Spotlight on epigenetics as a missing link between obesity and type 2 diabetes

ABSTRACT

ype 2 diabetes (T2D) is a complex disorder that is caused by a combination of genetic,

epigenetic, and environmental factors. p-cell failure and insulin resistance in peripheral
tissues that are induced by lipid overload are main hallmarks of T2D. The mechanisms that
link obesity-driven alterations of lipid metabolism and T2D are still elusive, thereby im-
peding the development of effective prevention and treatment strategies. Although genetic
variants that have been identified in high-throughput studies comprise an appreciable pro-
portion of the genetic component of T2D, they explain < 20% of the estimated heritability of
T2D. A growing body of evidence suggests an intrinsic role for epigenetic modifications in
the pathogenesis of T2D. The epigenetic regulation of gene expression in tissues that play
a key role in the obesity-related development of T2D has been demonstrated, including
PDX1 in pancreatic islets, PPARGCI1A in skeletal muscles, ADIPOQ in adipose tissue, and
TXNIP in the liver. The present review summarizes our current knowledge of crosstalk be-
tween the epigenetic control of gene expression, particularly via DNA methylation, toxic
lipid mediators, and the pathogenesis of obesity-related T2D.

INTRODUCTION

Type 2 diabetes (T2D) is a complex metabolic disorder, the worldwide preva-
lence of which is growing rapidly. According to the International Diabetes Fed-
eration, over 400 million people have T2D globally. By 2040, an estimated one
in every 10 adults (642 million) will develop diabetes [1]. Chronically elevated
blood glucose levels that are caused by both insulin resistance in target tissues
(i.e., the liver, skeletal muscles, and adipose tissue) and the dysregulation of in-
sulin secretion from pancreatic -cells, in addition to elevated glucagon secretion
by pancreatic a-cells, are main hallmarks of T2D [2].

To date, genome-wide association studies (GWASs) have identified at least
400 genetic risk variants at 250 loci that are associated with T2D, underscoring
the importance of genetic susceptibility to the disease [3]. However, these ge-
netic variants explain only a small fraction (10-15%) of T2D heritability, suggest-
ing a major role for environmental (lifestyle) factors [4]. An unhealthy lifestyle,
metabolic alterations, and being overweight or obese are well-known risk factors
for T2D. An estimated 70-90% of patients with T2D are overweight or obese
[5]. The molecular mechanisms that link obesity-driven alterations of fatty acid
(FA) metabolism and T2D are still elusive, thereby impeding the development of
effective prevention and treatment strategies.

Both obesity and T2D are conditions that are caused by an interplay between
genetic and environmental factors. The epigenetic control of gene expression has
been suggested to be one of the possible underlying mechanisms of obesity, life-
style changes, and the etiology of T2D [6]. The term “epigenetics” is used to de-
scribe changes in gene function that occur without changes in the nucleotide se-
quence, including such mechanisms as DNA methylation, histone modifications,
and non-coding RNA. These factors that influence chromatin structure and DNA
accessibility lead to reinterpretation of the DNA sequence and switching “on/
off” gene transcription at certain times and locations. Among other epigenetic
players, DNA methylation (i.e., the covalent addition of a methyl group at the C5
position of cytosine residues typically at CpG sites) has been the most extensive-
ly studied in the context of obesity-related T2D to date [6-8]. Studies that have
utilized epigenome-wide approaches allowed the discovery of 94 CpGs that are
associated with body mass index (BMI) and 49 CpGs that are associated with
waist circumference. The top networks presented a common link between obe-
sity and both T2D and metabolic syndrome. Some of the identified genes, such
as SREBF1, ABCG1, SLC7A11, and CPT1A, also presented different methylation
patterns and were associated with lipid traits [9]. Additionally, several studies
have reported that the DNA methylation status of specific genes or repetitive se-

Postepy Biochemii 64 (2-3) 2018

Aneta M. Dobosz*
Anna Dziewulska*

Agnieszka Dobrzyn™

Laboratory of Cell Signaling and Metabolic
Disorders, Nencki Institute of Experimental
Biology of Polish Academy of Sciences, War-
saw, Poland

*These authors contributed equally to this
work

“Laboratory of Cell Signaling and Metabolic
Disorders, Nencki Institute of Experimental
Biology, 3 Pasteura St., 02-093, Warsaw, Po-
land; e-mail: a.dobrzyn@nencki.gov.pl

Received: August 14, 2018
Accepted: September 21, 2018

Key words: type 2 diabetes, epigenetics, DNA
methylation, -cell failure, insulin resistance

Acknowledgements: This work was sup-
ported by National Science Centre, Poland
grant number UMO-2013/09/N/NZ3/03540
[A.Dz.], UMO-2013/10/E/NZ3/00670 [A.D.],
UMO-2017/27/N/NZ3/01987 [A.M.D.] and
National Centre for Research and Deve-
lopment, Poland grant number STRATEG-
MED3/305813/2/NCBR/2017.

157



quences is altered in response to metabolic changes (e.g., di-
etary intervention or exercise) and detected inverse associa-
tions between BMI and global DNA methylation levels [10].
The epigenetic regulation of DNA and histones in response
to environmental stimuli also serves as a plausible explana-
tion of “metabolic memory,” defined as the persistence of
tissue dysfunction and T2D-related complications although
glycemic control has been pharmacologically achieved [11].
The present review discusses crosstalk between the epige-
netic regulation of gene expression, particularly via DNA
methylation, toxic lipid mediators, and obesity, and the de-
velopment of T2D.

OBESITY-RELATED TYPE 2 DIABETES AND DNA
METHYLATION IN PANCREATIC ISLETS

In obesity-related T2D, pancreatic islet cells are chroni-
cally overstimulated by both hyperglycemia and toxic li-
pid metabolites. This leads to -cell mass decay and p-cell
failure and thus insufficient insulin secretion that is caused
by the greater demand of insulin-resistant tissues [2]. Pan-
creatic P-cells exhibit a remarkable ability to tune their se-
cretory functions in response to alterations of tissue insulin
demands. Glucose, amino acids, neurohormonal signals,
lipid mediators, and endocannabinoid signaling have been
shown to modulate insulin release from pancreatic p-cells
[12-13].

Studies of pancreatic P-cell dysfunction in diet-induced
obese mice have shown that the transition to prediabetes
and early diabetes states largely depends on transcriptional
adaptive changes. The genes that are particularly affected
in pancreatic islets from obese diabetic mice (a total of 1,508
differentially expressed genes) are related to the cell cycle,
cell proliferation, adenosine monophosphate-activated pro-
tein kinase (AMPK) signaling, mitochondrial metabolism,
and cholesterol metabolism [14]. Studies of human pancre-
atic islets revealed that differential gene expression in islets
from T2D donors compared with islets from non-diabetic
donors was accompanied by changes in DNA methylation
patterns [15-17]. Initial studies of human pancreatic islets
were candidate-driven and examined particular genes that
have a known function in [-cell metabolism or other cell
metabolism. Such research found a correlation between ex-
cessive promoter region hypermethylation and the lower
expression of such genes as INS (which encodes insulin),
PDX1 (which encodes pancreatic and duodenal homeobox
1, a transcription factor that plays a key role in pancreatic
development and mature P-cells where it regulates insu-
lin expression), GLPIR (which encodes the GLP1 receptor
that stimulates insulin secretion), and PPARGCIA (which
encodes the mitochondrial regulator PGCla - peroxisome
proliferator-activated receptor y [PPAR y] coactivator 1) in
islets from T2D donors [18,8].

Since next-generation sequencing (NGS) and high-
throughput array-based methods have been introduced for
DNA methylation analyses, the focus has turned to epige-
nome-wide association studies (EWASs). To date, EWASs
have reported over 50 unique CpGs for T2D in peripheral
blood, 15 CpGs in the pancreas, 10 CpGs in adipose tissue,
and two CpGs in the liver [4]. Additionally, EWASs have
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been able to discern a functional meaning of the observed
aberrations of DNA methylome by comparing correlations
of DNA methylation with specific regulatory elements of
genes that are associated with obesity-related T2D. The
first study that utilized this methodology to investigate is-
let DNA covered ~27,000 CpG sites, representing less than
1% of the CpG sites in the entire human genome. In this
study, 276 CpG sites that were affiliated with 254 gene pro-
moters showed differential methylation patterns between
normal and diseased samples. Remarkably, 96% of these
CpGs presented lower methylation levels, whereas only
10% were hypermethylated [15]. Another study of the T2D
islet methylome assessed methylation at ~450,000 CpG sites.
Alterations of the DNA methylation profile were observed
in approximately 1649 CpG regions of 853 genes, includ-
ing TCF7L2, FTO, and KCNQ1. Of the group of genes that
presented significantly different DNA methylation patterns
within their promoter regions, 102 were also differentially
expressed in T2D islets compared with islets from non-dia-
betic donors. Moreover, functional analyses showed that the
candidate genes that were identified (e.g.,, CDKN1A, PDE7B,
and SEPT9) affect insulin secretion in p-cells and glucagon
secretion in a-cells [16]. The array-based methods that were
used in the studies cited above covered only ~ 0.1% of the
overall CpG sites [15] and 1.7% of the CpG sites [16] in the
human genome, respectively. Recently, to better character-
ize the DNA methylation landscape in human pancreatic
islets, the first whole-genome bisulfite sequencing study
was performed in islets from T2D donors (BMI = 28.0 + 2)
and control subjects (BMI = 24.9 £ 0.3). This study covered
the majority of CpG sites in the human genome (~24 million
sites) and identified 25,820 differentially methylated regions
(DMRs) in islets from individuals with T2D. A total of 457
genes were identified that presented both DMRs and signifi-
cant changes in expression in T2D islets, including loci with
a known function in islet biology (e.g., PDX1, ADCY5, and
SLC2A2), and identified novel genes that are controlled by
DNA methylation in T2D [17].

IMPACT OF FREE FATTY ACIDS ON DNA
METHYLATION IN PANCREATIC ISLETS

Accumulating evidence shows that pancreatic islets are
highly influenced by free fatty acids and lipid species. The
effects of lipid mediators on Langerhans islets depend inter
alia on the time of exposure and type of lipid mediator (e.g.,
long-chain FAs and phospholipids) [19-20]. Palmitic acid
(16:0) is the most abundant saturated FA in the human body,
comprising 38% of the total circulating FAs in lean or obese
humans. Palmitic acid can be provided in the diet or synthe-
sized endogenously via de novo lipogenesis [21]. Chronically
high levels of palmitate in plasma induce negative effects on
pB-cell function through various mechanisms, including the
formation of toxic ceramide species, reactive oxygen spe-
cies, endoplasmic reticulum stress, and apoptosis [19]. Per-
turbations of palmitate metabolism that were induced by
the inhibition of stearoyl-CoA desaturase 1 (SCD1) affected
autophagosome-lysosome fusion, leading to an aberrant
stress response and B-cell failure. SCD1 is a key regulatory
enzyme that catalyzes the biosynthesis of monounsaturated
FAs (palmitoleate [C16:1n-7] and oletate [C18:1n-9]) from
saturated FAs (preferentially palmitate [C16:0] and stearate
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[C18:0]) [22]. Studies have also supported a role for palmi-
tate in the epigenetic regulation of gene expression in pan-
creatic islets. RNA sequencing that was performed to map
transcripts in human pancreatic islets found 1,325 modified
genes in palmitate-treated islets [23]. An in vitro study of
genome-wide mRNA expression and DNA methylation
patterns identified 1,860 differentially expressed genes in
palmitate-treated human islets. Furthermore, 290 of these
genes presented a corresponding change in DNA methyla-
tion, including candidate genes for T2D (e.g., TCF7L2 and
GLIS3). Of the genes that were differentially expressed by
palmitate treatment in human islets, 67 were associated with
BM], and five (i.e., RASGRP1, MIA2, CDKN1A, TNFRSF103,
and RAB7L1) were associated with both BMI and T2D [24].
Analyses of gene expression profiles in clonal INS-1 832/13
[-cells after exposure to palmitate showed an increase in the
expression of 982 genes and a decrease in the expression of
1032 genes compared with untreated cells. Additionally, the
mRNA expression of Insig1, Lss, Peci, 1di1, Hmgcs1, and Casr
was reversibly altered by exposure to palmitate and associ-
ated with changes in histone modifications. These findings
indicate that these genes can be a subject to epigenetic regu-
lation [25].

METABOLIC STRESS, DNA METHYLATION, AND
COMPROMISED IDENTITY OF PANCREATIC ISLET CELLS

The most plausible mechanism to explain the effects of
gluco- and lipotoxicity on pancreatic islet decompensation
in T2D is massive p-cell death. However, recent genetic and
epigenetic studies indicate that both [-cell demise and the
loss of pancreatic endocrine cell identities may be major
causes of the development of obesity-related T2D [26-27].
Alterations of cell proliferation, survival, transdifferentia-
tion, dedifferentiation, or migration that are related to re-
modeled cell-cell contacts may result in the reorganization
of pancreatic islet microarchitecture. Moreover, dietary -3
polyunsaturated FAs were shown to affect the cellular or-
ganization of pancreatic islets during organ development.
Thus, lipid signaling emerges as a key determinant of pan-
creatic endocrine organization [28].

The maintenance of identity of insulin- and glucagon-
secreting cells in pancreatic islets is determined by the sta-
ble expression of transcription factors. Transcription factors
that have been shown to be involved in maintaining the
functional identity of adult a- and p-cell include PDX1, v-
maf avian musculoaponeurotic fibrosarcoma oncogene ho-
mologs A and B (MAFA and MAFB), forkhead box protein
O1 (FOXOL1), aristaless-related homeobox (ARX), paired
box protein 6 (PAX6), and homeobox proteins NKX2.2 and
NKX6.1, among others [29]. Importantly, many of these
transcription factors are closely related to the regulation of
cellular metabolism. Specifically, PDX1, MAFA, FOXO1,
and NKX6.1 are inactivated by hyperglycemia, providing
a plausible mechanism for compromised p-cell identity in
T2D [26]. Notably, 20.9-43.9% methylation was found in
the PDX1, MAFB, NKX6.1, and NKX2.2 gene regions. Thus,
DNA methylation may differentially regulate the expres-
sion of these transcription factors in different islet cells [17].
Additionally, high glucose exposure decreased the mRNA
expression and increased the DNA methylation of Pdx1 in
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clonal p-cells. Ten 10 CpG sites in the distal PDX1 promoter
region and enhancer regions exhibited significant increases
in DNA methylation in islets from patients with T2D com-
pared with nondiabetic donors [30]. The plasticity of differ-
entiated endocrine cells can be increased in the pancreas by
eliminating a- and P-cell epigenetic constraints. Pancreatic
pB-cell identity was shown to be maintained by the DNA
methylation-mediated repression of the Arx gene. p-cells
that were deficient in methyltransferase 1 (Dnmtl), an en-
zyme that propagates DNA methylation patterns during cell
division, were converted to a-cells through Arx promoter
region hypomethylation [31]. The treatment of human islets
with the histone methyltransferase inhibitor Adox resulted
in the mis-expression of PDX1 in a-cells and the induction
of glucagon-insulin dual-positive cells [32]. These studies
strongly suggest that epigenetic mechanisms in certain con-
texts can act as important regulators of the establishment of
pancreatic islet cell identity.

ROLE OF DNA METHYLATION IN THE
DEVELOPMENT OF OBESITY-RELATED
TYPE 2 DIABETES IN SKELETAL MUSCLES

Skeletal muscles are considered the main site of the de-
velopment of insulin resistance because they are responsi-
ble for most (< 80%) insulin-stimulated glucose uptake [33].
Physiologically, the binding of insulin to insulin receptors in
skeletal muscles drives molecular cascades, including Akt
pathway activation. Consequently, glucose transporter 4
(GLUT4) is translocated to the plasma membrane, followed
by glucose uptake [34]. Toxic secondary lipid messengers,
such as diacylglycerols and ceramides, that accumulate in
peripheral tissues in obese individuals have been impli-
cated in the development of T2D [35]. One of the mecha-
nisms of the FA-induced development of insulin resistance,
demonstrated by us and others, includes an increase in the
protein kinase C (PKC) response to diacylglycerol accumu-
lation that results in impairments in insulin signaling and
glucose uptake in skeletal muscles [36-37]. Several recent
studies indicate that obesity-driven epigenetic changes may
modulate muscle cell metabolism and thus contribute to the
pathogenesis of T2D. The largest EWAS to date analyzed
skeletal muscle biopsies of the vastus lateralis from 271 in-
dividuals with normal and impaired glucose tolerance,
impaired fasting glucose, or newly diagnosed T2D. The
analyses of deep RNA-sequencing and genotyping data,
integrated with epigenomic data, identified genomic traits
for T2D that regulated the transcriptional activity of sev-
eral genes, including ANK1, which is enriched with single-
nucleotide polymorphisms (SNPs) that are located within
a super-enhancer region (> 3 kb from the transcription start
site) [38]. ANKI isoforms were recently reported to be asso-
ciated with sarcoplasmic reticulum assembly, which is cru-
cial for GLUT4 translocation to the plasma membrane and
insulin-stimulated glucose uptake [39]. Moreover, ANK1 is
thought to interact with insulin receptor substrate 1 (IRS1),
another critical point in the insulin signaling cascade in
skeletal muscles [40].

Another large-scale study was performed to find poten-

tial associations between DNA methylation and BMI. Of 278
CpG sites that were identified in blood samples to be strong-
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ly associated with BMI with epigenome-wide significance,
187 had similar methylation patterns among the analyzed
peripheral tissues (i.e., skeletal muscles, adipose tissue, the
liver, and the pancreas). These data strongly support the
hypothesis that the observed level of DNA methylation is
a consequence of adiposity [41]. Furthermore, based on the
proximity of methylation markers to the nearest gene, the
authors identified 210 candidate genes that were associat-
ed with BMI and DNA methylation. Gene-set enrichment
analyses revealed that many of the identified genes (e.g.,
ABCG1, LPIN1, HOXA5, LMNA, CPT1A, SOCS3, SREBFI,
and PHGDH) participate in the development of insulin re-
sistance and lipid metabolism [42].

EFFECT OF FATTY ACID EXPOSURE AND A HIGH-FAT
DIET ON DNA METHYLATION IN SKELETAL MUSCLES

Excess lipids and their metabolically active derivatives
participate in the pathogenesis of T2D, causing insulin re-
sistance and impairing glucose metabolism in skeletal mus-
cles. One of the master metabolic regulators in skeletal mus-
cles is PGCla, which is encoded by the PPARGCIA gene
that was identified in a GWAS as one on the top hits with
regard to T2D pathogenesis [3]. Based on a combination of
methylated DNA immunoprecipitation and an Affymetrix
promoter array approach, 838 differentially methylated
promoter regions were found in samples from T2D patients
compared with healthy controls. The authors found that
higher PPARGCI1A promoter region methylation was asso-
ciated with a decrease in gene expression in samples from
T2D donors [42]. Moreover, acute FA (palmitate or oleate)
or tumor necrosis factor a (TNFa) exposure directly led to
alterations of PPARGC1A promoter region methylation [43].
In skeletal muscle biopsy samples that were taken from mo-
nozygotic twins who were discordant for T2D, differences
in DNA methylation were found between diabetic and non-
diabetic twins in promoter regions of IL§, CDKN2A, DUSP9,
HNF4A, HHEX, KCNQ1, KLF11, PPARGCI1A, and SLC30AS8.
In the same study, alterations of DNA methylation were
found in subcutaneous adipose tissue in T2D twins in pro-
moter regions of ADCY5, CAV1, CIDEC, CDKN2A, CDKN2B,
DUSPY, HNF4A, IDE, IRS1, KCNQ1, MTNR1B, TSPANS,
and WEFS1 [44]. Obesity leads to a decrease in FA 3-oxidation
and contributes to ectopic and intramuscular lipid accumu-
lation [33]. Recently, the lower expression of CPT1B, which
encodes carnitine palmitoyltransferase-1B, was shown to
result in higher CPT1B promoter region methylation in cul-
tures of primary skeletal muscle cells from obese patients
[45]. Furthermore, an increase in methylation in the promot-
er region of CPT1B prevented the binding of such transcrip-
tion factors as PPARa, consequently leading to a decrease
in the expression of CPT1B [45]. Another gene that is cru-
cial for skeletal muscle homeostasis is PDK4, which encodes
pyruvate dehydrogenase kinase 4, a kinase that is involved
in glucose and lipid metabolism. Methylation of the PDK4
promoter region was lower in T2D and inversely correlated
with PDK4 gene expression. Furthermore, PDK4 expression
was positively correlated with BMI and the levels of blood
glucose, insulin, C peptide, and glycated hemoglobin [46].
Five days of overfeeding resulted in alterations of the meth-
ylation of more than 7000 CpG sites in skeletal muscles from
young men with a low birth weight [47]. Interestingly, the
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observed changes were not fully reversed by a control diet,
even after 8 weeks. These data suggest that changes in meth-
ylation at selected loci might accumulate over time [47]. In
another study, an increase in methylation in the PPARGCIA
promoter region was observed after 5 days of a high-fat diet.
After introducing a control diet, the pattern of PPARGCIA
promoter region methylation was reversed and similar to
controls [48]. Altogether, these data indicate that excess fat
and changes in diet can influence and define epigenetic pat-
terns and thus modulate the risk of T2D.

EFFECT OF ACUTE WEIGHT LOSS AND EXERCISE
ON DNA METHYLATION IN SKELETAL MUSCLES

Skeletal muscles are a highly adaptive organ that under-
goes robust changes in response to weight loss and/ or exer-
cise. One of the master metabolic switches that is activated
in response to exercise is the AMPK pathway. This pathway
plays a pivotal role as a metabolic fuel gauge [49]. Regular
exercise exerts a beneficial effect on the oxidative capacity
of skeletal muscles and whole-body glucose tolerance and
lipid oxidation via AMPK activation [50]. Hence, it is a key
element in the prevention and management of T2D and obe-
sity [51]. Recent studies showed that even a single bout of
exercise leads to epigenetic remodeling and changes in tran-
scriptome profiling in peripheral tissues that account for
improvements in metabolic health. However, the detailed
mechanisms that orchestrate exercise-induced epigenetic
changes remain largely unknown. Recent studies showed
that short-term acute exercise leads to dose-dependent
changes in the gene expression of PPARGCI1A, PDK4, and
PPARS, which corresponded to the hypomethylation of
respective gene promoter regions in skeletal muscles [42].
Multi-omic analysis (i.e., transcriptome, methylome, and
microRNA) of skeletal muscle biopsies from obese T2D sub-
jects after 16 weeks of either resistance or endurance training
revealed significant alterations of gene expression that were
linked to epigenetic changes [52]. Endurance training re-
sulted in the hypomethylation of the nuclear receptor factor
(NRF1) promoter region and FA transporter (SLC27A4), hy-
permethylation of FA synthase, and exon hypomethylation
of 6-phosphofructo-2-kinase and Ser/Thr protein kinase.
Functional analyses revealed lower intramyocellular lipid
levels and higher capillarity, GLUT4, hexokinase, and mito-
chondrial enzyme activity in endurance-trained T2D obese
patients. Resistance training also caused GLUT4 promoter
region hypomethylation, but this change was not associ-
ated with GLUT4 protein content. Thus, DNA methylation-
driven expression changes are most pronounced with en-
durance training and associated with improvements in the
metabolic performance of skeletal muscles [52]. In another
study, participants with or without a family history of T2D
underwent 6 months of endurance training [53]. Skeletal
muscle biopsies were taken before and after the exercise in-
tervention. The authors found that the DNA methylation of
RUNX1 and MEF2A, two distinct transcription factors, de-
creased after the exercise intervention. Moreover, a decrease
in THADA promoter region methylation was observed, and
the increase in THADA expression was associated with T2D
[54]. Exercise also influenced both DNA methylation and
the expression of several genes (i.e., ADIPOR1, ADIPOR?2,
and BDKRB2, which encode receptors for adiponectin and
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bradykinin, respectively, and are considered important reg-
ulators of skeletal muscle metabolism) [53].

Another study examined the combined effect of a short-
term (9-day) high-fat diet and resistance exercise by ge-
nome- and epigenome-wide profiling. Significant changes
in DNA methylation and subsequently gene expression
traits were found. The authors concluded that exercise did
not prevent the inflammatory process that was induced by
the high-fat diet but provoked muscle adaptation and pro-
tected against muscle atrophy [55].

Notably, recent rodent studies focused on the role of
exercise in the transgenerational risk of obesity and T2D.
One study found that a high-fat diet before and through-
out pregnancy led to an increase in methylation of the
Ppargcla promoter region, decreased mRNA expression in
skeletal muscles from neonatal and adult offspring, and led
to age-associated metabolic dysfunction. A maternal exer-
cise intervention prevented high-fat diet-induced Ppargcla
hypermethylation and enhanced the expression of Ppargcla
and its target genes in skeletal muscles of offspring [56].
Future studies of the effects of exercise on promoter region
methylation and gene expression at the genome-wide and
epigenome-wide levels need to be conducted.

Gastric bypass surgery in morbidly obese patients (BMI
> 35) resulted in acute weight loss and improved glucose
tolerance and cardiovascular function. Improved meta-
bolic performance was associated with an increase in
PPARGCIA expression, resulting from a decrease in
PPARGCIA promoter region methylation [57]. Another re-
cent study found that sorbin and SH3 domain containing 3
(SORBS3) expression in skeletal muscle was regulated by
the methylation of its promoter region, altered in obesity,
and restored to normal levels through gastric bypass sur-
gery-induced weight loss [58]. Previous studies found that
SORBS3 gene expression was significantly associated with
BMI, percent body fat, and fasting insulin and glucose levels
[58]. Collectively, the post-surgery data furthered our un-
derstanding of changes in DNA methylation that is associ-
ated with obesity and T2D.

ASSOCIATIONS BETWEEN OBESITY-RELATED
TYPE 2 DIABETES AND DNA METHYLATION
IN ADIPOSE TISSUE AND THE LIVER

Adipose tissue, in addition to being a storage depot for
fuel (primarily in the form of triglycerides), also functions
as an endocrine organ in the body. Adipocytes secret adi-
pokines, such as leptin, adiponectin, interlukin-6 (IL-6),
TNFa, and plasminogen activator inhibitor-1 (PAI-1), which
play pivotal roles in the maintenance of energy expenditure
homeostasis, immunity, appetite control, and glucose me-
tabolism regulation. Two Wnt signaling molecules, WNT3a
and WNT4, are specifically secreted by adipose tissue dur-
ing the development of insulin resistance and play an im-
portant role in crosstalk between insulin-resistant tissues
and pancreatic -cells [59]. Obesity represents the abnormal
accumulation of adipose tissue. An increase in the accumu-
lation of adipose tissue is associated with deleterious effects,
including excess FA secretion, the development of a state of
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chronic low-grade inflammation, and abnormal adipocyte
hormone signaling, which ultimately have detrimental ef-
fects, including insulin resistance [60]. Obesity and T2D are
also strongly associated with hepatic lipid accumulation and
abnormal liver function. In a normal state, the liver regu-
lates blood glucose levels in both fasting and satiated states.
After meal ingestion, the liver stores glycogen in response
to insulin stimuli, whereas glucagon that is released during
fasting increases glycogenolysis and gluconeogenesis in the
liver to prevent hypoglycemia. In T2D, the action of gluca-
gon is enhanced, leading to greater hepatic glucose produc-
tion and release and consequently hyperglycemia [33]. The
liver is an important site for one-carbon metabolism where
methyl groups are utilized in the metabolic pathways [61].
Several studies are being conducted to investigate associa-
tions between T2D, obesity, and changes in DNA methyla-
tion in adipose tissue and the liver.

To shed further light on the epigenetic mechanisms that
underlie T2D, studies analyzed adipose tissue from mo-
nozygotic twins who were discordant for T2D and unre-
lated case-control cohorts using genome-wide expression
and DNA methylation data. The differences in methylation
between the discordant monozygotic twins were modest.
The data suggested that the DNA methylation pattern in
human adipose tissue is highly heritable [44,62]. However,
the expression of 31 gene sets was shown to be either down-
regulated or upregulated in adipose tissue from diabetic vs.
nondiabetic co-twins. Among the differentially expressed
genes were those that are involved in oxidative phosphoryl-
ation, lipid metabolism, and inflammation [62]. The SCD1-
dependent regulation of inflammatory gene expression in
adipocytes involves changes in DNA methylation. Changes
in methylation at CpG promoter sites were correlated with
the differential expression of interleukin-10 receptor a
(ll10ra), interleukin-4 receptor a (Il4ra), interleukin-6 sig-
nal transducer (Il6st), and transforming growth factor p1
(Tgfb1) [63]. Importantly, when DNA methylation was ana-
lyzed in adipose tissue from unrelated subjects, 15,627 CpG
sites, representing 7046 genes (including PPARG, KCNQ1,
TCF7L2, and IRS1), were found to be differentially methyl-
ated in diabetic individuals compared with nondiabetic con-
trols [62]. In obese patients, DNA methyltransferase 1 is ac-
tivated in adipose tissue and hypermethylates the promoter
region of the ADIPOQ gene (which encodes adiponectin),
leading to a decrease in gene expression [64]. Interestingly,
two SNPs (rs17300539 and rs266729) that are located at CpG
sites within the adiponectin promoter region were signifi-
cantly correlated with serum adiponectin levels [64]. The
significant differences in CpG site methylation were also ob-
served in adipose tissue from obese subjects compared with
lean subjects. More than 2800 genes were identified where
both DNA methylation and expression correlated with BML
These include sites that have been annotated to genes that
were previously linked to T2D and/or lipid metabolism
(e.g., FTO, TCF7L2, IRS1, IRS2, FASN, and PPARGC1B) [65].
Thus, obesity-driven epigenetic modifications may appear
before the development of T2D and define its progression.

A healthy lifestyle, including a balanced diet and physi-

cal activity, reduces the risk of developing T2D. Transcrip-
tomic and epigenomic changes in human adipose tissue in
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Figure 1. The scheme illustrating how environmental and genetic factors can affect gene expression patterns in specific tissues (pancreas, skeletal muscle, adipose tissue

and liver) via epigenetic mechanisms, and thereby contribute to development of T2D.

response to exercise, diet, and major weight loss have also
been investigated. The DNA methylation profile in sub-
cutaneous adipose tissue from 23 healthy men before and
after a 6-month exercise intervention was investigated.
A total of 17,975 individual CpG sites, in or near 7663 genes,
that presented alterations of DNA methylation were found
after the exercise intervention. Specific candidate genes for
obesity (18 genes) and T2D (21 genes) were also detected,
including TCF7L2 and KCNQ1 [66]. Dietary fat composi-
tion was also shown to affect DNA methylation in adipose
tissue. A study of the effects of saturated FA (SFA) and
polyunsaturated FA (PUFA) overfeeding on adipose tissue
in healthy young subjects revealed that DNA methylation
patterns were differentially affected, depending on the diet
[67]. Moreover, 3601 differentially methylated CpG sites in
subcutaneous adipose tissue were found after gastric by-
pass surgery. These sites were annotated to such genes as
HDAC4, DNMT3B, KCNQ1, and HOX [68]. A recent study
of obese T2D patients with non-alcoholic fatty liver disease
(NAFLD) identified 59 differentially methylated CpG re-
gions that were associated with fasting insulin and glucose
levels and T2D. This study also investigated the impact of
DMRs that were identified in the study on the expression
for transcripts that are located in the genomic region around
these CpGs (within the cis distance of 500 kb upstream and
100 kb downstream of the gene). They found 30 correla-
tions (nine negative correlations and 21 positive correla-
tions) between DNA methylation and mRNA expression at
a level of significance of p < 0.05. The genes encode calnexin
(CANX), ring finger protein 167 (RNF167), and lactate de-
hydrogenase B (LDHB) [69]. Obesity has also been shown
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to accelerate liver aging through epigenetic mechanisms
and thus contribute to the development of insulin resistance
[70]. Furthermore, aging might affect DNA methylation by
increasing the gene expression of DNMT3A and DNMT3B
in the liver [71]. Importantly, bariatric surgery was shown
to reverse NAFLD-associated CpG methylation patterns in
the liver in obese T2D subjects [72]. This study found that
PTPRE gene expression was downregulated in the liver af-
ter gastric bypass surgery, and this change was associated
with PTPRE promoter region hypermethylation. Interest-
ingly, previous studies found that the PTPRE gene, which
encodes protein tyrosine phosphatase ¢, promoted the de-
velopment of insulin resistance in skeletal muscles. Further
studies are needed to discern the role of PTPRE in restor-
ing hepatic insulin sensitivity after acute weight loss [73].
Altogether, these studies provide convincing evidence that
weight loss, overeating, and the type of diet can affect the
epigenome in human adipose tissue and the liver and in-
fluence the expression of genes that are involved in energy
balance and food intake regulation, thereby affecting whole-
body metabolism. A schematic overview of the effect of epi-
genetic alterations on gene expression in tissues relevant for
T2D pathogenesis is depicted in figure 1.

CONCLUSION

Accumulating data show that epigenetic mechanisms
plausibly contribute to understanding and fighting obesity-
related T2D. The role of epigenetics in T2D is firmly estab-
lished. With the rapid development of new high-throughput
approaches, diabetes research has substantially accelerated
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in identifying genetic variants and epigenetic modifications
that contribute to the pathogenesis of T2D. Exposure to en-
vironmental factors from the prenatal stage to adulthood
can lead to (epi)genomic changes that influence the risk of
developing T2D. Epigenetics are also involved in inflamma-
tory components of T2D, and inflammation plays an impor-
tant role in the development of T2D. GWASs and EWASs
have identified genes and novel metabolic pathway targets
that deserve further attention to elucidate mechanistic rela-
tionships with insulin resistance in peripheral tissues and
pancreatic islet failure. Collectively, the studies that are dis-
cussed in this review indicate an important role for epigenet-
ics in the pathogenesis of T2D. The importance of epigenetic
factors in the pathogenesis of T2D creates the possibility of
developing novel strategies to both treat and prevent dia-
betes. New therapies that are based on epigenetic modula-
tors are being designed to reduce the global burden of T2D.
Nonetheless, the road toward translating basic research into
clinical application is long and challenging. Future studies
should consider non-CpG methylation and the methylation
of repetitive regions that are thought to play a role in the
development of T2D. Distinct methylation patterns that are
observed in peripheral tissues as a response to obesity or
acute weight loss should be considered in prospective lon-
gitudinal studies of T2D patients.
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STRESZCZENIE

Cukrzyca typu 2 (T2D) jest choroba, ktorej patogeneza jest ztozona i determinowana poprzez interakcje genomu, epigenomu, i Srodowiska.
Jednym z gléwnych czynnikow ryzyka wystapienia T2D jest otylos¢, ktorej konsekwencja jest rozwéj insulinoopornosci tkanek obwodo-
wych oraz dysfunkcji komérek B trzustki. Molekularne mechanizmy lezace u podstaw T2D zwiazanej z otyloscia nie zostaly w pelni poznane,
co uniemozliwia opracowanie skutecznych metod prewencji i leczenia T2D. Warianty genetyczne zidentyfikowane w badaniach wielkoskalo-
wych wyjasnily jedynie czeS¢é podloza genetycznego tej choroby. Z tego wzgledu, wiele obecnych badan jest skierowanych na okreslenie roli
mechanizméw epigenetycznych w kontroli ekspresji genéw kluczowych dla rozwoju T2D. W ostatnich latach pokazano, ze ekspresja genéw
takich jak: PDXI w wysepkach trzustkowych, PPARGCIA w mieéniach szkieletowych, ADIPOQ w tkance tluszczowej i TXNIP w watrobie,
regulowana jest poprzez zmiany epigenetyczne. Niniejsza praca podsumowuje obecny stan wiedzy na temat udzialu kwasow tluszczowych i
mechanizmow epigenetycznych, w szczeg6lnosci metylacji DNA, w patogenezie T2D zwiazanej z otyloscia.
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