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Type 2 diabetes is one of the most common metabolic diseases with
complications including diabetic cardiomyopathy and atherosclerotic
cardiovascular disease. Recently, a growing body of research has revealed that
the complex interplay between epigenetic changes and the environmental
factors may significantly contribute to the pathogenesis of cardiovascular
complications secondary to diabetes. Methylation modifications, including
DNA methylation and histone methylation among others, are important in
developing diabetic cardiomyopathy. Here we summarized the literatures of
studies focusing on the role of DNA methylation, and histone modifications in
microvascular complications of diabetes and discussed the mechanism
underlying these disorders, to provide the guidance for future research toward
an integrated pathophysiology and novel therapeutic strategies to treat or
prevent this frequent pathological condition.
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1 Introduction

According to the International Diabetes Federation Atlas, the prevalence of diabetes is
estimated to be 537 million worldwide in 2021 and is dramatically expected to increase to
738 million by 2045 (1). Diabetic cardiomyopathy (DCM) is clinically defined as
myocardial disease that occurs in diabetic patients and cannot be explained by coronary
artery disease, valvular disease, and other conventional cardiovascular risk factors,
including hypertension and dyslipidemia. DCM is manifested by myocardial fibrosis,
cardiomyocyte hypertrophy, apoptosis, metabolic dysregulation, and ultimately heart
failure (2). Approximately 12% of diabetic patients were affected by DCM, leading to
heart failure and death (2). Until now, standard methodology for DCM diagnosis was not
developed, possibly because of unrecognized molecular mechanisms. There are more
reliable imaging and pathological diagnostic criteria, including decreased left ventricle
diastolic dysfunction or left ventricular ejection fraction (EF), or both, pathological left
ventricular hypertrophy, and interstitial fibrosis (3). Many previous studies have clearly
highlighted the complexity of DCM pathogenesis, and identified the molecular mechanism
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that synergistically damages cardiomyocytes and the overall
function of heart (4). Genetic, dietary, and lifestyle factors are
essential in diabetes pathophysiology and associated DCM.
Epigenetics refers to changes in gene expression levels based on
non-genetic sequence alterations. Epigenetic modifications, such as
DNA methylation, histone modifications, and post-transcriptional
RNA regulation, are increasingly considered as important
mediators of complex interactions between genes and
environmental factors (5-7). This review summarizes the current
understanding of epigenetic regulation in type 2 diabetes mellitus
(T2DM) and DCM to highlight the impact of DNA and histone
methylation in developing of DCM (Table 1). Their aberrant
regulation is associated with disease progression, etiologically and
inducement. Deep investigation and understanding their link may
guide future research toward an integrative pathophysiological
approach and provide novel therapeutic direction in this field.

2 DNA methylation modifications
and DCM

DNA methylation is one of the first discovered mechanisms of
epigenetic regulation, as early as the genetic substance DNA was
first discovered (16, 17). In a broad sense, DNA methylation refers
to the conversion of specific bases on DNA sequence to S-adenosyl
methionine (SAM) under the catalysis of DNA methyltransferase
(DNMT) (18). As a methyl donor, the process of chemical
modification of a methyl group is obtained through covalent
bonding. DNA methylation modification can occur at C-5
position of cytosine and N-6 position of adenine (19). The most
frequently methylated nucleotides are located in CpG dinucleotides
(20), usually located at the 5" end of many regulatory gene regions,
but can extend into exons. In mammals, CpG exists in two forms:
one is dispersed in the DNA sequence, and the other is highly
aggregated, called CpG island (CpG island). In normal human cells,
70%-90% of interspersed CpG dinucleotides are modified by
methylation (21). CpG islands are often unmethylated (except for
some special segments and genes). Research evidence shows that
changes in DNA methylation may increase the prevalence of type 1
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and type 2 diabetes (22). Abnormal methylation in promoter and
other regulatory regions, such as its enhancers, can inhibit
transcriptional activity by blocking transcription factors binding
to target gene motifs, subsequently causing gene silencing and
diseases (Figure 1) (22). DNA methylation, one of the most stable
epigenetic modifications, is associated with many vital processes
and metabolic diseases including obesity, T2DM, and
cardiovascular disease (23, 24). DNA methylation status of
inflammatory genes, glucose and lipid metabolism genes has been
reported to be altered in diabetes (25).

2.1 DNA methylation & oxidative stress

Diabetes-induced oxidative stress induced by diabetes is an
essential role in diabetes-related cardiovascular complications. In a
high glucose environment, continuous oxidation of glucose to
mitochondria can trigger massive production of Reactive oxygen
species (ROS) and disruption of the oxidation-reduction balance,
downregulating the expression of matrix metalloproteinases
(MMPs). Dysregulation of the balance between MMPs and tissue-
type inhibitors of metalloproteinases (TIMPs) in vivo is
fundamental in pathological processes such as myocardial fibrosis
and cardiac remodeling (26). Liu et al. (9)showed significant
hypomethylation of KEAPI (Kelch-like ECH-associated protein 1)
promoter CpG islands in patients with DCM, and elevated KEAP1
protein levels in these patients. NRF2 activates several antioxidant
enzymes. Under normal physiological conditions, NRF2 binds to
KEAPI protein and exists in the cytoplasm in an inactive state,
which maintains the low transcriptional activity of NRF2 by
targeting proteases for degradation (27). However, under
oxidative stress, the NRF2- KEAPI interaction dissociates in a
dose-dependent manner (28). Liu et al. also reported that the
decreased NRF2 antioxidant system in the diabetic heart may
change redox homeostasis and lead to aggravated oxidative stress
(9). A similar study reported that the gene encoding p21 was
overexpressed in the heart of diabetic rats and that the expression
of gene encoding cyclin Dlwas regulated by its 5 lateral region
demethylation and hypermethylation (10). P53-induced alterations
in the methylation status of p21WAF1/CIP1 promoter led to the

TABLE 1 Summary of studies focusing on DNA and histone methylation related to DCM.

Genes Data sources Status References

AR STZ-induced diabetic rat model Hypermethylation Tao et al. (2020) (8)

KEAP1 T2DM patients Hypomethylation Liu et al. (2016) (9)
pZIWAF”CIPl cardiac cells (isolated from diabetic patients and STZ-induced diabetic rat model) Complete methylation Ménkemann et al. (2002) (10)
Cyclin D, Complete demethylation

FTO T2DM female patients Hypermethylation Bell et al. (2010) (11)

PPARY C57BL/6] mice Hypermethylation Yang et al. (2014) (12)

LXRa STZ-induced diabetic rat model Hypomethylation Cheng et al.(2011) (13)
SERCA2a HL-1 cells Hypermethylation Kao et al. (2010) (14)

NF-xB C57B/6 mice Hypomethylation El-Osta et al. (2008) (15)
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FIGURE 1
CpGs at promoter site: Methylation in CpGs leads to gene silence.

activation of apoptotic pathway, resulting in cardiomyocyte death
and cardiomyopathy in rats. The authors proposed that oxidative
damage is the main cause of p53-induced p21WAF1/CIP1 gene de
novo methylation.

2.2 DNA methylation & hyperglycemia and
insulin resistance

Insulin resistance (IR) and hyperglycemia are fundamental to
the onset and DCM development (29, 30). Pirola et al. (31) observed
that hyperglycemia significantly affected human vascular
chromatin, leading to differential methylation and acetylation
patterns associated with transcriptional upregulation of genes
related to metabolism and cardiovascular disease. In glucose-
treated cells, there was a significant correlation between
hyperacetylation and DNA methylation, suggesting that
hyperglycemia-induced genes are mediated by changes in
methylation and acetylation patterns of genes (32). Additionally,
it was reproducibly corroborated the correlation of DNA
methylation and cardiovascular risk (11, 33). The susceptibility
haplotype rs8050136 of fat mass and obesity associated (FTO) gene
is a significant gene associated with an increased risk of obesity and
CVD with elevated methylation levels (11); a similar mechanism is
hypothesized for rs9939609 polymorphism (33). Another candidate
gene study found an association between IGF2 methylation and
altered lipid profiles in obese children. Particularly, IGF2
hypermethylation was associated with a higher triglyceride/HDL-
cholesterol ratio, representing an epigenetic marker of metabolic
risk (34). Another study examining genome-wide transcriptome
and CpG methylation analysis reported many differentially
methylated region-predicted loci in adipose tissue from insulin-
resistant patients compared to controls, including genes involved in
insulin signaling and interactions with integrins (35). Altered
methylation was also found in IL18, CD44, CD48, CD38, Cd37,
CX3CL1, CXCR1, CXCR2, CXCLI, IGFIR, APOB48R, LEF1, GIPR,
GRBI10, SIRT2, HDAC4, DNMT3A, LEPR and LEP genes loci
strongly and independently associated with insulin resistance
correlated (36-38). Peroxisome proliferator-activated receptors
(PPAR) v, one of three PPAR isotypes, enhances insulin
sensitivity, lipogenesis function (39). PPARY is expressed mostly
in adipose tissue and its inactivation could lead to lipodystrophy
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and metabolic disorder (40, 41). Furthermore, polarization of
adipose tissue macrophages from anti-inflammatory to pro-
inflammatory phenotype in obese mice involved methylation of
PPARY promoter (12).

2.3 DNA methylation &
myocardial hypertrophy

Liver X receptors (LXRs) are ligand-activated transcription
factors belonging to the nuclear hormone receptor superfamily
(42-44). LXR, especially LXRa,, can regulate the transcription of
the gene by binding to the LXR response element (LXRE) on the
target gene, thereby regulating cholesterol metabolism and lipid
metabolism (45). LXRa and its downstream regulatory network are
involved in developing DCM. Previous studies found significant
methylation of LXRol gene promoter region in rats with DCM (13).
Cheng et al. (46) found that in a streptozotocin-induced diabetic rat
model, demethylation of LXRo was responsible for its increased
expression in the myocardial ventricles of diabetic rats.

Another study showed that tumor necrosis factor (TNF)-o
increased DNMT levels, which enhanced methylation of the
sarco/endoplasmic reticulum Ca’*-ATPase 2a (SERCA2a)
promoter region, thereby decreasing SERCA2a expression in
cardiac myocytes (14). SERCA2a mediates the heart relaxation by
transferring Ca2+ from the cells into the sarcoplasmic reticulum.
Downregulation of SERCA2a expression can cause diastolic
dysfunction and ultimately lead to the development of DCM (47).
The angiotensin II receptor gene in the renin-angiotensin-
aldosterone (RAAS) system is divided into two subtypes, AT1
and AT2 (48). AT1 is further divided into two subtypes, ATla
and AT1b (49). Experimental studies in humans and animals have
found that ATI1 receptor gene polymorphisms are strongly
correlated with essential hypertension and corresponding end-
organ damage (50). The overexpression of ATl receptor can
cause heart disease and increase the response to Ang II (51).
Bogdarina et al. (52), demonstrated that the proximal promoter
of AT(1b) gene in the adrenal gland, which expression highly
depends on promoter methylation in vitro, is significantly
undermethylated, and ATR genes pathway are upregulated in
DCM, leading to cardiac hypertrophy. These relevant data suggest
that the expression of RRAS related genes is regulated by DNA
methylation with different directions of methylation expression and
may play essential roles in DCM pathogenesis.

2.4 DNA methylation &
ventricular dysfunction

Prolonged high glucose toxicity and multiple factors can induce
overexpression of numerous cytokines, increased extracellular
matrix production and deposition in the myocardial interstitium
and perivascular areas, decreased myocardial compliance, and
induced simultaneous ventricular diastolic dysfunction in late
stages (2, 53, 54). Different promoter methylation has been
reported in DCM. Movassagh et al. (55) characterized DNA
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methylation profiles in left ventricular tissue from patients with
idiopathic and end-stage heart failure. They observed an increase
promoter methylation of three genes associated with cardiac
angiogenesis in cardiomyopathy, PECAMI1, ARHGAP24, and
AMOTL2, suggesting that DNA methylation induces altered gene
expression in cardiomyopathy (55). However, the pattern of DNA
methylation seen in the diabetic heart differs from that in patients
with heart failure (56). The specific DNA methylation CpG site off3-
myosin heavy chain (f-MYH?7) gene was found to be extensively
methylated in T2DM hearts compared to the three spots in the
control and heart failure groups. Similar DNA methylation changes
were observed in TIDM hearts. In steroid-induced diabetic hearts
altered DNA methylation of specific CpG sites of S-MYH7 might
lead to ventricular dysfunction in diabetic patients (56).

2.5 DNA methylation & myocardial fibrosis

Early manifestation of DCM is progressive diastolic heart failure,
manifested by decreased myocardial relaxation and increased
stiffness, with interstitial fibrosis of the myocardium as the primary
pathophysiological mechanism. Tao H et al. concluded that DNMT1
inhibition or knockdown increased androgen receptor (AR)
expression in cardiac fibroblasts. In addition, AR was found to
negatively regulate homocysteine (Hcy)-induced autophagy in
cardiac fibroblasts. DNMT1 was shown to enhanced cardiac
fibroblast autophagy in diabetic cardiac fibrosis by inhibiting AR
axis. DNMT1 inactivation in AR axis triggers cardiac fibroblast
autophagy in diabetic cardiac fibrosis (8). Another study showed
that DNMT3A directly inhibits miR200b expression, which promotes
cardiac autophagy and ultimately affects the development of
myocardial fibrosis in a mouse model of aortic constriction (57).
MiR3695p overexpression directly inhibits DNMT3A, induces
aberrant DNA methylation of Patchedl, and suppresses cardiac
fibroblast proliferation and myocardial fibrosis levels (58).
Therefore, DNA methylation-related modifying enzymes affect
fibrosis-related genes expression and regulate myocardial fibrosis
through direct or indirect mechanistic pathways. El-Ostaet al. (15)
reported short-term exposure of aortic endothelial cells to high
glucose-induced promoter DNA methylation of NF- k¥ B p65
subunit, an essential mediator of cardiac fibrosis. The authors
showed that DNA methylation was mediated by a hyperglycemia-
induced increase in methylglyoxal production.

3 Histone methylation modification
and DCM

Histone methylation modifications are among the most studied
histone modifications based on the methylation of terminal N atom
of lysine or arginine residues (59). Lysine residues are capable of
mono-, di-, and trimethylation (mel, me2, me3), whereas arginine
residues are only capable of mono- and dimethylation, and these
different levels of methylation significantly increase the complexity
of histone methylation modifications and regulation of gene
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expression. Histone methylation modifications have been shown
to be essential for the transcriptional regulation of genes,
maintenance of genomic integrity, epigenetic modifications.
Methylation modification of particular histone lysine or arginine
residues is associated with gene activation or repression (60, 61).
The role of histone methylation in DCM has received increasing
attention. Through the interaction of histone methyltransferases
and demethylases, histone methylation plays an equally important
role in abnormal glycolipid metabolism, cardiomyocyte
hypertrophy, extensive myocardial fibrosis, and cardiac diastolic
and systolic dysfunction caused by DCM, which will provide new
ideas and therapeutic targets for the study and treatment of
DCM (62).

3.1 Histone methylation modification &
insulin resistance

Euchromatic histone lysine methyltransferase 2 (EHMT2, also
known as G9a), located on euchromatin, mediates the methylation
of H3K9 and H3K27, leading to gene silencing (63). It has been
shown that G9a can affect insulin receptors (IRs) transcription, a
key regulator of insulin receptor gene transcription, via the high
mobility group AT-hookl (HMGA1). HMGA1 expression level
regulates insulin signaling in the liver, and restoring the expression
level of G9a in leptin receptor gene-deficient mice not only
elevates HMGA1 level, but also reduces hyperglycemia and
hyperinsulinemia. Thus, improving the impaired insulin signaling
in the liver, and G9a is expected to be a potential therapeutic target
for hepatic IR (13). Human homolog of drosophila zeste gene
enhancer 2 (EZH2), a subunit of the polycomb repressive
complex 2 (PRC2), mainly mediates H3K27me2/3 methylation.
High glucose concentrations elevate EZH2 expression via the
JNK/Notch pathway, which further causes histone H3K27me2/3
upstream of the insulin gene promoter, thereby suppressing insulin
gene expression and causing blood glucose elevation, leading to
IR (64).

3.2 Histone methylation modification &
cardiac lipid deposition

When free fatty acid (FFA) metabolism is activated, fatty acid B-
oxidation in diabetic myocardium increases and excess FFA can be
converted to triglycerides and accumulate in myocardial cells,
accelerating lipid deposition and gradually damaging myocardial
calmodulin, which in turn affects diastolic and systolic functions of
myocardial cells (65). PPARowill retard FFA metabolism and
increase lipid accumulation in cardiomyocytes (66). Lipotoxicity
is a fundamental factor for DCM pathogenesis. Increased lipids
promote lipid uptake by cells in the vascular wall, and very low-
density lipoproteins are more readily converted to cholesteryl esters.
Glycated low-density lipoproteins impair its recognition by
hepatocyte receptors and slow down its metabolism. It is
preferentially phagocytosed and degraded by macrophages
through binding to other receptors, accumulating in macrophages
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as foam cells and eventually presenting with widespread, diffuse
myocardial damage associated with metabolism. Cardiomyocyte
hypertrophy, degeneration, focal necrosis, and replacement of
necrotic areas by fibrous tissue severely affect the cardiomyocyte
metabolism, which in turn affects the diastolic and systolic
functions of the heart (67).

Histone lysine methyltransferases are mainly composed of SET
(su var 3-9, ez, trithorax) structural domain family and the non-SET
structural domain family. Among them, SET domain bifurcated
histone lysine methyltransferase 1 catalyzes the trimethylation of
histone H3K9, and its accumulation decreases the expression of
PPARYy and CCAAT-enhancer binding protein o genes and target
genes related to lipid metabolism, inhibiting the lipid accumulation
in adipocytes (68). There is a lack of literature demonstrating that
histone methylation modifications can directly regulate the
expression of PPARY in cardiac muscle tissue. However, histone
methylation has been shown in adipose tissue to modify the
expression of some critical genes, involving PPARy; PPARc, and
IGF2, to affect obesity progression (69). Knockdown of H3K36
methyltransferase NSD2 (nuclear receptor binding set domain
protein 2) can be observed as a PPARY-dependent impairment of
adipogenesis. Therefore, it is feasible to investigate DCM
pathogenesis in terms of histone methylation modifications
affecting lipid deposition in the heart.

3.3 Histone methylation modification &
inflammatory immunity

T2DM leads to adipose tissue dysfunction, the persistent
secretion of inflammatory cytokines and chemokines that induce
chronic low-grade inflammation throughout the body. Chronic
high glucose stimulation induces secretion of inflammatory
factors that affect the balance between MMPs and TIMPs, leading
to rearrangement of collagen molecular structure, which in turn
affects collagen synthesis and degradation in the extracellular
matrix. Thickening of myocardial fibers and increased myocardial
stiffness decrease compliance and diastolic function, constituting
the structural basis for impaired cardiac function (70, 71). Nuclear
factor kappa-B (NF-xB) signaling pathway is one of the most
important signaling pathways in the inflammatory response. Its
activation promotes the expression of multiple pro-inflammatory
factors, chemokines, and adhesion molecules (72). Under the
stimulus of persistent hyperglycemia in vivo in diabetic vascular
complications, NF-kB protein expression is regulated by histone
methylation level, and its reduced expression is closely associated
with increased H3K4mel and decreased H3K9me2/me3 in the
promoter region of subunit p65 (73). Genome-wide association
analysis showed that altered intracellular levels of H3K4me2 and
H3K9me2 in human monocytes treated with high glucose directly
affected gene expression, including interleukin (IL)-1 and IL-8 (74).

Diabetes mellitus is an etiological risk for coronary heart
disease, and diabetes develop chronic and persistent inflammation
and cardiovascular complications even after stabilized glycemic
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control, suggesting a possible “metabolic memory” (75, 76). A
cytological experiment showed a strong link between chromatin
histone methylation and metabolic memory. Compared to normal
cultured cardiomyocytes, the level of IL-6 mRNA levelwas increased
in cardiomyocytes cultured with high glucose. Simultaneously, the
protein level of suppressor of variegation 3-9 homolog 1 (Suv39h1),
a methyltransferase homolog of H3K9me3, was reduced by high
glucose treatment, and H3K9me3 level in the IL-6 promoter region
was significantly lower. Therefore, regulation of histone
methylation and inflammatory cytokine expression may be
an effective strategy to prevent metabolic memory and
cardiomyopathy in diabetic patients (76).

3.4 Histone methylation modification &
oxidative stress

Studies have confirmed that histone methylation modifications
are closely associated with antioxidant synthesis and peroxide
scavenging in vivo (77). Up-regulation of H3K4 dimethylation
levels in the catalytic subunit of glutamate cysteine ligase
(catalytic, Gclc) antioxidant response element region of the
antioxidant glutathione synthase reduced glutathione synthesis;
this result was reversed by interfering with cells using siRNA for
the specific demethylase LSD1 (78). Elevated levels of H4K20
trimethylation on the manganese-containing superoxide
dismutase (MnSOD) gene SOD2 promoter caused a decrease in
MnSOD expression but increased intracellular ROS levels (79).
SET8 is the enzyme that monomethylates H4K20, and
overexpression of SET8 reduces the accumulation of ROS and
restores NO levels, thereby reducing inflammation in vascular
endothelial cells (80). Reducing the functional impairment of
endothelial cells induced by high glucose damage during diabetes-
induced cardiovascular disease (81).

3.5 Histone methylation modification
& autophagy

Autophagy is a highly conserved phagocytic degradation
process in living organisms, which is closely related to the
metabolic needs of cell survival and renewal of some organelles
(82). Autophagy is essential in maintaining cellular homeostasis and
is closely associated with disorders of glucolipid metabolism,
enhanced oxidative stress, IR, and deposition of advanced
glycation end products in DCM patients (83). Recent studies have
shown that histone methyltransferases are involved in the
transcriptional regulation of autophagy and regulators of various
biological processes (84). When the organism is starved, glucose
supply is insufficient and/or exposed to rapamycin, the di-
methylation of arginine residues is significantly increased, leading
to autophagy. H3K9me2, dependent on histone methylation
transferase G9a has been shown to achieve the protective effect of
distal ischemic preadaptation by regulating expression of
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mammalian targets of the rapamycin complex (85). Coactivator-
associated arginine methyltransferase 1 can increase the level of
H3K17me?2 and activate the expression of autophagy and lysosome-
related genes (86). Meanwhile, histone demethylase LSD1 can
negatively regulate the autophagic process in cardiomyocytes by
promoting PTEN degradation (87).

4 Pharmacological intervention and
clinical practice

4.1 A potential biomarker

The early stage of T2DM is usually ignored because of no
symptoms, but microvascular and macrovascular complications may
have occurred during this period or even in pre-diabetic patients (88).
Therefore, in terms of treatment, finding reliable, sensitive and easily
accessible T2DM biomarkers is helpful for early diagnosis, treatment
and management of patients. Epigenetic changes in insulin target
organs can be reflected in blood, DNA methylation in blood may be
related to the occurrence of T2DM, and related differentially
methylated genes can be used as potential candidate biomarkers of
T2DM (89, 90). With the advancement of technologies related to
human genomics, the focus of epigenetic research has shifted to high-
throughput epigenome-wide association study (EWAS), such as
microarray chips and methylation sequencing technologies.

4.1.1 T2DM-related differentially methylated
genes discovered based on microarray chip
methylation analysis

Microarray chip-based methylation analysis is help in
quantifying the methylation level of DNA samples by comparing
the hybridization intensity ratio of DNA samples before and after
digestion with methylation-sensitive restriction endonucleases (91).
It is the earliest EWAS technique to analyze genome-wide
methylation changes associated with T2DM (92). Toperoft et al.
(93) compared DNA methylation levels in peripheral blood of 710
T2DM patients and 459 healthy individuals based on microarray
chip technology, and found that an excess of differential
methylation sites in genomic regions which previously confirmed
genes related to T2DM, among which the most differentially
methylated sites are located in the following genes: Solute carrier
family 30 member 8 (SLC30AS8), transcription factor 7-like 2
(transcription factor 7-like 2, TCF7L2), fat mass and obesity
associated (FTO) gene, and potassium channel protein 1
(potassium voltage-gated channel subfamily Q member 1,
KCNQI) gene. In the next step, they found a CpG site in the first
intron of FTO gene that showed significant hypomethylation in
T2DM patients compared to the healthy volunteers. This result was
also confirmed in Arab population by similar procedures (94).
These studies revealed that low methylation levels at specific sites
in T2DM-associated genomic regions would be a warning marker
of T2DM.
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4.1.2 T2DM-related differentially methylated
genes discovered based on microbead array chip
methylation analysis

Bead array chip-based DNA methylation analysis aims to provide
single-base resolution analysis and quantitative evaluation of specific
cytosines in multiple samples. Chambers et al (95) analyzed DNA
methylation associated with T2DM in the whole peripheral blood of
Indian, Asians, and Europeans using human methylation 450
microbead array chips. They followed them up with patients who
eventually developed T2DM. The result showed methylation markers
at five loci including thioredoxin-interacting protein (TXNIP), ATP-
binding cassette subfamily G(ABCGI), phosphoethanolamine/
phosphocholine phosphatase (PHOSPHOI), suppressor of cytokine
signaling 3(SOCS3) and sterol regulatory element binding
transcription factor 1(SREBF1) were related to the increased risk
for T2DM. Subsequently, Dayeh et al. (96)evaluated the sites
identified by Chambers et al,, and confirmed an association
between the methylation levels of ATP-binding cassette subfamily
Gl (ABCGI) and Phosphoethanolamine/Phosphocholine
phosphatase (PHOSPHOI) gene-related sites in whole blood DNA
and the risk of developing T2DM. Relationship between the
methylation status of ABCG1 gene-related sites and the fasting
blood glucose and insulin levels was also confirmed in other studies
using microbead array chips (97, 98). Al Muftah et al (99) quantified
DNA methylation in whole blood DNA from Arab subjects, and
verified CpG sites of 8 genes associated with the risk of T2DM,
including TXNIP. Their result showed that TXNIP gene methylation
was suppressed in T2DM patients. Moreover, TXNIP can participate
in the development of T2DM-related vascular complications by
inhibiting the ability of vascular endothelial growth factors to
regulate angiogenesis (100-102).

4.2 A novel therapeutic target

Mitchel Tate et al. proposed that DNA metalation may play an
important role in DCM and thereby represent a potential
therapeutic target (103). Unfortunately, their paper does not
discuss the specifics of DNA methylation as a target for
DCM therapy.

The expression of tissue specific insulin genes is partially
regulated by DNA methylation, and the demethylation of insulin
promoter CpG is crucial for in the maturation of B-cells (104).
There is evidence that transcriptional coactivator peroxisome
proliferator-activated receptor gamma coactivator-alpha (protein
PGC-10, gene PPARGCIA) mRNA expression is reduced in islets
from T2DM patients and could be regulated by DNA methylation
of PPARGCIA promoter (105). In summary, the expression of
genes related to IR and DCM could be regulated by DNA
methylation, leading to impaired systolic function, increased
oxidative stress, cardiac remodeling and cardiomyocyte apoptosis.
Therefore, regulating DNA methylation to inhibit IR may be a
promising new direction for early blood glucose control and
prevention of DCM progression.
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Zhou et al. recently reported that flavonoids can be used as
natural epigenetic modulators for DCM management (106). They
discussed the epigenetic effects of different flavonoid subtypes in
DCM and summarized the existing evidence from preclinical and
clinical studies. For example, quercetin, which is an antioxidant,
reduced oxidative stress by preventing the decrease in GSH/GSSG
ratio, NRF2 nuclear translocation, and antioxidant enzymatic
activity. Quercetin also prevents a reduction in ATP levels and
alterations in PGC-1a, UCP2, and PPARY expression, leading to
improved DCM (107, 108). Epigallocatechin-3-gallate, another
flavonoid with antioxidant effects, attenuates oxidative stress by
decreasing the methylation status of the Klotho gene promoter
under high-glucose conditions in diabetic db/db mice and HK-2
cells (109). Genistein, a soybean isoflavone, can inhibit DNA
methylation and histone acetylation in addition to reduce renal
fibrosis in unilateral ureteral occlusion mice (110). Interestingly, it
recently reported that genistein could attenuate marijuana-induced
vascular inflammation (111). These two reports suggest that
regulating DNA methylation status may be another possible
pathway for genistein to exert the cardiovascular protective effect.
However, the bioavailability of flavonoid compounds is relatively
low, and the current research is mainly focused on cell and animal
experiments, which shows a long way from bench to bed.

Furthermore, some recent experimental studies have focused on
Epi-drugs in DCM treatment. Zhu H et al. found that AGE
exposure increased the expression of DNMTI and DNMT2,
resulting in decreased expression and activity of GPX1 in the
heart. Supplementation of selenium preparations can recover the
expression of DNMT2 and restore the expression and activity of

10.3389/fendo.2023.1119765

GPX1, which could alleviate intracellular ROS generation and
cardiomyocyte apoptosis, and lead to recovery of cardiac
function. Selenium supplementation or administration of the
DNMT inhibitor AZA decreased DNA methylation at the
promoter of GPX1 gene (112). Kakoki M et al. found that feeding
superoxide scavenger cyanocobalamin (B12) prevented and
reversed signs of cardiomyopathy in type 1 diabetic ElmolH/H
Ins2Akita/+ mice. Diabetes significantly reduced plasmalGF-1
levels, whereas B12 restored them through DNA methylation of
S-adenosylmethionine levels, DNMT-1/3a/3b mRNA,
and suppressing cytokine signaling (SOCS)-1/3 promoters
normalization to activate hepatic IGF-1 production, and
reductions in cardiac IGF-1 mRNA and phosphorylated IGF-1
receptors were also restored, predicting B12 as a promising
potential treatment for DCM (113).

5 Summary and prospect

Metabolic disorders, including diabetes are due to a cumulative
interaction of genetic and environmental factors. These effects are
mainly caused by diabetes-related factors involving hyperglycemia,
oxidative stress, inflammation, and obesity, manifesting as genomic
epigenetic changes. DNA methylation and histone modification, are
the primary epigenetic modifications associated with DCM
(Figure 2). They are responsible for altering gene expression of
key regulatory pathways mediating diabetes-related vascular
complications and are significant contributors to diabetes-related
metabolic memory. Herein, we have separately explored the
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FIGURE 2

A summary of the DNA methylation and histone modification pathways leading to pathological cardiac dysfunction in diabetic cardiomyopathy. In
diabetics, insulin resistance mediates systemic hyperglycemia, hyperlipidemia and lipotoxicity, inducing oxidative stress and inflammation.,
Hypomethylation of KEAP1 promoter was observed in patients with DCM, which maintains the low transcriptional activity of NRF2 by targeting

proteases for degradation. The decreased NRF2 antioxidant system changes

redox homeostasis and leads to aggravated oxidative stress.

Monomethylating H4K20 reduces the accumulation of ROS and restores NO levels, which alleviates oxidative stress. Massive production of ROS
disturbs the balance between MMPs and TIMPs, inducing myocardial fibrosis and cardiac remodeling. TNF-a. increases DNMT levels, which
enhanced methylation of SERCA2a promoter, thereby decreasing SERCA2a expression. SERCA2a mediates the heart relaxation by transferring Ca*
from the cells into the sarcoplasmic reticulum. Downregulation of SERCA2a expression cause myocardial hypertrophy. DNMT could enhanced

cardiac fibroblast autophagy in diabetic cardiac fibrosis by inhibiting AR axis.

Decreased H3K9me3 level in the IL-6 promoter increased its mMRNA

level, which affect the pathology of myocardial fibrosis and cardiomyocyte hypertrophy. IL, interleukin; NF-xB, nuclear factor-enhanced light chain
activator of B cells; NO, nitric oxide; Reactive oxygen species; RAAS, renin—angiotensin—aldosterone system; TNF- a,tumour necrosis factor-alpha.
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association of DNA methylation and histone methylation with
DCM, but our summary of these mechanisms is the tips of
iceberg and awaits translational application. Further research
focused on elucidating the mechanisms may still be needed.

A range of new tools and technologies (e.g., RNA seq,
transcriptomics, metabolomics, epigenomic profiling, and
chromatin 3D mapping) have been integrated into diabetes
research to gain a deeper understanding of T2DM and its
associated microvascular complications. Tissue- and cell-specific
analysis of methylation levels and histone modifications
of significant pathophysiological genes will increase our
understanding of the pathology and associated complications of
T2DM. There is also a need to elucidate the association between
epigenetic regulation of the genome involved in microvascular
complications and macrovascular complications of diabetes.
Knowledge gained through altered epigenetic gene expression in
DCM will provide a better approach to mitigate hyperglycemia-
induced damage to the heart and other affected organs, such as the
kidney and brain.

Author contributions

JH and YL conceptualized and designed the study, carried out
the analyses, drafted the initial manuscript, and contributed to the
important intellectual content during manuscript drafting and
revision. YL contributed to the important intellectual content
during manuscript drafting and revision, reviewed and revised
the manuscript.

References

1. A.D.A.P.P. Committee. Cardiovascular disease and risk management: Standards
of medical care in diabetes-2022. Diabetes Care (2022) 45:5144-74. doi: 10.2337/dc22-
S010

2. Dannenberg L, Weske S, Kelm M, Levkau B, Polzin A. Cellular mechanisms and
recommended drug-based therapeutic options in diabetic cardiomyopathy. Pharmacol
Ther (2021) 228:107920. doi: 10.1016/j.pharmthera.2021.107920

3. Lorenzo-Almords A, Tuiion J, Orejas M, Cortes M, Egido J, Lorenzo 0.
Diagnostic approaches for diabetic cardiomyopathy. Cardiovasc Diabetol (2017)
16:28. doi: 10.1186/s12933-017-0506-x

4. DengJ, Liao Y, Liu J, Liu W, Yan D. Research progress on epigenetics of diabetic
cardiomyopathy in type 2 diabetes. Front Cell Dev Biol (2021) 9:777258. doi: 10.3389/
fcell.2021.777258

5. American Association for Cancer Research Human Epigenome Task Force,
European Union, Network of Excellence and Scientific Advisory Board. Moving
AHEAD with an international human epigenome project. Nature (2008) 454:711-5.
doi: 10.1038/454711a

6. Jayaraman S. Epigenetics of autoimmune diabetes. Epigenomics (2011) 3:639-48.
doi: 10.2217/epi.11.78

7. Ling C, Groop L. Epigenetics: a molecular link between environmental factors
and type 2 diabetes. Diabetes (2009) 58:2718-25. doi: 10.2337/db09-1003

8. Tao H, Shi P, Xuan HY, Ding XS. DNA Methyltransferase-1 inactivation of
androgen receptor axis triggers homocysteine induced cardiac fibroblast autophagy in
diabetic cardiac fibrosis. Arch Biochem biophysics (2020) 692:108521. doi: 10.1016/
j.abb.2020.108521

9. Liu ZZ, Zhao XZ, Zhang XS, Zhang M. Promoter DNA demethylation of Keapl
gene in diabetic cardiomyopathy. Int J Clin Exp Pathol (2014) 7:8756-62.

10. Ménkemann H, De Vriese AS, Blom HJ, Kluijtmans LA, Heil SG, Schild HH,
et al. Early molecular events in the development of the diabetic cardiomyopathy. Amino
Acids (2002) 23:331-6. doi: 10.1007/s00726-001-0146-y

Frontiers in Endocrinology

10.3389/fendo.2023.1119765

Funding

This research was supported by the Tian-Qing Hospital Medical
Project of the Jiangsu Pharmaceutical Association (2020) and the
Specially Appointed Medical Expert Project of the Jiangsu
Commission of Health (2019).

Acknowledgments

We really thank Dr. HaoPeng Yang, he assisted in the design
and performance of the study and the writing of the paper.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

11. Bell CG, Finer S, Lindgren CM, Wilson GA, Rakyan VK, Teschendorft AE, et al.
Integrated genetic and epigenetic analysis identifies haplotype-specific methylation in
the FTO type 2 diabetes and obesity susceptibility locus. PloS One (2010) 5:¢14040. doi:
10.1371/journal.pone.0014040

12. Yang X, Wang X, Liu D, Yu L, Xue B, Shi H. Epigenetic regulation of
macrophage polarization by DNA methyltransferase 3b. Mol Endocrinol (Baltimore
Md.) (2014) 28:565-74. doi: 10.1210/me.2013-1293

13. Cheng Y, Liu G, Pan Q, Guo S, Yang X. Elevated expression of liver X receptor
alpha (LXRo) in myocardium of streptozotocin-induced diabetic rats. Inflammation
(2011) 34:698-706. doi: 10.1007/s10753-010-9281-5

14. Kao YH, Chen YC, Cheng CC, Lee TI, Chen YJ, Chen SA. Tumor necrosis
factor-alpha decreases sarcoplasmic reticulum Ca2+-ATPase expressions via the
promoter methylation in cardiomyocytes. Crit Care Med (2010) 38:217-22. doi:
10.1097/CCM.0b013e3181b4a854

15. El-Osta A, Brasacchio D, Yao D, Pocai A, Jones PL, Roeder RG, et al. Transient
high glucose causes persistent epigenetic changes and altered gene expression during
subsequent normoglycemia. ] Exp Med (2008) 205:2409-17. doi: 10.1084/jem.20081188

16. Avery OT, Macleod CM, McCarty M. Studies on the chemical nature of the
substance inducing transformation of pneumococcal types : induction of
transformation by a desoxyribonucleic acid fraction isolated from pneumococcus
type IIL. J Exp Med (1944) 79:137-58. doi: 10.1084/jem.79.2.137

17. McCarty M, Avery OT. Studies on the chemical nature of the substance inducing
transformation of pneumococcal types : ii. effect of desoxyribonuclease on the
biological activity of the transforming substance. ] Exp Med (1946) 83:89-96. doi:
10.1084/jem.83.2.89

18. Moore LD, Le T, Fan G. DNA Methylation and its basic function.
Neuropsychopharmacol Off Publ Am Coll Neuropsychopharmacol (2013) 38:23-38.
doi: 10.1038/npp.2012.112

19. Bird A. DNA Methylation patterns and epigenetic memory. Genes Dev (2002)
16:6-21. doi: 10.1101/gad.947102

frontiersin.org


https://doi.org/10.2337/dc22-S010
https://doi.org/10.2337/dc22-S010
https://doi.org/10.1016/j.pharmthera.2021.107920
https://doi.org/10.1186/s12933-017-0506-x
https://doi.org/10.3389/fcell.2021.777258
https://doi.org/10.3389/fcell.2021.777258
https://doi.org/10.1038/454711a
https://doi.org/10.2217/epi.11.78
https://doi.org/10.2337/db09-1003
https://doi.org/10.1016/j.abb.2020.108521
https://doi.org/10.1016/j.abb.2020.108521
https://doi.org/10.1007/s00726-001-0146-y
https://doi.org/10.1371/journal.pone.0014040
https://doi.org/10.1210/me.2013-1293
https://doi.org/10.1007/s10753-010-9281-5
https://doi.org/10.1097/CCM.0b013e3181b4a854
https://doi.org/10.1084/jem.20081188
https://doi.org/10.1084/jem.79.2.137
https://doi.org/10.1084/jem.83.2.89
https://doi.org/10.1038/npp.2012.112
https://doi.org/10.1101/gad.947102
https://doi.org/10.3389/fendo.2023.1119765
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Hao and Liu

20. Reik W, Dean W. DNA Methylation and mammalian epigenetics.
Electrophoresis (2001) 22:2838-43. doi: 10.1002/1522-2683(200108)22:14<2838::AID-
ELPS2838>3.0.CO;2-M

21. Shaknovich R, Figueroa ME, Melnick A. HELP (Hpall tiny fragment
enrichment by ligation-mediated PCR) assay for DNA methylation profiling of
primary normal and malignant b lymphocytes. Methods Mol Biol (Clifton N.J.)
(2010) 632:191-201. doi: 10.1007/978-1-60761-663-4_12

22. Bansal A, Pinney SE. DNA Methylation and its role in the pathogenesis of
diabetes. Pediatr Diabetes (2017) 18:167-77. doi: 10.1111/pedi.12521

23. Kaushik P, Anderson JT. Obesity: epigenetic aspects. Biomolecular concepts
(2016) 7:145-55. doi: 10.1515/bmc-2016-0010

24. Ling C, Ronn T. Epigenetic markers to further understand insulin resistance.
Diabetologia (2016) 59:2295-7. doi: 10.1007/s00125-016-4109-y

25. Loche E, Ozanne SE. Early nutrition, epigenetics, and cardiovascular disease.
Curr Opin lipidology (2016) 27:449-58. doi: 10.1097/MOL.0000000000000338

26. Mitrut R, Stepan AE, Margdritescu C, Andreiana BC, Kesse AM, Simionescu CE,
et al. Immunoexpression of MMP-8, MMP-9 and TIMP-2 in dilated cardiomyopathy.
Romanian ] morphology embryology = Rev roumaine morphologie embryologie (2019)
60:119-24.

27. Wakabayashi N, Itoh K, Wakabayashi J, Motohashi H, Noda S, Takahashi S,
et al. Keapl-null mutation leads to postnatal lethality due to constitutive Nrf2
activation. Nat Genet (2003) 35:238-45. doi: 10.1038/ng1248

28. ZhongJ, Agha G, Baccarelli AA. The role of DNA methylation in cardiovascular risk
and disease: Methodological aspects, study design, and data analysis for epidemiological
studies. Circ Res (2016) 118:119-31. doi: 10.1161/CIRCRESAHA.115.305206

29. Jia G, Whaley-Connell A, Sowers JR. Diabetic cardiomyopathy: a
hyperglycaemia- and insulin-resistance-induced heart disease. Diabetologia (2018)
61:21-8. doi: 10.1007/s00125-017-4390-4

30. Jia G, DeMarco VG, Sowers JR. Insulin resistance and hyperinsulinaemia in
diabetic cardiomyopathy. Nat Rev Endocrinol (2016) 12:144-53. doi: 10.1038/
nrendo.2015.216

31. Pirola L, Balcerczyk A, Tothill RW, Haviv I, Kaspi A, Lunke S, et al. Genome-
wide analysis distinguishes hyperglycemia regulated epigenetic signatures of primary
vascular cells. Genome Res (2011) 21:1601-15. doi: 10.1101/gr.116095.110

32. Wang Q, Tang SB, Song XB, Deng TF, Zhang TT, Yin S, et al. High-glucose
concentrations change DNA methylation levels in human IVM oocytes. Hum Reprod
(Oxford England) (2018) 33:474-81. doi: 10.1093/humrep/dey006

33. Liu C, Mou S, Pan C. The FTO gene rs9939609 polymorphism predicts risk of
cardiovascular disease: a systematic review and meta-analysis. PloS One (2013) 8:
€71901. doi: 10.1371/journal.pone.0071901

34. Deodati A, Inzaghi E, Liguori A, Puglianiello A, Germani D, Brufani C, et al.
IGF2 methylation is associated with lipid profile in obese children. Hormone Res
paediatrics (2013) 79:361-7. doi: 10.1159/000351707

35. Arner P, Sahlgvist AS, Sinha I, Xu H, Yao X, Waterworth D, et al. The epigenetic
signature of systemic insulin resistance in obese women. Diabetologia (2016) 59:2393-
405. doi: 10.1007/s00125-016-4074-5

36. Nilsson E, Jansson PA, Perfilyev A, Volkov P, Pedersen M, Svensson MK, et al.
Altered DNA methylation and differential expression of genes influencing metabolism
and inflammation in adipose tissue from subjects with type 2 diabetes. Diabetes (2014)
63:2962-76. doi: 10.2337/db13-1459

37. Rénn T, Volkov P, Gillberg L, Kokosar M, Perfilyev A, Jacobsen AL, et al. Impact
of age, BMI and HbAlc levels on the genome-wide DNA methylation and mRNA
expression patterns in human adipose tissue and identification of epigenetic
biomarkers in blood. Hum Mol Genet (2015) 24:3792-813. doi: 10.1093/hmg/ddv124

38. Benton MC, Johnstone A, Eccles D, Harmon B, Hayes MT, Lea RA, et al. An
analysis of DNA methylation in human adipose tissue reveals differential modification
of obesity genes before and after gastric bypass and weight loss. Genome Biol (2015)
16:8. doi: 10.1186/513059-014-0569-x

39. Gross B, Pawlak M, Lefebvre P, Staels B. PPARs in obesity-induced T2DM,
dyslipidaemia and NAFLD. Nat Rev Endocrinol (2017) 13:36-49. doi: 10.1038/
nrendo.2016.135

40. Dean JM, He A, Tan M, Wang ], Lu D, Razani B, et al. MED19 regulates
adipogenesis and maintenance of white adipose tissue mass by mediating PPARY-
dependent gene expression. Cell Rep (2020) 33:108228. doi: 10.1016/
j.celrep.2020.108228

41. Montaigne D, Butruille L, Staels B. PPAR control of metabolism and
cardiovascular functions. Nat Rev Cardiol (2021) 18:809-23. doi: 10.1038/s41569-
021-00569-6

42. Zelcer N, Tontonoz P. Liver X receptors as integrators of metabolic and
inflammatory signaling. J Clin Invest (2006) 116:607-14. doi: 10.1172/JCI27883

43. Baranowski M. Biological role of liver X receptors. J Physiol Pharmacol an Off |
Polish Physiol Soc (2008) 59 Suppl 7:31-55.

44. Calkin AC, Tontonoz P. Transcriptional integration of metabolism by the
nuclear sterol-activated receptors LXR and FXR. Nat Rev Mol Cell Biol (2012)
13:213-24. doi: 10.1038/nrm3312

Frontiers in Endocrinology

10.3389/fendo.2023.1119765

45. Viennois E, Mouzat K, Dufour J, Morel L, Lobaccaro JM, Baron S. Selective liver
X receptor modulators (SLiMs): what use in human health? Mol Cell Endocrinol (2012)
351:129-41. doi: 10.1016/j.mce.2011.08.036

46. Cheng Y, Zhao W, Zhang X, Sun L, Yang H, Wang Y, et al. Downregulation of
microRNA-1 attenuates glucose-induced apoptosis by regulating the liver X receptor ou
in cardiomyocytes. Exp Ther Med (2018) 16:1814-24. doi: 10.3892/etm.2018.6388

47. Zhihao L, Jingyu N, Lan L, Michael S, Rui G, Xiyun B, et al. SERCA2a: a key
protein in the Ca(2+) cycle of the heart failure. Heart failure Rev (2020) 25:523-35. doi:
10.1007/s10741-019-09873-3

48. Guimardes-Nobre CC, Mendonga-Reis E, Teixeira-Alves LR, Miranda-Alves L,
Berto-Junior C. ATR1 angiotensin II receptor reduces hemoglobin s polymerization,
phosphatidylserine exposure, and increases deformability of sickle cell disease
erythrocytes. Cell Biochem biophysics (2022) 80:711-21. doi: 10.1007/s12013-022-
01096-y

49. Guimariées S, Pinheiro H. Functional evidence that in the cardiovascular system
AT1 angiotensin II receptors are AT1B prejunctionally and AT1A postjunctionally.
Cardiovasc Res (2005) 67:208-15. doi: 10.1016/j.cardiores.2005.04.015

50. Ou H, Liu D, Zhao G, Gong C, Li Y, Zhao Q. Association between AT1 receptor
gene polymorphism and left ventricular hypertrophy and arterial stiffness in essential
hypertension patients: a prospective cohort study. BMC Cardiovasc Disord (2022)
22:571. doi: 10.1186/s12872-022-03024-7

51. Lu SY, Hong WZ, Tsai BC, Chang YC, Kuo CH, Mhone TG, et al. Angiotensin II
prompts heart cell apoptosis via AT1 receptor-augmented phosphatase and tensin
homolog and miR-320-3p functions to enhance suppression of the IGFIR-PI3K-AKT
survival pathway. ] hypertension (2022) 40:2502-12. doi: 10.1097/HJH.0000000000003285

52. Bogdarina I, Welham S, King PJ, Burns SP, Clark AJ. Epigenetic modification of
the renin-angiotensin system in the fetal programming of hypertension. Circ Res (2007)
100:520-6. doi: 10.1161/01.RES.0000258855.60637.58

53. Xu X, Zhen PH, Yu FC, Wang T, Li SN, Wei Q, et al. Chronic intermittent
hypoxia accelerates cardiac dysfunction and cardiac remodeling during cardiac
pressure overload in mice and can be alleviated by PHD3 overexpression. Front
Cardiovasc Med (2022) 9:974345. doi: 10.3389/fcvm.2022.974345

54. Tan Y, Zhang Z, Zheng C, Wintergerst KA, Keller BB, Cai L. Mechanisms of
diabetic cardiomyopathy and potential therapeutic strategies: preclinical and clinical
evidence. Nat Rev Cardiol (2020) 17:585-607. doi: 10.1038/s41569-020-0339-2

55. Movassagh M, Choy MK, Goddard M, Bennett MR, Down TA, Foo RS.
Differential DNA methylation correlates with differential expression of angiogenic
factors in human heart failure. PloS One (2010) 5:e8564. doi: 10.1371/
journal.pone.0008564

56. Cox EJ, Marsh SA. Exercise and diabetes have opposite effects on the assembly
and O-GlcNAc modification of the mSin3A/HDACI1/2 complex in the heart.
Cardiovasc Diabetol (2013) 12:101. doi: 10.1186/1475-2840-12-101

57. Zhao XD, Qin RH, Yang JJ, Xu SS, Tao H, Ding XS, et al. DNMT3A controls
miR-200b in cardiac fibroblast autophagy and cardiac fibrosis. Inflamm Res (2018)
67:681-90. doi: 10.1007/s00011-018-1159-2

58. Tao H, Dai C, Ding JF, Yang JJ, Ding XS, Xu SS, et al. Epigenetic aberrations of
miR-369-5p and DNMT3A control Patchedl signal pathway in cardiac fibrosis.
Toxicology (2018) 410:182-92. doi: 10.1016/j.tox.2018.08.004

59. ZhangJ, Jing L, Li M, He L, Guo Z. Regulation of histone arginine methylation/
demethylation by methylase and demethylase (Review). Mol Med Rep (2019) 19:3963—
71. doi: 10.3892/mmr.2019.10111

60. Mosammaparast N, Shi Y. Reversal of histone methylation: biochemical and
molecular mechanisms of histone demethylases. Annu Rev Biochem (2010) 79:155-79.
doi: 10.1146/annurev.biochem.78.070907.103946

61. Wang H, Huang ZQ, Xia L, Feng Q, Erdjument-Bromage H, Strahl BD, et al.
Methylation of histone H4 at arginine 3 facilitating transcriptional activation by nuclear
hormone receptor. Science (2001) 293:853-7. doi: 10.1126/science.1060781

62. Villeneuve LM, Natarajan R. The role of epigenetics in the pathology of diabetic
complications. Am ] Physiol Renal Physiol (2010) 299:F14-25. doi: 10.1152/
ajprenal.00200.2010

63. Xue W, Huang J, Chen H, Zhang Y, Zhu X, Li ], et al. Histone methyltransferase
G9a modulates hepatic insulin signaling via regulating HMGAL1. Biochim Biophys Acta
Mol basis Dis (2018) 1864:338-46. doi: 10.1016/j.bbadis.2017.10.037

64. OhJY, Choi GE, Lee HJ, Jung YH, Ko SH, Chae CW, et al. High glucose-induced
reactive oxygen species stimulates human mesenchymal stem cell migration through
snail and EZH2-dependent e-cadherin repression. Cell Physiol Biochem Int ] Exp Cell
physiology biochemistry Pharmacol (2018) 46:1749-67. doi: 10.1159/000489360

65. Varma U, Koutsifeli P, Benson VL, Mellor KM, Delbridge LMD. Molecular
mechanisms of cardiac pathology in diabetes - experimental insights. Biochim Biophys
Acta Mol basis Dis (2018) 1864:1949-59. doi: 10.1016/j.bbadis.2017.10.035

66. Glatz JFC, Luiken J. Dynamic role of the transmembrane glycoprotein CD36
(SR-B2) in cellular fatty acid uptake and utilization. J Lipid Res (2018) 59:1084-93. doi:
10.1194/jlr.R082933

67. Xu X, Luo Z, He Y, Shan J, Guo J, Li J. Application of untargeted lipidomics
based on UHPLC-high resolution tandem MS analysis to profile the lipid metabolic
disturbances in the heart of diabetic cardiomyopathy mice. ] Pharm Biomed Anal
(2020) 190:113525. doi: 10.1016/j.jpba.2020.113525

frontiersin.org


https://doi.org/10.1002/1522-2683(200108)22:14%3C2838::AID-ELPS2838%3E3.0.CO;2-M
https://doi.org/10.1002/1522-2683(200108)22:14%3C2838::AID-ELPS2838%3E3.0.CO;2-M
https://doi.org/10.1007/978-1-60761-663-4_12
https://doi.org/10.1111/pedi.12521
https://doi.org/10.1515/bmc-2016-0010
https://doi.org/10.1007/s00125-016-4109-y
https://doi.org/10.1097/MOL.0000000000000338
https://doi.org/10.1038/ng1248
https://doi.org/10.1161/CIRCRESAHA.115.305206
https://doi.org/10.1007/s00125-017-4390-4
https://doi.org/10.1038/nrendo.2015.216
https://doi.org/10.1038/nrendo.2015.216
https://doi.org/10.1101/gr.116095.110
https://doi.org/10.1093/humrep/dey006
https://doi.org/10.1371/journal.pone.0071901
https://doi.org/10.1159/000351707
https://doi.org/10.1007/s00125-016-4074-5
https://doi.org/10.2337/db13-1459
https://doi.org/10.1093/hmg/ddv124
https://doi.org/10.1186/s13059-014-0569-x
https://doi.org/10.1038/nrendo.2016.135
https://doi.org/10.1038/nrendo.2016.135
https://doi.org/10.1016/j.celrep.2020.108228
https://doi.org/10.1016/j.celrep.2020.108228
https://doi.org/10.1038/s41569-021-00569-6
https://doi.org/10.1038/s41569-021-00569-6
https://doi.org/10.1172/JCI27883
https://doi.org/10.1038/nrm3312
https://doi.org/10.1016/j.mce.2011.08.036
https://doi.org/10.3892/etm.2018.6388
https://doi.org/10.1007/s10741-019-09873-3
https://doi.org/10.1007/s12013-022-01096-y
https://doi.org/10.1007/s12013-022-01096-y
https://doi.org/10.1016/j.cardiores.2005.04.015
https://doi.org/10.1186/s12872-022-03024-7
https://doi.org/10.1097/HJH.0000000000003285
https://doi.org/10.1161/01.RES.0000258855.60637.58
https://doi.org/10.3389/fcvm.2022.974345
https://doi.org/10.1038/s41569-020-0339-2
https://doi.org/10.1371/journal.pone.0008564
https://doi.org/10.1371/journal.pone.0008564
https://doi.org/10.1186/1475-2840-12-101
https://doi.org/10.1007/s00011-018-1159-2
https://doi.org/10.1016/j.tox.2018.08.004
https://doi.org/10.3892/mmr.2019.10111
https://doi.org/10.1146/annurev.biochem.78.070907.103946
https://doi.org/10.1126/science.1060781
https://doi.org/10.1152/ajprenal.00200.2010
https://doi.org/10.1152/ajprenal.00200.2010
https://doi.org/10.1016/j.bbadis.2017.10.037
https://doi.org/10.1159/000489360
https://doi.org/10.1016/j.bbadis.2017.10.035
https://doi.org/10.1194/jlr.R082933
https://doi.org/10.1016/j.jpba.2020.113525
https://doi.org/10.3389/fendo.2023.1119765
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

Hao and Liu

68. Zheng Q, Cao Y, Chen Y, Wang J, Fan Q, Huang X, et al. Senp2 regulates
adipose lipid storage by de-SUMOylation of Setdb1. J Mol Cell Biol (2018) 10:258-66.
doi: 10.1093/jmcb/mjx055

69. Ou XH, Zhu CC, Sun SC. Effects of obesity and diabetes on the epigenetic
modification of mammalian gametes. J Cell Physiol (2019) 234:7847-55. doi: 10.1002/
jcp.27847

70. Puigserver P, Spiegelman BM. Peroxisome proliferator-activated receptor-
gamma coactivator 1 alpha (PGC-1 alpha): transcriptional coactivator and metabolic
regulator. Endocrine Rev (2003) 24:78-90. doi: 10.1210/er.2002-0012

71. Lee HW, Lee SJ, Lee MY, Park MW, Kim SS, Shin N, et al. Enhanced cardiac
expression of two isoforms of matrix metalloproteinase-2 in experimental diabetes
mellitus. PloS One (2019) 14:¢0221798. doi: 10.1371/journal.pone.0221798

72. Libby P. The changing landscape of atherosclerosis. Nature (2021) 592:524-33.
doi: 10.1038/541586-021-03392-8

73. Sharifi-Zarchi A, Gerovska D, Adachi K, Totonchi M, Pezeshk H, Taft R], et al.
DNA Methylation regulates discrimination of enhancers from promoters through a
H3K4mel-H3K4me3 seesaw mechanism. BMC Genomics (2017) 18:964. doi: 10.1186/
512864-017-4353-7

74. Brasacchio D, Okabe J, Tikellis C, Balcerczyk A, George P, Baker EK, et al.
Hyperglycemia induces a dynamic cooperativity of histone methylase and demethylase
enzymes associated with gene-activating epigenetic marks that coexist on the lysine tail.
Diabetes (2009) 58:1229-36. doi: 10.2337/db08-1666

75. Thnat MA, Thorpe JE, Ceriello A. Hypothesis: the 'metabolic memory’, the new
challenge of diabetes. Diabetic Med ] Br Diabetic Assoc (2007) 24:582-6. doi: 10.1111/
j.1464-5491.2007.02138.x

76. Yu XY, Geng Y], Liang JL, Zhang S, Lei HP, Zhong SL, et al. High levels of
glucose induce "metabolic memory" in cardiomyocyte via epigenetic histone H3 lysine
9 methylation. Mol Biol Rep (2012) 39:8891-8. doi: 10.1007/s11033-012-1756-z

77. Yi X, Zhu QX, Wu XL, Tan TT, Jiang X]J. Histone methylation and oxidative
stress in cardiovascular diseases. Oxid Med Cell Longevity (2022) 2022:6023710. doi:
10.1155/2022/6023710

78. Mishra M, Zhong Q, Kowluru RA. Epigenetic modifications of Nrf2-mediated
glutamate-cysteine ligase: implications for the development of diabetic retinopathy and
the metabolic memory phenomenon associated with its continued progression. Free
Radical Biol Med (2014) 75:129-39. doi: 10.1016/j.freeradbiomed.2014.07.001

79. Zhong Q, Kowluru RA. Epigenetic changes in mitochondrial superoxide
dismutase in the retina and the development of diabetic retinopathy. Diabetes (2011)
60:1304-13. doi: 10.2337/db10-0133

80. Shen X, Chen X, Wang J, Liu J, Wang Z, Hua Q, et al. SET8 suppression
mediates high glucose-induced vascular endothelial inflammation via the upregulation
of PTEN. Exp Mol Med (2020) 52:1715-29. doi: 10.1038/s12276-020-00509-3

81. Chen X, Wu Q, Jiang H, Wang J, Zhao Y, Xu Y, et al. SET8 is involved in the
regulation of hyperglycemic memory in human umbilical endothelial cells. Acta
Biochim Biophys Sin (2018) 50:635-42. doi: 10.1093/abbs/gmy051

82. Vijayakumar K, Cho GW. Autophagy: An evolutionarily conserved process in
the maintenance of stem cells and aging. Cell Biochem Funct (2019) 37:452-8. doi:
10.1002/cbf.3427

83. Kobayashi S, Liang Q. Autophagy and mitophagy in diabetic cardiomyopathy.
Biochim Biophys Acta (2015) 1852:252-61. doi: 10.1016/j.bbadis.2014.05.020

84. Black JC, Van Rechem C, Whetstine JR. Histone lysine methylation dynamics:
establishment, regulation, and biological impact. Mol Cell (2012) 48:491-507. doi:
10.1016/j.molcel.2012.11.006

85. Gidlof O, Johnstone AL, Bader K, Khomtchouk BB, O'Reilly J], Celik S, et al.
Ischemic preconditioning confers epigenetic repression of mtor and induction of
autophagy through G9a-dependent H3K9 dimethylation. ] Am Heart Assoc (2016) 5:
€004076. doi: 10.1161/JAHA.116.004076

86. Shin HJ, Kim H, Oh S, Lee JG, Kee M, Ko HJ, et al. AMPK-SKP2-CARMI
signalling cascade in transcriptional regulation of autophagy. Nature (2016) 534:553-7.
doi: 10.1038/nature18014

87. Shi YX, He Y], Zhou Y, Li HK, Yang D, Li RY, et al. LSD1 negatively regulates
autophagy in myoblast cells by driving PTEN degradation. Biochem Biophys Res
Commun (2020) 522:924-30. doi: 10.1016/j.bbrc.2019.11.182

88. Fontes-Carvalho R, Ladeiras-Lopes R, Bettencourt P, Leite-Moreira A, Azevedo
A. Diastolic dysfunction in the diabetic continuum: association with insulin resistance,
metabolic syndrome and type 2 diabetes. Cardiovasc Diabetol (2015) 14:4. doi: 10.1186/
512933-014-0168-x

89. Willmer T, Johnson R, Louw J, Pheiffer C. Corrigendum: Blood-based DNA
methylation biomarkers for type 2 diabetes: Potential for clinical applications. Front
Endocrinol (2019) 10:1. doi: 10.3389/fend0.2019.00001

90. Vohra M, Adhikari P, Souza SC, Nagri SK, Umakanth S, Satyamoorthy K, et al.
CpG-SNP site methylation regulates allele-specific expression of MTHFD1 gene in type
2 diabetes. Lab investigation; ] Tech Methods Pathol (2020) 100:1090-101. doi: 10.1038/
541374-020-0422-7

91. Baek SJ, Ban HJ, Park SM, Kim SY, Lee S, Jin HJ. Genome-wide DNA
methylation profiling reveals candidate biomarkers and probable molecular
mechanism of metabolic syndrome. Genes Dis (2022) 9:833-6. doi: 10.1016/
j.gendis.2021.12.010

Frontiers in Endocrinology

10

10.3389/fendo.2023.1119765

92. Aran D, Toperoff G, Rosenberg M, Hellman A. Replication timing-related and
gene body-specific methylation of active human genes. Hum Mol Genet (2011) 20:670—
80. doi: 10.1093/hmg/ddq513

93. Toperoff G, Aran D, Kark JD, Rosenberg M, Dubnikov T, Nissan B, et al.
Genome-wide survey reveals predisposing diabetes type 2-related DNA methylation
variations in human peripheral blood. Hum Mol Genet (2012) 21:371-83. doi: 10.1093/
hmg/ddr472

94. Toperoff G, Kark JD, Aran D, Nassar H, Ahmad WA, Sinnreich R, et al.
Premature aging of leukocyte DNA methylation is associated with type 2 diabetes
prevalence. Clin Epigenet (2015) 7:35. doi: 10.1186/s13148-015-0069-1

95. Chambers JC, Loh M, Lehne B, Drong A, Kriebel J, Motta V, et al. Epigenome-
wide association of DNA methylation markers in peripheral blood from Indian asians
and europeans with incident type 2 diabetes: a nested case-control study. Lancet
Diabetes Endocrinol (2015) 3:526-34. doi: 10.1016/52213-8587(15)00127-8

96. Dayeh T, Tuomi T, Almgren P, Perfilyev A, Jansson PA, de Mello VD, et al.
DNA Methylation of loci within ABCG1 and PHOSPHO1 in blood DNA is associated
with future type 2 diabetes risk. Epigenetics (2016) 11:482-8. doi: 10.1080/
15592294.2016.1178418

97. QieR, Chen Q, Wang T, Chen X, Wang ], Cheng R, et al. Association of ABCG1
gene methylation and its dynamic change status with incident type 2 diabetes mellitus:
the rural Chinese cohort study. ] Hum Genet (2021) 66:347-57. doi: 10.1038/s10038-
020-00848-z

98. Kriebel J, Herder C, Rathmann W, Wahl S, Kunze S, Molnos S, et al. Association
between DNA methylation in whole blood and measures of glucose metabolism: KORA
F4 study. PloS One (2016) 11:¢0152314. doi: 10.1371/journal.pone.0152314

99. Al Muftah WA, Al-Shafai M, Zaghlool SB, Visconti A, Tsai PC, Kumar P, et al.
Epigenetic associations of type 2 diabetes and BMI in an Arab population. Clin Epigenet
(2016) 8:13. doi: 10.1186/s13148-016-0177-6

100. Basnet R, Basnet TB, Basnet BB, Khadka S. Overview on thioredoxin-
interacting protein (TXNIP): A potential target for diabetes intervention. Curr Drug
Targets (2022) 23:761-7. doi: 10.2174/1389450123666220303092324

101. Zhang X, Zhao S, Yuan Q, Zhu L, Li F, Wang H, et al. TXNIP, a novel key factor
to cause schwann cell dysfunction in diabetic peripheral neuropathy, under the
regulation of PI3K/Akt pathway inhibition-induced DNMT1 and DNMT3a
overexpression. Cell Death Dis (2021) 12:642. doi: 10.1038/s41419-021-03930-2

102. Yuan J, Tan JTM, Rajamani K, Solly EL, King EJ, Lecce L, et al. Fenofibrate
rescues diabetes-related impairment of ischemia-mediated angiogenesis by PPARo.-
independent modulation of thioredoxin-interacting protein. Diabetes (2019) 68:1040—
53. doi: 10.2337/db17-0926

103. Tate M, Grieve DJ, Ritchie RH. Are targeted therapies for diabetic
cardiomyopathy on the horizon? Clin Sci (London Engl (2017) 1979) 131:897-915.
doi: 10.1042/CS20160491

104. Kuroda A, Rauch TA, Todorov I, Ku HT, Al-Abdullah IH, Kandeel F, et al.
Insulin gene expression is regulated by DNA methylation. PloS One (2009) 4:e6953.
doi: 10.1371/journal.pone.0006953

105. Ling C, Del Guerra S, Lupi R, Rénn T, Granhall C, Luthman H, et al. Epigenetic
regulation of PPARGCI1A in human type 2 diabetic islets and effect on insulin
secretion. Diabetologia (2008) 51:615-22. doi: 10.1007/s00125-007-0916-5

106. Zhou Y, Suo W, Zhang X, Yang Y, Zhao W, Li H, et al. Targeting epigenetics in
diabetic cardiomyopathy: Therapeutic potential of flavonoids. Biomedicine
pharmacotherapy = Biomedecine pharmacotherapie (2023) 157:114025. doi: 10.1016/
j-biopha.2022.114025

107. Castillo RL, Herrera EA, Gonzalez-Candia A, Reyes-Farias M, de la Jara N,
Pefia JP, et al. Quercetin prevents diastolic dysfunction induced by a high-cholesterol
diet: Role of oxidative stress and bioenergetics in hyperglycemic rats. Oxid Med Cell
Longevity (2018) 2018:7239123. doi: 10.1155/2018/7239123

108. Jubaidi FF, Zainalabidin S, Taib IS, Hamid ZA, Budin SB. The potential role of
flavonoids in ameliorating diabetic cardiomyopathy via alleviation of cardiac oxidative
stress, inflammation and apoptosis. Int J Mol Sci (2021) 22:5094. doi: 10.3390/
ijms22105094

109. Yang XH, Zhang BL, Zhang XM, Tong JD, Gu YH, Guo LL, et al. EGCG
attenuates renal damage via reversing klotho hypermethylation in diabetic db/db mice
and HK-2 cells. Oxid Med Cell Longevity (2020) 2020:6092715. doi: 10.1155/2020/
6092715

110. Ning Y, Chen J, Shi Y, Song N, Yu X, Fang Y, et al. Genistein ameliorates renal
fibrosis through regulation snail via m6A RNA demethylase ALKBHS5. Front
Pharmacol (2020) 11:579265. doi: 10.3389/fphar.2020.579265

111. Wei TT, Chandy M, Nishiga M, Zhang A, Kumar KK, Thomas D, et al.
Cannabinoid receptor 1 antagonist genistein attenuates marijuana-induced vascular
inflammation. Cell (2022) 185:1676-1693.e23. doi: 10.1016/j.cell.2022.04.005

112. Zhu H, Wang X, Meng X, Kong Y, Li Y, Yang C, et al. Selenium
supplementation improved cardiac functions by suppressing DNMT2-mediated
GPX1 promoter DNA methylation in AGE-induced heart failure. Oxid Med Cell
Longevity (2022) 2022:5402997. doi: 10.1155/2022/5402997

113. Kakoki M, Ramanathan PV, Hagaman JR, Grant R, Wilder JC, Taylor JM, et al.
Cyanocobalamin prevents cardiomyopathy in type 1 diabetes by modulating oxidative
stress and DNMT-SOCS1/3-IGF-1 signaling. Commun Biol (2021) 4:775. doi: 10.1038/
542003-021-02291-y

frontiersin.org


https://doi.org/10.1093/jmcb/mjx055
https://doi.org/10.1002/jcp.27847
https://doi.org/10.1002/jcp.27847
https://doi.org/10.1210/er.2002-0012
https://doi.org/10.1371/journal.pone.0221798
https://doi.org/10.1038/s41586-021-03392-8
https://doi.org/10.1186/s12864-017-4353-7
https://doi.org/10.1186/s12864-017-4353-7
https://doi.org/10.2337/db08-1666
https://doi.org/10.1111/j.1464-5491.2007.02138.x
https://doi.org/10.1111/j.1464-5491.2007.02138.x
https://doi.org/10.1007/s11033-012-1756-z
https://doi.org/10.1155/2022/6023710
https://doi.org/10.1016/j.freeradbiomed.2014.07.001
https://doi.org/10.2337/db10-0133
https://doi.org/10.1038/s12276-020-00509-3
https://doi.org/10.1093/abbs/gmy051
https://doi.org/10.1002/cbf.3427
https://doi.org/10.1016/j.bbadis.2014.05.020
https://doi.org/10.1016/j.molcel.2012.11.006
https://doi.org/10.1161/JAHA.116.004076
https://doi.org/10.1038/nature18014
https://doi.org/10.1016/j.bbrc.2019.11.182
https://doi.org/10.1186/s12933-014-0168-x
https://doi.org/10.1186/s12933-014-0168-x
https://doi.org/10.3389/fendo.2019.00001
https://doi.org/10.1038/s41374-020-0422-7
https://doi.org/10.1038/s41374-020-0422-7
https://doi.org/10.1016/j.gendis.2021.12.010
https://doi.org/10.1016/j.gendis.2021.12.010
https://doi.org/10.1093/hmg/ddq513
https://doi.org/10.1093/hmg/ddr472
https://doi.org/10.1093/hmg/ddr472
https://doi.org/10.1186/s13148-015-0069-1
https://doi.org/10.1016/S2213-8587(15)00127-8
https://doi.org/10.1080/15592294.2016.1178418
https://doi.org/10.1080/15592294.2016.1178418
https://doi.org/10.1038/s10038-020-00848-z
https://doi.org/10.1038/s10038-020-00848-z
https://doi.org/10.1371/journal.pone.0152314
https://doi.org/10.1186/s13148-016-0177-6
https://doi.org/10.2174/1389450123666220303092324
https://doi.org/10.1038/s41419-021-03930-2
https://doi.org/10.2337/db17-0926
https://doi.org/10.1042/CS20160491
https://doi.org/10.1371/journal.pone.0006953
https://doi.org/10.1007/s00125-007-0916-5
https://doi.org/10.1016/j.biopha.2022.114025
https://doi.org/10.1016/j.biopha.2022.114025
https://doi.org/10.1155/2018/7239123
https://doi.org/10.3390/ijms22105094
https://doi.org/10.3390/ijms22105094
https://doi.org/10.1155/2020/6092715
https://doi.org/10.1155/2020/6092715
https://doi.org/10.3389/fphar.2020.579265
https://doi.org/10.1016/j.cell.2022.04.005
https://doi.org/10.1155/2022/5402997
https://doi.org/10.1038/s42003-021-02291-y
https://doi.org/10.1038/s42003-021-02291-y
https://doi.org/10.3389/fendo.2023.1119765
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Epigenetics of methylation modifications in diabetic cardiomyopathy
	1 Introduction
	2 DNA methylation modifications and DCM
	2.1 DNA methylation &amp; oxidative stress
	2.2 DNA methylation &amp; hyperglycemia and insulin resistance
	2.3 DNA methylation &amp; myocardial hypertrophy
	2.4 DNA methylation &amp; ventricular dysfunction
	2.5 DNA methylation &amp; myocardial fibrosis

	3 Histone methylation modification and DCM
	3.1 Histone methylation modification &amp; insulin resistance
	3.2 Histone methylation modification &amp; cardiac lipid deposition
	3.3 Histone methylation modification &amp; inflammatory immunity
	3.4 Histone methylation modification &amp; oxidative stress
	3.5 Histone methylation modification &amp; autophagy

	4 Pharmacological intervention and clinical practice
	4.1 A potential biomarker
	4.1.1 T2DM-related differentially methylated genes discovered based on microarray chip methylation analysis
	4.1.2 T2DM-related differentially methylated genes discovered based on microbead array chip methylation analysis

	4.2 A novel therapeutic target

	5 Summary and prospect
	Author contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


