (ASIP), which 
antagonizes the melanocortin 1 receptor (MC1R) and leads 
melanocytes to produce yellow rather than black coat pig-
ments. Additionally, ASIP acts as antagonist of the hypo-
thalamic MC4R, inhibiting the anorexigenic neuropeptide 
alpha-melanocyte-stimulating hormone (α-MSH) signaling, 
thereby promoting the activation of orexigenic pathways 
which make mice hyperphagic and prone to develop obe-
sity and diabetes [67]. It is now known that the Agouti gene 
is sensitive to cytosine methylation [69]. When its promoter 
is un-methylated, the Agouti gene is in an “ON” state, ASIP 
protein is abundant and mice show the typical agouti yel-
low coat and a tendency to develop obesity and diabetes 
[70]. On the contrary, when the promoter is heavily methyl-
ated, the Agouti gene is in an “OFF” state, ASIP levels are 
low resulting in mice that are lean and exhibit black coat. 
Interestingly, the Agouti gene is sensitive to environmental 
stimuli [51, 68, 71]. Nutrients and environmental pollutants 
impact on Agouti gene expression altering disease suscep-
tibility through epigenetic modifications. Agouti pregnant 
mice fed diets supplemented with the methyl donors folic 
acid, vitamin B12 or choline generate lean brown offspring 
which show increased DNA methylation on the Agouti 
gene promoter and decreased ASIP protein levels [71]. 
In addition, the effects on coat color induced by maternal 
methyl-donor supplemented diet are also inherited in the 
F2 generation, indicating a germline propagation of the 
epigenetic modifications [51]. On the other hand, maternal 
exposure to the environmental pollutant bisphenol A, which 

is commonly present in many items such as food and plas-
tic beverage containers and baby bottles, shifted the coat 
color of the offspring toward yellow by decreasing DNA 
methylation of CpG sites within the Agouti promoter [68]. 
Maternal supplementation with methyl donors abolished 
the bisphenol A-induced hypo-methylation of the Agouti 
gene in the offspring, demostrating the potential protec-
tive effect of simple dietary interventions against effect of 
an unhealthy environment effects on the fetal epigenome 
[68]. In humans, DNA methylation of the Pre-proopi-
omelanocortin (POMC) gene which encodes the anorexi-
genic hormone α-MSH produced by hypothalamic arcuate 
nucleus neurons has been associated with the individual 
risk of childhood obesity [72]. In particular, using periph-
eral blood cells, Kuenen et al. have found hyper-methyla-
tion at the Intron 2/Exon 3 boundary of the POMC gene in 
obese compared with normal weight children. In particular, 
in these obese children, the Alu elements, which are known 
to influence methylation in their genomic proximity at the 
Intron 2, trigger a default state methylation at the Intron 
2/Exon 3 boundary, interfering with binding of the his-
tone acetyltransferase/transcriptional coactivator p300 and 
reducing POMC expression [72]. In addition, several stud-
ies suggest a critical role of epigenetic marks also as pre-
dictors of susceptibility to obesity and metabolic disease 
in humans and animal models [73, 74]. A further example 
of this concept in humans has been provided by studies on 
the Retinoid X receptor-alpha (RXRA) gene. Godfrey et al., 
designed a perinatal epigenetic analysis of the methylation 
status of CpG sites at the promoters of 78 selected candi-
date genes in DNA from umbilical cord tissue of children 
who were assessed for adiposity at age 6 and 9 years. These 
authors have established that the variation of adiposity and 
the onset of obesity in pre-pubertal children were associ-
ated with the specific hyper-methylation of a CpG site at 
the RXRA chr9:1363558885+ at birth [74]. Furthermore, 
in the same population, it was demonstrated that this neo-
natal epigenetic mark was associated with lower maternal 
carbohydrate intake in pregnancy first trimester, providing 
a further example of how epigenetic processes may link 
the early prenatal life with the predisposition to obesity 
and other phenotypic outcomes [74]. In the future, perina-
tal identification of individuals that present DNA methyla-
tion changes at specific genes may help in preventing later 
obesity. In accordance to this concept, a recent bioinfor-
matic analysis, performed to search for epigenetic obesity 
biomarkers, has established potential regions of interest 
which have a high density of CGIs in the promoter of sev-
eral obesity-related genes (epiobesigenes), such as Leptin, 
Phosphatase and tensin homolog (PTEN), and Fibroblast 
growth factor 2 (FGF2) or genes implicated in adipogen-
esis, such as Peroxisome proliferator-activated receptor 
gamma (PPARG), in inflammation, such as Suppressors of 
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cytokine signaling 1 and 3 (SOCS1/SOCS3), and insulin 
signaling, like Lipoprotein lipase (LPL), Fatty acid binding 
protein 4 (FABP4), and Insulin-like growth factor binding 
protein-3 (IGFBP3) [75].

Epigenetics and nutrition: lessons from recent 
studies

Nutritional epigenetics has become an attractive field 
of study since it associates nutrients and bioactive food 
components with epigenetic modifications of gene func-
tion. As reported in this review, a variety of evidence, 
in both humans and animal models, supports the asso-
ciation between changes in nutritional status, epigenetic 
modifications and predisposition to T2D and obesity [76]. 
Shen et  al. have demonstrated that high fat diet (HFD) 
feeding impacts on the Leptin gene by inducing pro-
moter CGI hyper-methylation in murine white adipose 
tissue (AT) [66]. Consistent with this observation, data 
obtained by our own group have further highlighted the 
role of over-nutrition in contributing to the gene function 
de-regulations occurring in obesity through epigenetic 
modification. By methylated DNA immuno-precipitation 
sequencing (MeDIP-seq), we have recently revealed that, 
HFD triggers a massive DNA methylation reprogramming 
in AT [77]. In particular, about 14.8 × 103  regions were 
found to be differentially methylated (DMRs) in mice 
fed a HFD. Interestingly, we have demonstrated that pro-
longed HFD regimen promotes a specific DMR distribu-
tion in mice [77]. DMR occurrence was increased in the 
gene-associated elements, particularly introns, and in the 
CGIs, while the number of DMRs identified in genomic 
repeat elements including long terminal repeats (LTRs) 
and long interspersed elements (LINEs) was decreased 
in obese compared with lean mice. Gene ontology analy-
sis indicates that HFD feeding promotes DMRs enrich-
ment in genes involved in developmental, metabolic and 
transcriptional processes in mice. In this same study, it 
has also been revealed that, among several differentially 
methylated pathways, the  Hox  family of transcription 
factors was highly enriched in differentially methylated 
genes in HFD-fed compared with STD-fed mice. In par-
ticular, the  Hoxa5  gene, which is implicated in fat tis-
sue differentiation and remodeling [78, 79], was highly 
methylated at its 5′UTR and transcriptionally repressed 
in AT from obese compared with lean mice. In addition, 
the exposure of murine 3T3-L1 adipocytes to palmitate, 
a major component of the HFD, enhances methylation 
at the  Hoxa5  5′UTR and causes  Hoxa5  mRNA down-
regulation, suggesting that in AT the epigenetic silencing 
of Hoxa5 gene may be dependent, at least in part, on the 
effect of saturated fats rather than on obesity per se [79]. 

Interestingly, when obese mice exposed to chronic HFD 
treatment were returned to standard chow diet for two fur-
ther months, Hoxa5 DNA methylation and expression lev-
els returned to values similar to those of mice maintained 
under STD, emphasizing the plasticity of these epigenetic 
events [79] (Fig. 2).

This same MeDIP-seq approach has also identified the 
Ankyrin repeat domain 26 (Ankrd26) as a gene sensitive to 
nutrition-induced epigenetic changes. ANKRD26, a gene 
highly expressed in different areas of the hypothalamus, 
has been related to specific forms of hereditary obesity in 
humans [80] and was demonstrated to be involved in the 
regulation of feeding behavior and in the development 
of both obesity and diabetes in mice [81–83]. Mice with 
a partial inactivation of this gene show an obese pheno-
type which results from a marked hyperphagia rather than 
a reduction of the energy expenditure and activity [81]. 
When deleted at its C-terminus, Ankrd26 leads to exces-
sive food intake and obesity due to severe region-specific 
changes in primary cilia in the brain [83]. In addition to 
its function in appetite control, the Ankrd26 gene has a 
role in the regulation of adipocyte differentiation in mouse 
embryonic fibroblasts and in 3T3-L1 cells [84, 85]. We 
have demonstrated that hyper-methylation of the Ankrd26 
promoter occurs in obese mouse AT upon prolonged HFD 
feeding compared to age- and sex-matched STD-fed 
mice and directly interferes with the binding of the his-
tone acetyltransferase/transcriptional coactivator p300 to 

Fig. 2   High fat feeding: DNA methylation at the Hoxa5 gene in vivo. 
DNA methylation analysis performed on the AT from mice fed chow 
diet or high fat diet reveals the presence of a DMR relative to the 
Hoxa5 locus among high fat fed- and chow diet fed-mice. This event 
is associated with a strong reduction of the Hoxa5 mRNA expression 
levels in obese mice compared with lean mice. Interestingly, re-feed-
ing obese mice a chow diet for 2 further months reverted the Hoxa5 
DNA methylation and its expression to levels similar to those in lean 
control fed a standard chow diet
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this same region. These events result in the down regula-
tion of the Ankrd26 gene expression [unpublished obser-
vations]. We have further reveled that Ankrd26 silencing 
alters secretion of pro-inflammatory adipokines in  vitro. 
These findings indicate that the epigenetic silencing of the 
Ankrd26 gene might be one of the mechanisms respon-
sible for AT inflammation in response to HFD [unpub-
lished observations]. In humans, computational data from 
a genome-wide DNA methylation analysis in subcutane-
ous white AT revealed that ANKRD26 gene is included 
in a list of 2825 genes where both DNA methylation and 
mRNA expression levels significantly correlate with BMI 
[86]. According to these findings, our preliminary data in 
human peripheral blood leukocytes underline a negative 
correlation between ANKRD26 mRNA expression levels 
and BMI, supporting the hypothesis that an epigenetic 
regulation of ANKRD26 gene may occur in humans, as 
well as in mice, and represent a pathogenic mechanism by 
which environmental exposures to nutrients contribute to 
disease susceptibility through epigenetic modifications.

Conclusions and future perspectives

The epigenome undergoes continuous transformations 
throughout our own lifetime leading to changes in genome 
function. The epigenetic hypothesis argues that, in addition 
to genetic variation, epigenetics provides an additional set 
of mechanisms mediating the relationship between geno-
type and the external environment and potentially contrib-
uting to the individual susceptibility to different disorders. 
During the past decades, the study of epigenetic modifica-
tions has been one of the most emerging and novel areas 
in fundamental as well as in clinical research and cur-
rently represents a very productive field of study, which has 
already provided a framework for the search of etiological 
factors in environment-associated diseases such as T2D and 
obesity. It is, indeed, clear that genetic variability only mar-
ginally contributes to the pathogenesis and family risk of 
these disorders. In this review, we have presented important 
acquisitions on the epigenetic network in T2D and obesity, 
mostly focusing on changes of the DNA methylation sta-
tus of specific genes. However, understanding of the epi-
genetics of these two complex diseases is still limited. Fur-
ther work is needed to clarify the molecular mechanisms 
responsible for the epigenetic control of gene activity and 
their interactions and alterations, and to establish the role 
of epigenetics in the risk stratification of these diseases. In 
the near future, further hints on how epigenetic changes are 
involved in the etiopathogenesis of T2D and obesity will 
be attained from studies accomplished on other epigenetic 
modifications, such as histone modifications and ncRNAs, 
which may selectively affect the expression of specific 

genes, and from epigenome-wide analysis extended to spe-
cific human cell types, e.g., stem, precursor and differenti-
ated cells, or to particular tissues, e.g., fat, skeletal muscle, 
liver and pancreatic islets. It is expected that these studies 
will pave the way to novel and more effective strategies 
aimed at diabetes and obesity prevention and at personal-
ized epigenetic treatment. Indeed, it becomes clear that 
getting a full picture of the epigenetic events involved in 
these two diseases will (1) represent a powerful tool for 
predicting and preventing future disease onset in the popu-
lation; (2) provide additional stimuli for the development of 
clinical epigenetic biomarkers, which will generate novel 
relevant information for diagnosis, prognosis and therapy 
optimization; and (3) drive advancement in epigenetic drug 
discovery with the generation of more effective epi-drugs, 
selective for specific epi-targets, which in the forthcom-
ing future might be used in combination with conventional 
therapeutics and/or might get the opportunity to develop 
epigenetic treatment personalized to the patient’s epige-
netic traits.
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