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ABSTRACT

Epigenetics is involved in the altered expression of gene networks that underlie insulin resistance and
insufficiency. Major genes controlling S-cell differentiation and function, such as PAX4, PDX1, and GLP1
receptor, are epigenetically controlled. Epigenetics can cause insulin resistance through immunomediated
pro-inflammatory actions related to several factors, such as NF-kB, osteopontin, and Toll-like receptors.
Hereafter, we provide a critical and comprehensive summary on this topic with a particular emphasis on
translational and clinical aspects. We discuss the effect of epigenetics on B-cell regeneration for cell
replacement therapy, the emerging bioinformatics approaches for analyzing the epigenetic contribution
to type 2 diabetes mellitus (T2DM), the epigenetic core of the transgenerational inheritance hypothesis in
T2DM, and the epigenetic clinical trials on T2DM. Therefore, prevention or reversion of the epigenetic
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changes occurring during T2DM development may reduce the individual and societal burden of the

disease.

Introduction

Type 2 diabetes mellitus (T2DM) is a well-known multifactorial
disease associated with aging and characterized by chronic
hyperglycemia due to decreased insulin secretion, increased
insulin resistance, or both." Chronic hyperglycemia causes seri-
ous damage to vital organs, such as heart and kidneys, and dia-
betic patients are at increased risk of atherosclerosis with its
major consequences: coronary heart disease, peripheral arterial
disease, and cerebrovascular disease.'” Insulin resistance in
liver, skeletal muscle, and adipose tissue challenges pancreatic
B-cells to produce more insulin until a progressive B-cell failure
takes place and hyperglycemia gets markedly worse.* Inflam-
mation, sustained by the innate immune response, has been
recognized as an important factor contributing to the onset and
development of diabetes. As depicted in Fig. 1, hyperglycemia
can trigger inflammation, which, in turn, can worsen hypergly-
cemia in a sort of vicious cycle.’

Despite the continuous progress in the hormone-replace-
ment therapy or in the insulin secretion/sensitivity stimulating
treatments, the societal burden of this still spreading common
disease is enormous. Indeed, almost 400 million people had
diabetes in the year 2013 worldwide, and, in 2035, nearly
600 million people will be affected with such an invalidating
and life-threatening disease.® Therefore, the identification of

better preventive and curative strategies is urgently needed and
a deeper epigenetic insight offers a promising opportunity to
improve the quality of life of diabetic patients.”

Since epigenetic changes are reversible, preventing or revert-
ing those occurring in T2DM is a realistic possibility to slow
down or revert the worldwide increase of the incidence and
prevalence of T2DM. Therefore, we here discuss the most
recently evaluated potential epigenetic drugs and their possible
application in novel anti-diabetic treatments. Finally, we pres-
ent the most relevant ongoing or completed clinical trials look-
ing at the role of epigenetics in diabetes.

The epigenetic contribution to the onset of T2DM
Epigenetic mechanisms

Epigenetics is a genomic control mechanism resulting from
changes in the structure of chromatin without alterations in
DNA sequence, which mediates the genomic response to exter-
nal stimuli by regulating gene silencing or activation. Altera-
tions in this mechanism can lead to pathological
dysfunctions.*® In the present work, we focus on the 3 major
categories of epigenetic mechanisms: DNA methylation, post-
translational histone modifications (PTHMs), and RNA-based
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Figure 1. Epigenetic contribution to the vicious cycle between hyperglycemia and inflammation in the onset of T2DM. Hyperglycemia, the hallmark of T2DM, causes sys-
temic low-grade inflammation by different routes including production of ROS and AGEs and overexpression of TLR-4. Inflammation, in turn, favors the development of
hyperglycemia by acting both on pancreatic g-cells (where it negatively regulates insulin synthesis, secretion, and the overall cell biology) and on insulin-targeted tissues,
i.e., liver, skeletal muscle, and adipose tissue (where it promotes insulin resistance). The figure highlights the epigenetic contributions to all the mentioned pathways by
indicating the increase or decrease of different epigenetic mediators/modifications. Where no epigenetic change is reported, there is no evidence of it in the literature.
AGEs, Advanced glycation end products; AP-1, Activator Protein 1; NF-kB, Nuclear Factor Kappa-light-chain-enhancer of activated B cells; IRFs, Interferon regulatory tran-
scription factors; ROS, Reactive Oxygen Species; STATs, Signal Transducers and Activators of Transcription; OPN, osteopontin; CCL18, chemokine (C-C motif) ligand 18;

IL1RN, Interleukin 1 Receptor Antagonist; TLR, Toll-like receptor.

mechanisms. These mechanisms are involved in the altered
pattern of gene expression that underlies the progressive insulin
resistance and insulin insufficiency of T2DM (Fig. 1).

DNA methylation represents a major epigenetic mecha-
nism that modifies accessibility to gene promoters, thus
causing transcriptional repression. It consists in the binding
of a methyl group to the 5 position of cytosine residues in a
dinucleotide Cytosine-phosphate-Guanine (CpG) by the
DNA methyltransferases (DNMTs, including DNMTI,
DNMT3A, and DNMT3B). Beside DNMTs, demethylases of
the 10-11 translocation (TET) family of DNA dioxygenases
(TET1/2/3) also control the methylation status of the
genome, by removing the methyl group from the methylated
cytosines.'’ S-adenosylmethionine (SAM) is the donor of the
methyl group in the DNMT-catalyzed reactions, while Fe
(II)-, a-ketoglutarate- (a-KG), ascorbate-, and O, are the
cofactors of the TET-catalyzed oxidation of 5-methylcytosine
(5mC) to 5-hydroxymethylcytosine (5ShmC). In contrast with
methylation, demethylation of DNA wusually activates
transcription.

PTHMs include acetylation, methylation, phosphoryla-
tion, ubiquitination, and SUMOylation of specific amino
acid residues of histones. PTHMs alter chromatin condensa-
tion and, as a result, gene activation, gene silencing, or both
are induced. While acetylation of histone lysine residues
increases chromatin accessibility and activates gene expres-
sion, the final effect of histone methylation varies according
to the specific methylated residue and the number of added
methyl groups. Histone acetylation and deacetylation are cat-
alyzed by 2 classes of enzymes, histone acetyl transferases
(HATs) and histone deacetylases (HDACs), respectively.''
The coordinate regulation of HATs and HDACs establishes
the level of histone acetylation and, hence, contributes to the
regulation of gene expression.

In addition to biochemical modifications of DNA and histo-
nes, noncoding RNAs can also regulate gene expression by
influencing the protein biosynthetic machinery at the posttran-
scriptional and translational level. Here, we report on micro-
RNAs (miRNAs), small RNA molecules of 21 to 23
nucleotides, and long noncoding RNAs (IncRNAs, typically
longer than 200 nucleotides) that could have an important role
for B-cell development, as well as for insulin biosynthesis and
secretion. miRNAs reduce stability or inhibit translation of tar-
get transcripts by binding to their 3'-untranslated regions
(UTRs). Interestingly, many genes can be targeted by a single
miRNA, and a single gene can be targeted by many miRNAs.
IncRNAs are expressed in a tissue- and time-specific fashion
and consist of different types of functional RNAs that comprise
enhancer-associated RNAs (eRNAs), sense- and anti-sense-
IncRNAs, and intergenic-lncRNAs. They are able to recruit
DNMTs and histone modifiers to their target genes and, partic-
ularly eRNAs, facilitate promoter-enhancer looping, thus pro-
moting the expression of nearby genes.'” Although there is
evidence of regulation of islet-specific gene expression by
IncRNAs, their role in pancreas development and S-cell func-
tion awaits definitive experimental proofs.'

B-cell development and function

Pancreatic S-cells are the central players in glycemic homeosta-
sis because they produce insulin, the only hormone capable of
lowering high blood glucose levels. Remarkably, the extent of
insulin secretion is proportional to glycemia. In fact, the higher
the glycemia, the higher the transport of glucose within the
B-cell through the glucose transporter 2. Higher intracellular
glucose concentration induces the glycolytic pathway and,
hence, the ATP/ADP ratio increases. The binding of ATP to
the K*z6.2 pore-forming subunit of the K-ATP channel closes



the channel itself. The consequent depolarization of the plasma
membrane opens the voltage-dependent Ca*" channel, thus
causing an increased concentration of cytosolic free Ca>*, which,
in turn, triggers insulin secretion.'"* Nowadays, the knowledge of
this chain of events within the B-cell is guiding much of the
research of anti-diabetic therapies and highlights the crucial
nodes where epigenetic mechanisms may be involved.

Several studies report that the mass and volume of S-cells are
reduced by about 30 to 60% in type 2 diabetic patients, thus cre-
ating the generalized consensus on the central role of the -cell
functional decline in the onset of T2DM.'>' Pathological modi-
fications of the B-cell epigenome can cause p-cell insufficiency
by impairing the maintenance of the differentiated, functional
state of these cells.'” Indeed, there are master genes responsible
for the differentiation of pancreatic «- and S-cells, and epigenetic
mechanisms can alter the physiologic and balanced differentia-
tion of the common precursor cells, both during developmental
stages and adult life."® Therefore, when genes inducing B-cells
are expressed and genes inducing «-cells are inactivated, f-cell
identity is preserved and diabetes avoided. For example, the
Paired box 4 (PAX4) gene, which is necessary for the formation
of mature f-cells, is hypermethylated and silenced in islets from
patients with T2DM."** Vice versa, Arista-less-related homeobox
(ARX), a master gene for a-cells, is normally methylated and
repressed in pancreatic B-cells by DNMT1 with concomitant
preservation of B-cell identity.”' Therefore, it has been proposed
that B-cell identity depends on the epigenetically controlled
antagonistic activities of PAX4 and ARX, but the fine tuning
mechanisms are still unclear.”!

Beside passive demethylation (inhibition of DNMTs), active
demethylating mechanisms involving TET enzymes can also be
involved in the correct development of pancreatic islets.'” A rela-
tively recent study on heterozygous miR-26a transgenic mice
showed reduced expression of TET2 during islet postnatal differ-
entiation and increased postnatal islet cell number.”* In addition
to DNA methylation, histone modifications can also be manipu-
lated to influence B-cell mass. The number of insulin-producing
B-cells is increased in HDACS5 and 9 knockout mice; on the con-
trary, HDAC4 and HDACS5 overexpression in pancreatic
explants leads to a decrease of insulin-producing f-cells.”’

Recently, a role for IncRNAs in pancreas development and
function has been hypothesized, given the evidence so far accu-
mulated: IncRNAs can recruit DNA and histone modifiers to
regulatory genomic regions; they are expressed in human and
mouse pancreatic islets of Langerhans; and they are develop-
mentally regulated.'”> Moreover, some diabetic patients pre-
sented dysregulated expression of several IncRNAs in their
pancreatic islets and, intriguingly, genome-wide association
studies (GWAS) linked some genetic variants of IncRNAs with
susceptibility to metabolic disorders and T2DM.**** It is also
noteworthy that some IncRNAs, such as growth arrest-specific
transcript 5 (GAS5) and metastasis-associated adenocarcinoma
transcript 1 (MALAT1), have been related to T2DM and to the
regulation of human islets, respectively.”® On this basis, it is
likely that manipulating the levels of IncRNAs may be useful in
treating T2DM and other metabolic disorders.

Once the B-cell is correctly differentiated, its core business is
to produce insulin. The pancreatic and duodenal homeobox fac-
tor 1 (PDX1) is the principal transcription factor responsible for
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the expression of the insulin gene; it is required for hyperglyce-
mia-dependent insulin gene expression, recruits HAT p300 to
the insulin promoter and causes hyperacetylation of histone
H4.%”*® Conversely, under low glucose conditions, PDX1 is asso-
ciated with HDAGCs, such as HDACI and HDAC?2, thus inhibit-
ing insulin gene transcription. These findings clearly illustrate
the role of epigenetics in the dynamic regulation of insulin gene
transcription in response to glucose concentrations.

The final step of the B-cell activity may also be influenced by
epigenetic modifications. In fact, the incretin hormone, gluca-
gon-like peptide 1 (GLP1), increases insulin secretion from
B-cells through the GLP1 receptor (GLPIR). An increase of
DNA methylation of 12 CpGs at transcription start sites of the
GLPIR gene was observed in T2DM human pancreatic islets.*’
This epigenetic modification, established by DNMT]I,
DNMT3A, and DNMT3B, leads to the reduction of GLPIR
expression.”” The possibility to control the expression of
GLPIR by epigenetic intervention could be complementary to
the recently FDA-approved treatment of T2DM with lixisena-
tide, a GLP1R agonist.”® Insulin secretion in pancreatic islets is
dependent also upon mitochondrial function. Peroxisome pro-
liferator-activated receptor gamma coactivator-1 « (PGCla) is
a transcriptional co-activator and master regulator of mito-
chondrial genes. PGCIlo promoter is hypermethylated in
human diabetic islets, thus resulting in lower levels of PGCla
with consequent impairment of insulin secretion.”'

Basic and clinical research is aiming at establishing novel
anti-diabetic therapy based on the protection, replacement, and
regeneration of B-cells. Cell therapy is a developing field with
vast potential for clinical intervention in diabetes and many
other diseases.’”>** Functional f-like cells, have been recently
obtained in vitro from human adipose tissue mesenchymal
stem cells and from foreskin fibroblasts, although the most con-
venient sources are adipose, skin, or blood cells.34-3¢

However, these artificially generated B-like cells do not
completely recapitulate the phenotype and functions of an orig-
inal B cells, thus reducing the therapeutic efficacy. Second, it
needs to be ascertained whether, after transplantation, reprog-
rammed B-like cells survive and maintain the differentiated
phenotype long enough to warrant good quality to the patient’s
life. To reduce cell death, transplanted cells must be sufficiently
vascularized to receive optimal oxygen and nutrient supply. To
let the cells survive until well-vascularized, encapsulation devi-
ces have been produced with built-in oxygen supply.”” Depend-
ing on the encapsulation device, reprogrammed cells can be
transplanted under the skin, into the peritoneal cavity, the
omental pocket, or intravenously.”® Although few phase I and
ITa clinical trials are still ongoing or have been completed, met-
abolic control and survival time of transplants are still not quite
satisfactory.”

The epigenetic link between immunity and insulin
resistance

Insulin resistance, a central determinant of T2DM, is the insuf-
ficient metabolic response of target tissues to insulin stimula-
tion and is associated with several pathological conditions or
prolonged anti-inflammatory treatments including obesity,
infections, polycistic ovary, lipodistrophy, and steroid therapy.
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A physiologic condition such as pregnancy is also a risk factor
for insulin resistance. The most metabolically relevant tissues
that develop insulin resistance are liver, skeletal muscle, and
adipose tissue (Fig. 1). The major consequence of liver insulin
resistance is an abnormally elevated hepatic glucose production
(HGP) that is not regulated accordingly to glycemia. HPG,
which is primarily due to gluconeogenesis but also to inhibition
of glycogen synthesis, prominently contributes to diabetic
hyperglycemia. Skeletal muscle is a major determinant of
energy expenditure in physically active organisms. It disposes
primarily of glucose and fatty acids to generate sufficient
amount of ATP to support its contractile activity. Consistently,
it is a principal target of insulin that allows glucose to pass
from blood into muscle cells. Therefore, insulin resistance of
skeletal muscle is central to the development of T2DM. Insulin
resistance in adipose tissue is mainly related to an excess of
body fat content, which occurs in overweight and obese people.
Obesity is a major risk factor for T2DM and is characterized by
ectopic fat accumulation, enhanced lipolysis, and secretion of
inflammatory cytokines by enlarged and supernumerary adipo-
cytes. These factors promote insulin resistance both at the sys-
temic and adipose tissue level, thus causing T2DM.

Are there distinct pathways that promote insulin resistance
according to the specific associated condition? Is there a com-
mon pathogenic denominator? Here, we review a key factor of
insulin resistance, the innate immune system, with a particular
focus on the related epigenetic mechanisms. The innate
immune system is directly involved in inflammation that is
present in almost all the pathological conditions reported
above. In particular, mast cells, macrophages, granulocytes,
dendritic cells, and natural killer cells, the pillars of the innate
immune response, elicit the inflammatory response by secreting
an array of molecular mediators including histamine, interleu-
kins, TNF-«, interferon-y, and leukotrienes and other eicosa-
noids, such as prostaglandins. Hyperglycemia can trigger
inflammation, which, in a kind of vicious cycle, can contribute
to the development of insulin deficiency or insulin resistance
(Fig. 1).* Recently, evidence began accumulating regarding the
epigenetic mechanisms underlying the immunological basis of
diabetes and inflammation.

As demonstrated in endothelial cells and peripheral blood
cells, high glucose levels modify methylation and acetylation of
the p65 promoter, thus upregulating its expression and activat-
ing the pro-inflammatory pathway of NF-kB (Fig. 1).*"** Acti-
vation of the NF-kB pathway, in turn, induces monocytes/
macrophages and endothelial cells production of several cyto-
kines, including TNF-¢, IL-1, IL-6, and adhesion molecules,
such as vascular cell adhesion molecule-1 (VCAM-1).41#?

The association of diabetes, inflammation, and epigenetic
changes has been reported also in humans. A recent study on
adipose tissue from monozygotic twins discordant for T2DM
(diabetics vs. non-diabetics) reported increased expression of
inflammatory genes, such as secreted phosphoprotein (SPP)1
(also known as osteopontin, OPN), chemokine (C-C motif)
ligand (CCL)18 and ILIRN, in association with variations of
global and localized DNA methylation.” Moreover, the meth-
ylation of 7 CpGs in the promoter of the gene coding for the
inflammatory molecule Toll-like receptor (TLR)-2 was signifi-
cantly lower in T2DM patients compared with controls, and

this difference was associated with marked variation in the
composition of gut microbiota.**

Inflammation has also been recognized as the pathogenic link
between obesity and T2DM. Indeed, it is remarkable that obese
individuals are not all alike in terms of susceptibility to metabolic
diseases and, hence, cardiovascular risk.*> When visceral adipose
tissues of 7 severely obese men with and without metabolic syn-
drome were compared by pathway analysis of differentially
methylated genes, the most significant differences were related to
genes encoding cell membrane components, and genes control-
ling immunity, cell cycle regulation, and inflammation.*®

As stated above, hyperglycemia can stimulate inflammation
and the latter can facilitate diabetes onset and progression
(Fig. 1). Indeed, inflammation induces a specific miRNA pat-
tern in primary cultures of human adipocytes. This effect might
link obesity-induced inflammation and miRNA expression in
B-cells, which, in turn, can influence functionality, insulin exo-
cytosis, and apoptosis of the same cells.*”* Since miR-21,
miR-34a, and miR-146a are involved in such events, they could
represent novel biomarkers for g-cell failure elicited by pro-
inflammatory cytokines, thus providing a valuable opportunity
for translational application.”® Additional clinical relevance is
attributed to miR-30d as novel potential epigenetic drug for
diabetes because it preserves mouse p-cells against TNEF-
a-induced suppression of insulin expression and signaling.”"

Alternatively, the main target organs of insulin, namely liver,
skeletal muscle, and adipose tissue might be also the targets of
inflammatory pathways that could promote insulin resistance
by means of epigenetic modifications (Fig. 1). As for adipose
tissue, the first evidence relates to the discovery that TNF-«
strongly hampers insulin sensitivity in fat and dates back to
1993.>* Ten vyears later, adipose tissue-infiltrating macrophages
were recognized as the source of TNF-« and following studies
identified raised influx of inflammatory cells into mouse adi-
pose tissue as being responsible for obesity-associated insulin
resistance.’>>* The most overexpressed gene in adipose tissue
of diabetic twins was SPP1, which encodes the inflammatory
cytokine osteopontin, and osteopontin engages macrophages
into adipose tissue and stimulates T-cell proliferation during
inflammation (Fig. 1).* Epigenetics could be extremely impor-
tant also in the inflammatory response of the hypertrophic adi-
pose tissue in obese people. Remarkably, lean and obese
individuals present differentially expressed miRNAs in their
adipose tissue. A recent study in human macrophages and adi-
pocytes has shown that a group of miRNAs regulates the
expression of the inflammatory chemokine (CC motif) ligand-2
(CCL2).>> eRNAs have also been shown to regulate the expres-
sion of inflammatory genes, as in the case of the chemokine
CCL5 in macrophages; remarkably, CCL5 regulates inflamma-
tory pathways in adipose tissue.”® Interestingly, excessive adi-
pose tissue also promotes liver insulin resistance, and this
crosstalk may be due to the overexpression of MEG3, a
IncRNA. In fact, in high-fat diet-fed and 0b/ob mice, upregula-
tion of MEG3 enhances hepatic insulin resistance by increasing
the expression of FoxO1.”

Interestingly, TET-mediated DNA hypomethylation might
be important in the so-called “metabolic memory,” which is
responsible to mediate the negative effects of hyperglycemia on
diabetes complications, even after an acceptable glycemic



control is pharmacologically re-established in diabetic
patients.”® More importantly, since the activation of TET
enzymes depends upon the activity of the poly (ADP-ribose)
polymerase (PARP) enzyme, PARP inhibition in such patients
is now a novel candidate therapeutic possibility to halt, or even
revert, the progression of diabetic complications.

Transgenerational epigenetic inheritance of T2DM

An exciting and rapidly evolving field, which might be relevant
to the onset of T2DM, is transgenerational epigenetics, which is
the transfer of epigenetic marks from one generation to the
other. This transfer may affect several generations. It is becom-
ing appreciated that epigenetic signatures can be inherited not
only by daughter cells during mitosis, but also when gametes
form, during meiosis. While the first mechanism underlies epi-
genetic inheritance, the second defines and allows transgenera-
tional epigenetic:s.sg’60 Metabolic disorders, including diabetes,
can be dependent on altered epigenetic reprogramming in
utero.’’ On the contrary, transgenerational effects are responsi-
ble for epigenetic changes also in later progenies that have not
been exposed to the starting environmental stimulus. Interest-
ingly, both F1 and F2 offspring of protein-restricted pregnant
rats present high blood pressure and endothelial dysfunction,
thus suggesting a transgenerational epigenetic inheritance from
the FO to the F2 generation.”” However, due to the novelty of
this area of research, transgenerational epigenetic inheritance is
still strongly debated.®®

The relationship between very early pre-natal life and metabolic
risk, recognized in the seminal work of Barker and colleagues, has
led to the formulation of the Developmental Origins of Health and
Disease (DOHaD) hypothesis. According to DOHaD, the risk of
developing cardiovascular and metabolic diseases, including insulin
resistance and T2DMV,, is increased by early environmental stimuli,
such as intrauterine poor nutrition and growth resulting in low
birth weight.***® An increased metabolic risk due to an adverse
intrauterine environment has also been observed in animal models
with epigenetic changes in fetal tissues.*®

Another maternal condition, which can transfer epigenetic
information to the fetus, is gestational diabetes mellitus
(GDM). The risk of developing T2DM later in life is 7 to 8-fold
higher in women with GDM and their offspring, and is associ-
ated with several epigenetic modifications.®>®”

Despite several studies provided compelling evidence that
parental exposure to environmental triggers may have conse-
quences on the following generations, the hypothesis that
epigenetic mechanisms are responsible for the transgenera-
tional inheritance of diabetes risk is still far from being dem-
onstrated. Nevertheless, in the near future, it might be
possible to hinder the unrestrained global spreading of dia-
betes, by preventing or reverting the occurrence of epigenetic
diabetogenic changes in parental or even grandparental
generations.

The bioinformatics approach to study the role of
epigenetics in T2DM

Bioinformatics mines information from large biologic data sets;
this information can be then integrated and analyzed at higher
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complexity levels, thus allowing a deeper insight into biologic
phenomena that can be translated to clinical practice, particu-
larly to establish novel and more efficacious therapies (Fig. 2).

Hereunder, we summarize some studies to underline the
importance of bioinformatics in T2DM research and clinical
care, and report the most recent applications of bioinformatics
tools on this complex disease, with a focus on epigenetics.

In the study by Liu et al., genomic, transcriptomic, genealog-
ical, and phonemic data were collected from T2DM and
healthy subjects. Whole-genome scale gene expression profiles
were evaluated and the functional analysis of the differentially
expressed genes was performed by means of Gene Ontology
(GO) approach. As result, authors found that the regulation of
cell proliferation is the most common process associated to
T2DM. Moreover, the integration of gene expression data with
clinical information led to the construction of a discriminate
model with >95.1% accuracy in identifying healthy, pre-dia-
betic, and T2DM people.®®

An interesting bioinformatics research applied a Bayesian
regression analysis on a protein domain-domain interaction
network to rank candidate domains for human complex dis-
eases.”” Authors, by analyzing the Pfam, UniProt, DOMINE,
InterDom, and OMIM databases, were able to identify associa-
tions between protein domains, genes, and T2DM.” Moreover,
factor and partial least square models have been applied on
mass spectrometry lipid profiling data and on microarray data
for the combined analysis of gene expression and lipid content
in T2DM.”" This study allowed the identification of specific lip-
ids and pathways associated with this disease.

The application of MPINet, an accurate network-based
method for the analysis of metabolite pathways, to data set
from T2DM patients allowed the identification of novel path-
ways associated to the disease.”> MPINet identified steroid hor-
mone biosynthesis, mitochondrial fatty acid elongation, and
glycerophospholipid metabolism as possible novel pathways
influencing lipid metabolism in T2DM.”? Furthermore, a meta-
bolic study on humans showed the association of 94 metabo-
lites from different body fluids with T2DM.”> However, an
important limitation of the current metabolomics technology
concerns the restricted number of metabolites that can be
identified.

An epigenetic study on 7 families identified age-associated
differential methylation of T2DM susceptibility loci by means
of positional density-based clustering algorithm, and online
tools as FatiGO, KEGG, and GO. Authors mapped age-related
epigenetic ‘hot-spots’ in genomic regions controlling fat cell
fate and insulin production.”

Another study analyzed the epigenetic bases of T2DM by
means of network-based approaches relating DNA methyla-
tion, chromatin modifications, and gene expression with
T2DM.”® As result, it has been demonstrated that the variance
in gene expression observed in human islet tissue from T2DM
patients was due to specific epigenetic modifications.”

Besides, T2DM has been associated to the expression of spe-
cific mRNAs and miRNAs by applying several bioinformatics
tools, such as functional enrichment analysis, gene set enrich-
ment analysis, gene set analysis, and the VENNY software to
microarray data.”® Recently, an interesting bioinformatics pro-
cedure allowed the identification of SNPs in miRNA binding
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sites associated with T2DM.”” In particular, several resources,
such as dbSNP databases, GWAS, KEGG, miRNA target site
databases, and Galaxy tools were used.”” As result, 119 SNPs,
located in 18 genes involved in pathways linked to T2DM, were
identified in the binding regions of 268 different miRNAs.

Two consortia have been created to generate, collect, and
share human epigenetic data in public databases: NIH Road-
map Epigenomics Mapping Consortium and National Human
Genome Research Institute (NHGRI) ENCODE consortium.
The NIH consortium is based on next-generation sequencing
technologies and collects information on DNA methylation,
histone modifications, chromatin accessibility, and small RNA
transcripts in stem cells and tissues from normal subjects. The

NHGRI consortium aims at identifying and characterizing
functional elements and dynamic DNA methylation patterns
related to regulatory elements in the human genome sequence.
These consortia will allow the definition of an epigenetic map
of human cells. In the following years, more and more data-
bases with epigenetic information from diabetic and non-dia-
betic subjects will be built up.

Despite the vast amount of data already available and the
complexity of the ‘omic’ sciences, biomedical research could
further benefit from a much wider pool of data. Indeed, all the
information from almost 400 million T2DM patients world-
wide is not present in public databases. However, such a mas-
sive data collection and sharing would require highly



standardized procedures for each phase of the entire process
ranging from sample preparation to data digitalization.

We speculate that bioinformatics will promote a deeper
comprehension of the molecular mechanisms underlying
T2DM and, therefore, will supply fundamental information for
the identification of pre-diabetic and T2DM patients, the dis-
covery of effective drug targets, the generation of specific drugs,
and for monitoring the efficacy of treatments.

Clinical trials update on epigenetics and T2DM

In Table 1 we report the studies related to T2DM and epige-
netics generated from the website https://clinicaltrials.gov/. All

Table 1. Clinical trials of epigenetics and diabetes.
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the reported clinical trials aim either at elucidating the role of
epigenetic changes in the onset, development and complica-
tions of T2DM or at establishing epigenetic markers that could
predict the risk of getting T2DM and the response to anti-
T2DM therapies. In particular, one current clinical trial
(NCT01726491) evaluated the role of DNA methylation in
insulin resistance. Another clinical trial (NCT00510380) inves-
tigated whether intrauterine growth restriction induced epige-
netic changes in fetal tissues that could predispose to the
metabolic syndrome in adulthood. The study NCT01663298
hypothesized that a difference exists in methylation levels of
the fibroblast growth factor 2 (FGF2) gene in healthy, smoking,
and diabetic patients that could interfere with wound healing.
The trial NCT01479933 investigated the epigenetic effects of

NCT number

Conditions

Purpose

Status

NCT01726491

NCT02869659

NCT02316522

NCT02048839

NCT01911104

NCT01782105

NCT00510380

NCT02450097

NCT01663298

NCT02298790

NCT01479933

NCT02459106

NCT02383537

NCT02011100

T2DM, obesity w/o T2DM

Obesity, pre-diabetes

T2DM

T2DM, obesity, metabolic
syndrome

T2DM

Gestational diabetes,
excessive weight gain
during pregnancy

Fetal growth retardation

T2DM, obesity

Diabetes, smoking

Overweight, obesity, pre-
diabetes

Pre-diabetes, overweight,
obesity

T2DM

Pregnancy Diabetes

T2DM, metabolic
diseases, CVD

To investigate the role of DNA methylation in insulin resistance by
analyzing skeletal muscle and whole blood.

To examine the effects of weight loss on the methylation and
transcriptional profile of cholesterol metabolism gene network in
monocytes and adipocytes and the longitudinal relationship
between these modifications and glycemic improvements.

To study the epigenetic contribution to the pathophysiology of diabetic
nephropathy by assessing monocyte DNA methilation and urinary
miRNAs.

To determine the long-term effectiveness of a lifestyle intervention in
high risk women and their offspring in reducing the incidence of
T2DM and cardiovascular disease, in preventing obesity, in
modifying genetic and epigenetics markers.

To identify factors that prevent certain individuals from receiving the
beneficial effects of exercise, by measuring the maximal capacity for
mitochondrial ATP synthesis, to evaluate the change in in vivo and in
vitro mitochondrial function, and to analyze the relationship
between the basal promoter methylation status of key genes
involved in fuel metabolism and known to be activated by exercise
in skeletal muscle tissue and cells and the exercise-induced response
in ATP synthesis.

To determine whether the adoption of healthy lifestyles in pregnancy is
associated with epigenetic changes that influence the levels of
adipokines and glucose regulation during pregnancy and in
newborns.

To discover if a baby with restricted growth in the womb is subject to
specific fetal programming through epigenetic changes that
predispose to the metabolic syndrome (diabetes, hypertension,
heart disease) in adulthood.

To investigate in subjects with and w/o T2DM the effect of calorie
restriction on risk markers for cardiovascular disease and certain
cancers, on peptides regulating glucose metabolism, and on DNA
epigenetic effects.

The investigators hypothesize that the methylation status of FGF2 gene
can affect the levels of FGF2 secreted during wound healing phase
after dental implant surgery.

To understand the connection between people’s eating habits and the
risk for developing diabetes, obesity, and CVD, by performing a
series of primary and secondary outcome measures including
epigenetic markers.

To investigate the effects of vitamin D administration on glucose
metabolism and epigenetic changes of vitamin D-related genes in
pre-diabetic, overweight/obese, vitamin D-deficient, 60 or more year
old men.

To evaluate the effect of fat tissue-released miRNA on skeletal muscle
and if abnormal fat tissue-released miRNA contributes to insulin
resistance in obese individuals.

To study the effect of miRNA, fat tissue and insulin resistance on the
pathophysiology of diabetes during pregnancy.

To identify miRNAs associated with carnosine action, because they
could be predictors of successful anti-T2DM therapy

Recruiting

Not yet recruiting

Active, not
recruiting

Recruiting

Recruiting

Completed

Completed

Recruiting

Recruiting

Recruiting

Completed

Recruiting

Not yet recruiting

Ongoing, but not
recruiting

The list is extracted from ClinicalTrials.gov .The studies with unknown status are not reported in the table. Abbreviations: NCT: ClinicalTrials.gov Identifier number;
T2DM: Type 2 Diabetes Mellitus; w/o: without; FGF2: fibroblast growth factor 2; CVD: cardiovascular disease. The phase of the study of the reported trials is not available.
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vitamin D supplementation on vitamin D metabolism genes
and on the expression of genes involved in glucose/insulin
metabolism. However, among the 14 trials listed in Table 1,
only 3 have been completed, and there are no published results
yet that deal with the investigated epigenetic aspects. This fact
highlights the complexity of epigenetic analysis that goes
together with the increasing scientific interest in the field.

Potential epigenetic drugs and related clinical trials

Looking for novel therapies to treat T2DM, the possibility of
exploiting the reversibility of epigenetic changes for normaliz-
ing glucose metabolism has been entertained. Indeed, a great
variety of small molecules with epigenetic and anti-diabetic
activity have been described in recent years.”® These drugs, or
potential new drugs, can be classified according to their epige-
netic effects and have been generically named epigenetic drugs
(or epidrugs). Presently, inhibitors of most of the enzymes
responsible for epigenetic modifications are known and many
of them are undergoing intense investigations. As far as chro-
matin modifications, here we focus on histone acetyltransferase
inhibitors (HATi), histone deacetylase inhibitors (HDACI),
and HDAC activators; as far as interference with RNA-based
mechanisms, we report on miRNA inhibitors (Table 2). In this
section, as in the previous one, we searched for clinical trials
exclusively using the website https://clinicaltrials.gov/.

Histone acetyltransferase inhibitors

HATi are considered as new potential epidrugs to treat diabe-
tes. For instance, garcinol, from garcinia fruit rinds, is a potent
HATi and PCAF and p300 are among its targets.”” Indeed, gar-
cinol was able to reduce inflammatory proteins in retinal
Miiller glia grown at high-glucose concentration, thus suggest-
ing that garcinol may play a role in the prevention of diabetic
retinopathy by eliciting epigenetic changes.*

Anacardic acid, which is present in cashew nuts, can inhibit
several HATs, including PCAF, Tip60 and p300;*' in addition,
anacardic acid can also promote glucose uptake by myotubes
through the activation of AMP-activated protein kinase
(AMPK) and uncouple rat liver mitochondria, thus potentially
contributing to enhanced glycolysis and glucose uptake.®’

Curcumin, the active compound of Curcuma longa (tur-
meric), a plant of the ginger family, has caught attention as a
potential epidrug for diabetes, given its hypoglycemic, hypolipi-
demic, and epigenetic effects in various rodent models.** Cur-
cumin has DNA hypomethylating activity and influences both
histone acetylation and miRNA expression. Curcumin could
ameliorate glucose metabolism, and could also prevent diabetic
complications by increasing HDAC-2 and decreasing p300-
HAT in human monocytes with a consequent reduction of NF-
kB signaling and vascular inflammation.* In Table 2, we report
a completed and published clinical trial (NCT01029327) dem-
onstrating that curcumin increases postprandial serum insulin
levels without affecting plasma glucose levels in healthy sub-
jects.** Additionally, another completed and published clinical
trial (NCT01646047) studied the effects of a novel multi-com-
ponent dietary supplement (vitamins, turmeric root extract,
and so on) on the visual function and retinal structure of

diabetic patients with and without early diabetic retinopathy.
The results of the study showed that the multicomponent nutri-
tional formula ameliorates glycemic control, visual function,
and peripheral neuropathy in patients with diabetes (Table 2).%*

Histone deacetylase inhibitors

HDAC: have a potential anti-diabetic activity due to their anti-
inflammatory effect, enhancement of insulin sensitivity/secre-
tion, induction of B-cell differentiation, and prevention of
inflammatory damage of p-cells.*® In vitro evidence demon-
strated that the HDACi Trichostatin A could restore Pdx-1
expression, thus preventing the onset of diabetes.*® Besides,
class I HDAC selective inhibitors, such as MS275, can amelio-
rate insulin sensitivity, and reduce hyperglycemia and body
weight in obese, diabetic mice. These effects are probably due
to the increased activity of transcription factors and co-factors
that regulate mitochondrial function, such as PGC-1a and per-
oxisome proliferator-activated receptor gamma (PPARy), and
to the expression of genes involved in glucose and lipid metab-
olism, such as glucose transporter GLUT4.*

Interestingly, butyrate, a short-chain fatty acid present in
dairy products, but also endogenously produced by gut
microbiota, can increase insulin sensitivity and energy
expenditure in mice.*® Butyrate is an HDACi that also
inhibits AMPK in muscle and activates PGC-la in brown
adipose tissue. The anti-obesity and anti-diabetic effects of
butyrate in high-fat-fed mice were also confirmed in a later
study, which showed that this short-chain fatty acid also
modulates the adaptation of skeletal muscle mitochondria
to excessive dietary fats. Noteworthy, butyrate exerted these
effects by epigenetically altering gene expression, through
repositioning the —1 nucleosome.* Two completed clinical
trials (NCT00533559 and NCT00771901) evaluated the effi-
cacy of sodium phenylbutyrate in the treatment of diabetes
and obesity, respectively, confirming its beneficial effect in
humans (Table 2). Moreover, MC1568, a selective class Ila
HDAC I, induced endocrine differentiation in pancreas by
amplifying the B/ lineage through increased Pax4 expres-
sion. Givinostat, an inhibitor of lysine deacetylase
(KDAC), also showed promising effects for treating T2DM,
since it inhibited IL-18 transcription in rats, thus inducing
cytoprotection of S-cells.”!

The data about the protection and induction of the S-cell
mass by HDACI, through the inhibition of inflammatory path-
ways and stimulation of proliferation and differentiation genes,
support the importance of experimental and clinical studies
analyzing HDACi as novel potential anti-diabetic epidrugs.

HDAC activators

Sirtuins belong to class III HDACs and regulate several cellular
processes, such as senescence, apoptosis, proliferation, differen-
tiation, and inflammatory response.”>”* Sirtuin 1 (SIRT1), by
deacetylating histone and non-histone proteins, exerts a protec-
tive effect against chronic degenerative diseases, such as diabe-
tes and cardiovascular disease.”> Some reports suggested that
SIRT1 mediates the effects of metformin, a drug that corrects
hyperglycemia, through inhibition of gluconeogenesis. In
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particular, metformin upregulates SIRTI, which, in turn,
reduces TORC2 and PGCl-« activity and the plasma levels of
glucose and insulin.”* A 16-week double-blind, placebo-con-
trolled, completed, and published study (NCT00570739) dem-
onstrated that the combination therapy with metformin plus
colesevelam (a bile acid sequestrant) was able to significantly
reduce the concentration of low-density lipoprotein (LDL) par-
ticles and improved the atherogenic plasma lipoprotein profile
of patients with early T2DM (Table 2).*°

The dietary polyphenol resveratrol (one of the first acti-
vators of SIRT1 to be identified) exerts an anti-diabetic
activity by regulating the activity of AMPK and PGC-
1a.”*”” Due to the scientific evidence about the biologic
activities of resveratrol, its efficacy for the treatment of sev-
eral aging-related pathologies including T2DM has been
clinically evaluated.”® Moreover, synthetic SIRT1 activators,
such as SRT1720, have been developed to improve glucose
homeostasis and insulin sensitivity in animal models of
T2DM.”** A number of clinical trials have investigated the
effect of resveratrol on T2DM, gestational diabetes, obesity,
insulin resistance, inflammation, and metabolic syndrome
(Table 2). The completed trial NCT01677611 is the first
human study that examined the effect of oral resveratrol
administration on the expression of skeletal muscle SIRTI,
which regulates energy expenditure through increased skele-
tal muscle SIRT1 and AMPK expression. This study has
been conducted in 10 T2DM patients in a randomized, pla-
cebo-controlled, double-blind fashion. Moreover, one com-
pleted clinical trial (NCT01038089) tested the hypothesis
that resveratrol had favorable effects on endothelial function
in patients with T2DM (Table 2). A randomized, double-
blind, completed, and published, crossover trial
(NCT01302639) implied that long-term supplementation of
epigallocatechin-gallate combined with resveratrol might
favor metabolic health and reduce body weight.'”® Recently,
improved glucose metabolism and insulin sensitivity in
T2DM patients treated with resveratrol were confirmed in a
meta-analysis of 11 clinical trials.'""

miRNA inhibitors

miRNAs are considered potential pharmacological agents
for the treatment of diabetes.'’>'”> Two main miRNA-based
therapeutic approaches have been developed for diabetes:
overexpression of miRNAs using chemically synthesized
miRNA mimics and inhibition of miRNAs by specific inhib-
itors.'” The antisense oligonucleotide 2'-O-methyl-miR-375
increases the expression of its target gene 3’-phosphoinosi-
tide-dependent protein kinase-1 (PDK-1) and reverts insulin
release back to normality in vitro.'"® Inhibition of miR-103
and miR-107 by 2’-O-methyl-miR-103 and —107 antisense
oligonucleotides improves glucose homeostasis and insulin
sensitivity in mice (Fig. 1).'% The inhibition of miR-21,
miR-34a, or miR-146a with antisense molecules in S-cells
treated with IL-18 improves glucose-induced insulin secre-
tion (Fig. 1).>° On the other hand, the inhibition of miR-
34a or miR-146 by oligonucleotides, partially protects pal-
mitate-treated B-cells from apoptosis, but cannot restore
normal insulin secretion.'®

EPIGENETICS 4an

Other potential epidrugs

Statins are potent inhibitors of cholesterol biosynthesis. They
represent the gold standard therapy for hypercholesterolemia
and the most powerful strategy for primary and secondary pre-
vention of cardiovascular disease.'”””'*® Diabetes is a major risk
factor for cardiovascular disease and increased, small, dense
LDL characterize diabetic dyslipidemia. Therefore, statin ther-
apy is being tested in many clinical trials on diabetic patients to
reduce the cardiovascular risk. Moreover, a novel mechanism,
to explain the multiple effects of statins, relates to their poten-
tial epigenetic effects. Indeed, it has been demonstrated that
pretreatment of oxidized LDL-exposed cells with statins
reduces histone modifications and recruitment of CREB-bind-
ing protein 300, NF-kB, and RNA polymerase II, but prevents
loss of binding of HDACI and 2 to the IL-8 and MCP-1 gene
promoters.'*>''% Getting back to the cardiovascular protective
effect of statins, a controversy exists due to the observations
that statin therapy has been associated with a 10-12% increased
risk of developing diabetes."'' A meta-analysis showed that
statin therapy is associated with a 9% increase risk for diabetes;
however, authors conclude that the benefits of statin therapy
outweighed the risks.'"> Indeed, hyperglycemia produces endo-
thelial dysfunction, a key determinant of diabetic micro- and
macro-angiopathy, and statins could be beneficial in both con-
ditions due to pleiotropic effects of this particular class of
drugs.'"?

Exendin-4 is a natural occurring agonist of the glucagon-like
peptide 1 receptor (GLP-1R) with 54% protein sequence
homology with GLP-1. This peptide, together with the gastric
inhibitory polypeptide (GIP), is an intestinal hormone with
incretin effect. Synthetic analogs of exendin-4 have been
approved for diabetes therapy, and their efficacy is mostly
linked to their resistance to degradation by DPP-4, the enzyme
that quickly degrades endogenous GLP-1.""* Later studies sug-
gested that epigenetic effects, such as DNA methylation and/or
histone modifications, could mediate the effects of exendin-4
and its synthetic analogs.'"” However, it is not known whether
these peptides exert the anti-diabetic effect by inducing epige-
netic changes, and their classification as epidrug remains
hypothetical.

Conclusions and perspectives

On the basis of the accumulating evidence, it is conceivable that
epigenetic mechanisms could provide a significant contribution
to fight the diabetes epidemics. The role of epigenetics in
T2DM is being progressively revealed. It is also being appreci-
ated that epigenetics is involved in the inflammatory compo-
nents of T2DM, and inflammation plays an important role in
all aspects of the disease. Therefore, the possibility to modulate
the epigenetic machinery adds novel possibilities for curing
and preventing diabetes.

With this vision, we have summarized current data on the
involvement of epigenetic changes in the pathogenesis of diabe-
tes and highlighted the contribution of the epigenetic machin-
ery to the immuno-inflammatory pathways in the context of
T2DM. Finally, we reported potential epigenetic strategies for
treatment and prevention of diabetes.



412 (&) L SOMMESEET AL.

Pancreatic cells are crucial to glucose homeostasis and
epigenetic modifications interfere with their differentiation
and normal function. Hence, we highlighted several molecu-
lar and epigenetic mechanisms that hinder the transcrip-
tional process and regular replication of pancreatic S-cells.
Epigenetic mechanisms profoundly affect insulin resistance
in the most relevant metabolic tissues, such as liver, muscle,
and adipose tissue. Innate immunity and inflammation, the
processes underlying the pathogenesis of T2DM and its
complications, are strongly related to the activation of the
NF-kB and IRF pathways, which are regulated by the epige-
netic machinery. Interestingly, miRNAs and other epigenetic
mediators are emerging as relevant control factors in these
conditions. Based on the reported evidence, there is a vigor-
ous thrust in looking for novel epigenetic-based therapies
for curing diabetes, the concomitant inflammatory state,
and the associated complications. Several clinical trials are
ongoing and their results are longed for.

In perspective, studying the involvement of epigenetics in
the onset and progression of T2DM and its associated compli-
cations is a mandatory task for biomedical science. B-cell func-
tion, inflammation, aging-related processes are all involved in
T2DM and influenced by epigenetic mechanisms. Novel thera-
pies based on epigenetic modulators and emerging from inno-
vative technologies might help reduce the global burden of
T2DM,; the road ahead, to translate the results from experimen-
tal and human studies into the clinics, is still a long one.
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