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Role of Epigenetics and Metabolomics in Predicting
Endothelial Dysfunction in Type 2 Diabetes

Nadia Di Pietrantonio, llaria Cappellacci, Domitilla Mandatori,
Maria Pompea Antonia Baldassarre, Assunta Pandolfi, and Caterina Pipino*

Type 2 diabetes (T2D) is a worldwide health problem and cardiovascular
disease (CVD) is a leading cause of morbidity and mortality in T2D patients,
making the prevention of CVD onset a major priority. It is therefore crucial to
optimize diagnosis and treatment to reduce this burden. Endothelial
dysfunction is one of the most important prognostic factors for CVD
progression, thus novel approaches to identify the early phase of endothelial
dysfunction may lead to specific preventive measures to reduce the
occurrence of CVD. Nowadays, multiomics approaches have provided
unprecedented opportunities to stratify T2D patients into endotypes, improve
therapeutic treatment and outcome and amend the survival prediction.
Among omics strategies, epigenetics and metabolomics are gaining
increasing interest. Recently, a dynamic correlation between metabolic
pathways and gene expression through chromatin remodeling, such as DNA
methylation, has emerged, indicating new perspectives on the regulatory
networks impacting cellular processes. Thus, a better understanding of
epigenetic-metabolite relationships can provide insight into the physiological
processes altered early in the endothelium that ultimately head to disease
development. Here, recent studies on epigenetics and metabolomics related
to CVD prevention potentially useful to identify disease biomarkers, as well as

1. Introduction

1.1. Type 2 Diabetes and the Role of En-
dothelial Dysfunction in Cardiovascular
Disease

Type 2 Diabetes (I2D) is a chronic
metabolic disorder characterized by per-
sistent hyperglycemia and associated
with increased prevalence of cardiovascu-
lar disease (CVD). Despite the tremen-
dous efforts invested in the research of di-
abetes and related cardiovascular compli-
cations, the search for innovative thera-
pies for disease prevention and treatment
is far from finished. Improvement of risk
prediction for T2D and CVD is critical
to the identification of high-risk individu-
als who could benefit from preventive ap-
proaches.

Endothelial dysfunction is a criti-
cal early event in the pathogenesis of
atherosclerosis, contributing to plaque

new therapies hopefully targeting the early phase of endothelial dysfunction

are highlighted.
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initiation and progression. The en-
dothelium represents the interface
between blood and tissue, and it is
affected by changes in blood composi-
tion and blood flow, therefore playing
a crucial role in vascular homeostasis. It regulates vascular tone,
permeability, the balance between coagulation and fibrinolysis,
the inflammatory activity, and cell proliferation.

Many factors contribute to endothelial dysfunction in T2D, in-
cluding aging, obesity, hyperlipidemia, hypertension, low-grade
inflammation, insulin resistance, and hyperglycemia. These fac-
tors lead to the release of adipokines and cytokines in vascular
endothelium and to the accumulation of glucose and glycated
proteins in endothelial cells, inducing the impairment of insulin-
stimulated vasodilatation and vascular inflammation.l") Hyper-
glycaemia causes several cellular events thus increasing the pro-
duction of reactive oxygen species that following interaction with
Nitric oxide (NO) form peroxynitritel>*! Peroxynitrites may ox-
idize the nitric oxide synthase (NOS) and co-factor tetrahydro-
biopterin (BH4) leading to a process called NOS uncoupling, in
which the enzyme preferentially increases superoxide anion pro-
duction over NO production. Additionally, mitochondrial produc-
tion of superoxide anion also increases intracellular production
of advanced glycation end products (AGEs)[*! that negatively af-
fect cellular function both by altering protein function and by
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activating AGEs receptor (RAGE). AGEs increase the production
of oxygen-derived free radicals, and RAGE activation increases
intracellular enzymatic superoxide production!®!

In addition, superoxide anion activates protein kinase C (PKC),
or vice versa, activation of PKC may contribute to superoxide
generation through the regulation and activation of membrane-
associated NAD(P)H-dependent oxidase.[®!

Furthermore, diabetes is also characterized by high circulat-
ing levels of free fatty acids due to their increased release from
adipose tissue and diminished uptake by skeletal musclel’! Free
fatty acids may impair endothelial function through activation of
PKC and reduction of Insulin receptor substrate 1 (IRS1) — as-
sociated Phosphoinositide 3-kinase (PI3K), that reduce the NO
production. Insulin signaling via the mitogen-activated protein
kinase pathway remains intact.

Hyperinsulinemia can induce PI3K and Akt-dependent sig-
naling pathways impairment, whereas over activates Mitogen-
Activated Protein Kinases (MAPK-pathways), creating an im-
balance between PI3K and MAPK-dependent functions of in-
sulin. MAPK activation is associated with increased endothe-
lin (ET-1) production and a greater level of inflammation and
thrombosis!®*] MAP-kinase signaling increases also the expres-
sion of adhesion molecules like VCAM-1 and E-selectin.!!]

Chronic inflammation in diabetes is mainly based on the in-
creased plasma concentrations of C-reactive protein (CRP), fib-
rinogen, 1L-6, IL-1, and Tumor Necrosis Factora!'% These inflam-
matory cytokines enhance vascular permeability and leukocyte
adhesion to the endothelium, facilitating thrombus formation by
the increase of procoagulant activity and the impairment of fibri-
nolysis via stimulation of plasminogen activator inhibitor-1 (PAI-
1).

In addition, nuclear factor kappa-light-chain-enhancer of acti-
vated B cells (NF-kB) is a key factor in vascular inflammation;
it induces gene expression of several cytokines which increase
adhesion of monocytes, neutrophils, and macrophages to the en-
dothelium resulting in cell damage. On the other hand, NF-xB
is also a regulator of genes involved in cell proliferation and cell
survival. Once activated, NF-xB translocates from the cytoplasm
to the nucleus to regulate the expression of genes such as vascu-
lar adhesion molecule-1 Vascular adhesion molecule-1 (VCAM-
1), E-selectin, Intercellular adhesion molecule-1 (ICAM-1), IL-1,
IL-6, IL-8, Monocyte Chemoattractant Protein-1 (MCP-1), PAI-
1, and NOS. Vascular inflammation and endothelial dysfunction
play an important role in the pathogenesis of T2D through a bidi-
rectional relationship between hyperinsulinemia and low-grade
chronic inflammation. Therefore, taking into account all these
occurrences, innovative attempts to avoid endothelial dysfunc-
tion are of extreme clinical relevance. Indeed, nowadays there is
an urgent need to prevent disease onset and progression by iden-
tifying endothelial dysfunction at a very early phasel!!

1.2. Omics Approach to Identify Early Endothelial Dysfunction

In the latest years, advanced phenotyping of cardiovascular dis-
eases has evolved with the application of unbiased methods to
phenotype disease. The emergence of omics technologies, allow-
ing a large simultaneous analysis of genes, transcripts, proteins,
and metabolites, has generated tons of data with the final identi-
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fication of pathways and potential biomarkers related to specific
diseases!'?)

In the context of T2D and cardiovascular complications, a
global profiling of genome, transcriptome, miRNA-ome, DNA
methylome, and metabolome combining different omics strate-
gies could help in defining early endothelial dysfunction, investi-
gating pathophysiological mechanisms and identifying new po-
tential predictive biomarkers!!3141316] Indeed, golden standard
techniques to assess early endothelial dysfunction are currently
unavailable!!'’] Furthermore, genetic variants associated with di-
abetes and cardiovascular complications are constantly growing,
making personalized medicine highly promising for disease pre-
vention and treatment.

Epigenetics, defined as heritable changes in gene function
without any changes in the DNA sequence, seems to contribute
to development of T2D and related complications. Hence it is fea-
sible to translate current epigenetics knowledge into the clinic to
decrease disease prevalence and to develop innovative therapies.

Furthermore, among omics technologies, metabolomics be-
sides the comprehension of physiologic pathways aims to de-
velop diagnostic biomarkers that could serve as tools for clini-
cal practice, diagnosis, prognosis, and predictors of therapeutic
response. Application of metabolomics approaches to complex
metabolic disorders such as diabetes, is of relevance since alter-
ations of metabolic processes are expected to be directly related
to relevant disease endpoints. In addition, emphasis has been
placed on a patient-centered approach for treatment of T2D, cre-
ating the need for having indicators for future response for indi-
vidual therapies.

Here we discuss how epigenetics and metabolomics may
speed up early identification of endothelial dysfunction and
prompt new interventions to prevent/slow down CVD.

2. Epigenetics and Endothelial Dysfunction in Type
2 Diabetes

Identifying people with a high risk of developing T2D and its
complications is vital for disease prevention. It is also crucial that
patients who have already been diagnosed with T2D receive opti-
mal glucose-lowering treatment. Hence, there is a need for clin-
ically useful biomarkers that predict T2D and related complica-
tions as well as response to therapy. Recent evidence suggests
that targeting epigenetic mechanisms might be promising ther-
apeutic strategies!181920.21.22] and epigenetic editing might be one
of them[?32+2>26] Accumulating evidence suggest that the pro-
gression of diabetes and its vascular complications could be the
result of a complex interaction between environmental and ge-
netic factors, in which epigenetics plays a key rolel?7:282%30] [n-
deed, epigenetic changes that occur in response to environmen-
tal stimuli have been considered as a crucial aspect in etiology
and inheritance of pathological phenotypes that cannot be ex-
plained by genetic mutations alonel3!3?] Recently, epigenome-
wide association studies (EWAS) expanded considerably increas-
ing the knowledge of epigenetic mechanisms, thanks to the grow-
ing availability of DNA methylation arrays and high-throughput
sequencing platforms, whose results are analyzed using bioin-
formatics tools capable of integrating multi-omics datasets. In
addition, single-cell sequencing approaches and transposase-
accessible chromatin-sequencing will further improve the EWAS
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outcome by unveiling cell type-specific epigenetic!®}! Epigenome-
wide association studies in cohorts with diabetes are contributing
to the discover of new epigenetic changes potentially involved
in diabetic vascular complications!**3>30 Therefore, epigenetic
marks have been considered as possible biomarkers for early in-
tervention in T2D, providing new insights on the pathogenesis of
diabetic complications and useful tools for precision medicinel?¢]
(Table 1). In particular, a deep investigation of epigenetic mod-
ifications related to diabetes-associated endothelial dysfunction
might certainly represent a promising strategy for identifying in-
dividuals with higher susceptibility to developing cardiovascular
complications. Moreover, a better knowledge of the epigenetic
mechanisms might set the basis for new therapeutic targets and
more appropriate therapies!36:37]

Several evidence demonstrated the key role of epigenetic reg-
ulation in different biological processes. For example, pluripo-
tent stem cells which have the same genetic code differentiate to-
wards different cell lines (i.e, fibroblasts, myocytes) through spe-
cific epigenetic rearrangements(*®] Moreover, epigenetic profiles
in twins could explain their predisposition to developing differ-
ent diseases during the lifetimel®! Epigenetic changes are very
complex and include DNA methylation, histone modifications,
and noncoding RNAs (ncRNAs) which often cooperate to regu-
late gene expression!*]

2.1. DNA Methylation

DNA methylation is a key regulator of gene expression and one
of the most well-characterized epigenetic modifications. It con-
sists of the conversion of cytosine to 5-methylcytosine via the co-
valent transfer of a methyl group to the fifth carbon position of
cytosinel*!! Tt mainly occurs at promoter regions characterized
by cytosines and guanines, called CpG islands!***}] The methyl
group responsible for DNA and histone methylation originates
from S-adenosyl methioninel*?! This epigenetic mark remains
stable during cell division and regulates a wide range of cellular
mechanisms including transcription and chromosomal stability,
and plays a pivotal role in embryonic development, genomic im-
printing, and X-chromosome inactivation(**! DNA methylation is
established by DNA methyltransferases (DNMTs). DNMT1 is re-
sponsible for the maintenance of methylation, whereas DNMT3a
and DNMT3b mediate de novo methylation of DNA*] DNA
methylation is a reversible modification that can be removed by
the ten-eleven translocation enzymes (TETs), or by a reduced ac-
tivity of DNMTT1. In most cases, methylation of DNA leads to the
repression of gene transcription!*’! Aberrant DNA methylation
has been found to be associated with various complex human dis-
eases, in particular with metabolic disturbances such as obesity
and TZD[46,47,48]

2.1.1. DNA Methylation in Candidate Genes

Experiments in primary human endothelial cells showed that hy-
perglycemia reduces DNA methylation at the promoter of the
mitochondrial adaptor p66Shc, a key protein involved in cy-
tochrome c¢ oxidation and accumulation of free radicals*! The
reduction of methylation at p66Shc promoter induces gene up-
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regulation, contributing to mitochondrial oxidative stress that re-
duces the Nitric oxide (NO) availability. These epigenetic net-
works were found to be active also in individuals for whom in-
tensive glycaemic control was not able to reverse the epigenetic
mark(>°l Of note, Liu et al. found that Monocyte Chemoattractant
Protein-1 (MCP-1) promoter methylation status negatively cor-
relates with serum MCP-1, blood glucose, and triglyceride lev-
els, suggesting that hypomethylation of CpG sites can lead to
MCP-1 overexpression and to the development of T2D-associated
inflammationt"

2.1.2. Genome-Wide DNA Methylation Studies

Several studies have investigated whether DNA methylation in
blood cells is associated with the incidence of diseases and such
markers might be developed and used for precision medicine in
obesity and diabetes mellitus[>%347:545556]

Blood-circulating epigenetic biomarkers might be clinically
useful as they can be easily analyzed. Interestingly, a study
showed an association between methylation in whole-blood sam-
ples at key genes involved in T2D such as ABCG1, PHOSPHOI,
SOCS3, SREBF1 and TXNIP and future development of T2D[*’]
A similar association was found in a cohort from west Finland,
following whole-blood methylation analysis of KLF14, FHL2 and
GNPNAT1P? Another study also showed that 15 novel methyla-
tion sites in whole blood, including in CPT1A, were associated
with high incidence of T2DI** Furthermore, DNA methylation
of TXNIP, ABCG1 and SAMD12 is involved in T2D heritability
in Mexican American families®”] Global methylation studies in
CVD identified differential methylation of 84 genes involved in
obesity, inflammation, and lipid and carbohydrate metabolism!*8!
Moreover, an increase of DNA methylation in the atherosclerotic
aortas compared to healthy regions correlated with the expres-
sion of genes involved in vascular smooth muscle cells (VSMC)
and endothelial cells (EC) functions!>”! Recently, the influence of
increased glucose levels on the overall DNA methylation pattern
in human aortic endothelial cells (HAECs) was investigated'®®! In
particular, it was observed that heightened glucose levels dispro-
portionately impact the methylation of genomic regions within
genes associated with angiogenesis, endothelin signaling, and
PI3K/AKT-mediated insulin signaling.

DNA methylation has been suggested as a potential biomarker
of vascular complications in individuals with prediabetes, specif-
ically hypomethylation of the SPARC gene in CD08+ T cells®!]
DNA methylation has also been proposed as an indicator of age-
related diseases. The two most recent measurements proposed
are, Levine’s phenotypic age estimator “DNAm PhenoAge” and
GrimAgel®2%] Of note, GrimAge has been investigated in associ-
ation with phenotypic alterations involved in T2D development,
such as the higher Body mass index (BMI), elevated CRP levels,
and increased PAI-1 activity in overweight and obese women!(®*!
Moreover, it was recently investigated the association between
DNA methylation-based epigenetic age measurements and inci-
dence of T2D and prediabetes among individuals recruited in the
Coronary Artery Risk Development in Young Adults (CARDIA)
study and the results supported the potential use for GrimAge as
a biomarker in diabetes!®! In particular, DNA methylation levels
of the gene encoding for PAI-1 have been associated with T2D!2¢]
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Table 1. Studies on Epigenetics and Endothelial Dysfunction in Type 2 Diabetes.

References

Epigenetic
modification

Type of source

Summary points

Feinberg et al.[4¢]

Chambers et al.[47]

Volkmar et al.[48]

Liu et al.l>"]

Bacos Et al.[?]

Dayeh et al.[3]

Cardona et al.[>4]

Ouni et al.I*!]

Agardh et al.[¢]

Kulkarni et al.[>7]

Zaina et al.>°]

Lu et al.[126]

Kyeezu et al.[6]

Pepin et al.10]

DNA methylation

DNA methylation

DNA methylation

DNA methylation

DNA methylation

DNA methylation

DNA methylation

DNA methylation

DNA methylation

DNA methylation

DNA methylation

DNA methylation

DNA methylation

DNA methylation

Blood

Blood

Pancreatic islets

PBMC

Pancreatic islets and

blood

Blood

Blood

Pancreatic Islets

Blood

Blood

Aorta

Blood

Blood

HAECs

Differential methylation on genes such as MMP9, PRKG1, SORCS1, implicated in regulating
body weight or diabetes. This study proposes an epigenetic approach to identify individuals
susceptible to prevalent diseases.

Methylated indicators at five genomic sites (ABCG1, PHOSPHO1, SOCS3, SREBF1, TXNIP)
demonstrated a correlation with the occurrence of T2D.

They discovered 276 CpG sites linked to the regulatory regions of 254 genes, exhibiting
noteworthy variations in DNA methylation within diabetic islets. The functional
characterization of the genes with abnormal methylation patterns emphasized the pathways
associated with functionality of beta cells in pancreatic islets, both in individuals with T2D
and nondiabetic donors.

The methylation state of CpG sites within the MCP-1 promoter region was examined in
individuals with T2D. The results demonstrated a significant correlation between MCP-1
promoter methylation and serum MCP-1 levels, as well as HbA1c, fasting blood glucose, and
triglyceride levels.

The DNA methylation patterns detected in blood samples are indicative of age-related
alterations in methylation within 83 genes that were initially identified in human islets. These
genes, including KLF14, FHL2, ZNF518B, and FAM123C, exhibit associations with insulin
secretion and T2D.

Methylation of a locus within the ABCG1 gene in blood DNA demonstrated a positive
correlation with a higher likelihood of developing T2D in the future. Conversely, methylation
of a locus within the PHOSPHO1 gene in blood DNA exhibited a negative association with
the risk of T2D.

15 new Methylation variable positions (MVPs) that strongly correlate with the onset of T2D
were discovered, and three previously identified MVPs were verified (adjacent to TXNIP,
ABCG1, and SREBFT).

The identified abnormally methylated genomic regions have been revealed as potential new
biomarkers for early pancreatic islet abnormalities that occur prior to the onset of T2D.

Distinct DNA methylation variations in 349 CpG sites were found, which corresponded to 233
distinct genes, including TNF, CHI3L1 (YKL-40), CHN2, GIPR, GLRA1, GPX1, AHRR, and
BCOR, in individuals with proliferative diabetic retinopathy (PDR) when compared to
controls.

Fifty-three CpG sites exhibited a notable correlation with susceptibility to T2D, fasting blood
sugar, and insulin insensitivity. The methylation levels of DNA at five CpG sites, which align
with three extensively studied genes (TXNIP, ABCG1, and SAMD12), autonomously
elucidated 7.8% of the inheritability of T2D.

A distinctive DNA methylation pattern specific to atherosclerosis was found, which
underscores the involvement of various genes and pathways in the condition. Notably, the
observed increase in DNA methylation within the atherosclerotic lesions supports endeavors
aimed at creating therapeutic interventions with DNA demethylating properties.

Estimators based on DNA methylation are utilized to measure plasma proteins, including
plasminogen activator inhibitor 1 and growth differentiation factor. The resultant predictor of
lifespan, DNAm GrimAge (expressed in years), is a composite biomarker comprising seven
DNAm surrogates and a DNAm-based estimate of smoking pack-years. By adjusting DNAm
GrimAge for chronological age, we establish a novel measure of epigenetic age acceleration.

Epigenetic age, as determined by DNA methylation, has been proposed as a valuable
biomarker for age-related conditions such as T2D. The latest advancements in this field,
known as GrimAge measurements, have demonstrated initial potential. GrimAge
measurements played a partial mediating role in the statistical relationship between
cumulative obesity and the onset of diabetes or prediabetes.

The methylation of genomic regions dependent on glucose affected 2199 genes, with an
imbalanced distribution observed in genes linked to angiogenesis and nitric oxide (NO)
signaling pathways. Through multiomics analysis, they identified distinct patterns of
methylation and gene expression alterations in VEGF and NOS3, key regulators of
angiogenesis and NO signaling, respectively.
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References

Epigenetic
modification

Type of source

Summary points

Benincasa et al.1"]

DNA methylation

CDO04+ and CD08+ T
cells

El-Osta et al.l”’] H3K4mel HAECs
Paneni et al.[3] H3K4mel HAECs and PBMCs
Villeneuve et al.[37] H3K9me3 VSMC
Yu et al.[82] H3K9me3 Cardiomyocytes
Yunfei Liaol®4] H3K4m1, Aortas and HAECs
H3K9me2 and
H3K9me3
Floris et al.[83] H3K27me3 HUVECs
Han et al.[%¢] H3K4me2/3 EA.hy926
Park et al.[®] H3K4me3 Macrophages
Gupta et al.l?] H3K4me1 and 313

H3K9mel

In CDO4+ T cells, hypermethylated differentially methylated regions (DMRs) outnumbered
hypomethylated ones, while CD08+ T cells displayed the opposite pattern. Interestingly,
DMRs that overlapped between Pre-Diab and T2D patients exhibited mostly
hypermethylation in both T cell types. Notably, the gene SPARC showed the most significant
hypomethylation in pre-Diab, and its methylation level gradually decreased in T2D patients.
Additionally, SPARC demonstrated a positive correlation with clinical parameters.

Temporary elevation of blood glucose levels leads to an elevation of a distinct epigenetic
modification, namely histone 3 lysine 4 monomethylation (H3K4me1), in the proximal
promoter region of the p65 gene. This modification subsequently triggers the upregulation
of p65 and the NF-xB-dependent genes MCP-1 and VCAM-1.

Epigenetic alterations induced by Set7 play a role in the development of vascular dysfunction in
individuals with T2D. Inhibiting this enzyme responsible for modifying chromatin structure
could serve as an innovative therapeutic strategy to prevent atherosclerotic vascular disease
in patients with T2D.

There is aberrant regulation of Suv39h1 and H3K9me3 in diabetic mice, leading to the negative

regulation of inflammatory genes such as IL-6, MCSF, and MCP-1.

These findings provide evidence that high glucose conditions enhance the expression of
inflammatory cytokines while diminishing histone-3 methylation levels at cytokine
promoters. These results imply that manipulating histone 3 methylation and regulating
inflammatory cytokine expression could serve as a valuable approach in preventing
metabolic memory and cardiomyopathy in diabetic individuals.

Long-lasting alterations in H3K4me1, H3K9me2, and H3K9me3 occur at the proximal
promoters of the Nox4 and eNOS genes in metabolic memory. It has been observed that a
temporary exposure to high glucose leads to enduring modifications in H3K4me1,
H3K9me2, and H3K9me3 marks at the Nox4 promoter. Furthermore, the upregulation of
Nox4 and eNOS expression induced by glucose, along with endothelial dysfunction, is
evident.

Gestational diabetes is associated with decreased H3K27me3 levels.

High glucose-induced upregulation of H3K4 di- and tri-methylation (H3K4me2/3) on the
MCP-1 gene promoter.

The administration of LPS resulted in elevated levels of positive histone marks, specifically
H4-Ac and H3K4me3. Genes, which are functionally linked to IFN/cytokine Jak-STAT
signaling, exhibited a significant increase in H3K4me3, resulting in the opening of
chromatin. The presence of a primed chromatin state, particularly with high H3K4me3
levels, can facilitate robust transcriptional responses to weaker signals.

These modifications were associated to genes which are known to play a role in diabetes
(GAPVD1, MAPK6, CTBP1 AND NFAT) under hyperglycemic/ hyperinsulinemic condition.

2.2. Histones Modifications

Histone proteins contain a flexible N-terminal tail extending
from the globular nucleosome that can be subject to post-
translational modifications (PTMs) such as acetylation, methyla-
tion, phosphorylation, ubiquitination, and sumoylation!®®! These
modifications, driven by histone-modifying enzymes, can change
the state of chromatin structure leading to genes activation or
silencing!®’! Histone PTMs may induce gene expression by fa-
voring an open transcriptionally active chromatin structure (eu-
chromatin). In contrast, some histone PTMs induce closed chro-
matin conformation and lead to gene repression, by preventing
the accessibility of DNA for transcription machinery!®! Numer-
ous proteins involved in chromatin remodeling are character-
ized by an evolutionary conserved 110 amino acids motif called
bromodomain. Bromodomain proteins are critical, nonredun-
dant players in the control of adipogenesis, energy metabolism,

Adv. Biology 2023, 2300172

and inflammation!®! Histones are acetylated by histone acetyl-
transferases (HATS). HATS transfer an acetyl group from acetyl-
coenzyme A to lysine residues at the e-amino group in the
N-terminal tail of histones!”®! Histone acetylation is associated
with gene transcriptional activation, whereas removal of an
acetyl group from histone lysine residues by histone deacety-
lases (HDACs) reverses this effect leading to gene transcriptional
repression!’!l Recent studies have highlighted the role of the
acetyltransferase p300 in establishing an early vascular senes-
cent phenotype, playing a relevant role in diabetes-associated
inflammation and oxidative stress, which drive endothelial
dysfunction!”273] Among the classes of HDACs there is the silent
information regulator (SIR) genes (sirtuins) group, a highly
conserved family of proteins with histone deacetylase activity
and ADP-ribosyltransferase activity involved in histone modifica-
tions. Histone methylation is a reversible posttranslational modi-
fication driven by histone methyl transferases (HMTs) and erased
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by histone demethylases (HDMTs)!7#7>] HMTs transfer methyl
groups from the methyl donor S-adenosyl methionine (SAM) to
lysine or arginine residues of histone proteins”>! Lysines can
be mono- (mel), di- (me2), or tri- (me3) methylated on their
e-amine groups, and arginines can be monomethylated, sym-
metrically dimethylated or asymmetrically dimethylated on their
guanidino groups. Methylation of histone proteins may have dif-
ferent effects on gene expression. For example, methylations of
H3R17, H4R3, and H3K4 are linked with transcriptional activa-
tion, whereas methylations of H3K9, H3K27, and H4K20 are con-
sidered as markers of transcriptional repression!”®!

Recent studies have demonstrated a link between histone
modifications and vascular complications of diabetes(**] In par-
ticular, it has been shown a key role of epigenetic modifications
in vascular inflammationl’”-7#!

One of the most important inflammatory pathways is NF-
kB signaling, able to induce the release of inflammatory fac-
tors such as cytokines. The methylation status of histones on
the NF-xB p65 gene appears to play a key role in the regula-
tion of inflammatory responses under diabetic conditions. In this
regard, transient exposure of endothelial cells to high concen-
trations of glucose has been shown to induce the recruitment
of the histone H3K4 methyltransferase SETD7 (also known as
SET7 and SET7/9) and the lysine-specific demethylase 1 (LSD1)
to the NF-xB p65 gene promoter, resulting in H3K4 hyperme-
thylation and H3K9 hypomethylation, respectively!’®! These al-
terations in histone methylation levels lead to the persistent
upregulation of p65 as well as higher expression of NF-«xB-
regulated genes MCP-1 and Vascular cell adhesion protein-1
(VCAM-1)[7! Accordingly, studies have shown that an increased
SETD7-mediated methylation of H3K4 at the NF-xB p65 pro-
moter, in peripheral blood mononuclear cells (PBMCs) from pa-
tients with T2D, leads to higher expression of MCP-1, intercellu-
lar adhesion molecule-1 (ICAM-1), and cyclooxygenase-2 (COX-
2)[8%1 Some studies showed that high-glucose-induced decrease of
H3K9 methylation at the promoters of Interleukin-6 (IL-6), MCP-
1, macrophage colony-stimulating factor-1 (MCSF1) and IL-12B
is due to reduced levels of the enzyme Suppressor of Variegation
3-9 Homolog 1 (SUV39H1) and associated with a significant in-
crease in the expression of these inflammatory genes!®!:821

A large body of evidence has revealed that the overproduc-
tion of reactive oxygene species (ROS) precedes the develop-
ment of endothelial dysfunction and vascular inflammation in
diabetes!®¥] Nicotinamide adenine dinucleotide phosphate oxi-
dase 4 (Nox4) and Endothelial Nitric Oxide Synthase (eNOS),
which are important enzymatic sources of ROS in diabetic vascu-
lature, were found to be dysregulated by H3K4mel, H3K9me2,
and H3K9me3 promoting endothelial dysfunction® Further-
more, the downregulation of the methyltransferase Enhancer of
zeste homolog 2 (EZH2) regulating H3K27me3, has been found
to be involved in endothelial dysfunction induced by gestational
diabetes through the regulation by miR-101(®] Interestingly, Han
and collaborators also demonstrated the ability of high glucose to
increase H3K4me2 and H3K4me3 marks at the promoter of the
MCP-1 gene in human umbilical vein cells®¢!

Regulation of inflammatory genes expression can also be
driven by histone acetylation. In particular, it has been shown
treatment of THP-1 monocytes with high glucose decreases
the association of specific HDACs with the promoters of in-
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flammatory genes and enhances the recruitment of NF-xB and
HATs CREB binding protein (CBP) and p300/CBP-associated
factor (PCAF) to these promoters!®’] Other epigenetic networks
driven by SIRT1, also known as NAD-dependent deacetylase
sirtuin-1, were found to be responsible for the vascular com-
plications of diabetes. Specifically, SIRT1 overexpression pre-
vents endothelial dysfunction by suppressing NF-«xB activation
and Poli ADP-ribosio polimerasi (PARP) cleavage while restor-
ing hyperglycemia-induced dephosphorylation of liver kinase B1
(LKB1) and Adenosine Monophosphate (AMP) kinase (AMPK),
two critical regulators of energy balance!®® Variants associated
with autoimmune diseases, including T1D, occur often in en-
hancer regions, supporting the importance of enhancers in gene
regulation of diseases!®*"] In the context of inflammation, Park
et al. demonstrated that differential enhancer activations in re-
sponse to lipopolysaccharides (LPS), TNF or type I interferons
(IFNal) induce transcriptional cascades that alter chromatin ac-
cessibility in monocytes. Moreover, the binding of coactivator hi-
stone acetyltransferases (CBP/p300) to enhancers positively reg-
ulate their associated gene expressions and it is generally cou-
pled with a gain of H3K27ac modification®*?] Challenge of
monocytes with f-glucan leads to the enrichment of H3K4mel,
H3K4me3, and increased DNase [ accessibility across specific
loci of monocytes. The deposition of H3K27ac marks is often par-
alleled by that of H3K4mel. Furthermore, studies have shown
that innate immune cells exposed to certain stimuli activating
inflammatory pathways (e.g., Candida albicans, its cell wall com-
ponent b-glucan, BCG, or IFN-b) can respond faster to secondary
stimulation!®3]

This process of transcriptional memory has been associ-
ated with the establishment of an epigenetic signature that
contributes to the chromatin remodeling!®%! For instance,
H3K4mel at enhancers is an epigenetic mark that tends to be
stable even after the stimulus has disappeared, contributing to
maintain the epigenetic memory!*®! A recent study showed that
epigenetic changes leading to chronic proinflammatory genes ex-
pression in hyperglycemia are associated to a persistent, long-
lasting H3K4mel in proinflammatory genes!®’! This evidence
suggests that stimulus-specific prolonged stimulation affects
cis-regulatory elements, providing an “epigenomic memory” of
the exposure to environmental agents!®® The epigenetic mark
H3K4me3 at the promoters of loci encoding proinflammatory
genes also plays a central role in different experimental models
of innate immune memory, such as f-glucan stimulation or the
induction of trained immunity by oxidized low density lipopro-
tein (0xLDL) in human cells®® and is involved in the activation
of inflammatory chemokine by favoring the interaction between
enhancer and promoter!*%1%]

3. Metabolomics and Endothelial Dysfunction in
Type 2 Diabetes

Metabolomics aims at the measurement of ideally all small
molecules, named metabolites, in a biological sample that could
lead to novel tools for clinical practice, diagnosis, prognosis, and
predictors of disease and therapeutic response. The metabolome,
which includes all intermediates and small molecules of cel-
lular metabolism representing the final product of genome,
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Table 2. Studies on Metabolomics and Endothelial Dysfunction in Type 2 Diabetes.

References Metabolites Type of source Summary points

Filla et al.l10%] Vitamin B6, propanoate, butanoate Mice aortic cells 48 metabolic pathways were found to be altered in diabetic samples.
Vitamin B6, propanoate, and butanoate metabolism were altered in
multiple points along the pathway, thus providing potential
innovative biomarkers and novel insights into therapeutic targets.

Yuan et al.[16] Amine Human aortic Variations in amine levels were found in human aortic endothelial cells

endothelial cells exposed to acute and chronic hyperglycemia, thus suggesting a

potential role of amine into the pathophysiology of diabetic
complications

Danget al.[07] Glycosphingolipid, in particular Plasma from mice The glycosphingolipid pathway was identified as a potential therapeutic

ceramides
Mousa et al.l1%] Lipids such as dihydroceramides and

glycophosphatidylinositol

obese nondiabetic

Plasma from
overweight or

target to prevent atherogenesis in hyperglycemic mice.

Some circulating lipids, such as dihydroceramides and
glycophosphatidylinositol may represent novel biomarkers to identify
individuals at high risk of diabetes before the disease onset.

In endothelial cells carrying the SNP rs10911021 changes in several
metabolites demonstrating an impairment of the y-glutamyl cycle
and methylglyoxal detoxification were found. This study suggests a
possible glutamine supplementation in T2D patients carrying the
SNP to prevent CVD.

individuals
Pipino et al.['2] y-glutamyl amino acids, ophthalmate, Human umbilical
S-lactoyl-glutathione vein endothelial
cells
Huang et al.l™] I-methionine Human umbilical

vein endothelial

cells

Increased levels of I-methionine able to inhibit the apoptosis of vascular
endothelial cells were found following treatment with aspirin eugenol
ester (AEE). This study highlights the anti-atherosclerotic effects of
AEE potentially related to a reduction in vascular endothelial
dysfunction mediated by ameliorating alterations in metabolism,
reducing oxidative stress, and lowering the expression of adhesion
molecules.

transcriptome, and proteome, has become a specialized tool for
metabolic biomarker discovery and pathway analysis.

The metabolomics techniques mainly used are based on mass
spectrometry (MS) and/or nuclear magnetic resonance (NMR)
and can be targeted or untargeted. Targeted metabolomics is the
study of specific metabolites by adding stable standards isotopi-
cally labeled to the samples before the extraction, while untar-
geted metabolomics is characterized by the measure of a large
spectrum of metabolites through the comparison of different ex-
perimental conditions or groups of patients(!%!]

Together with other omics technologies, metabolomics can
help understanding pathogenesis as well as the metabolic
influence of diseases onset and progression!!®2l Moreover,
metabolomics allows the identification of multiple biomarkers at
the same time.

Some relevant findings highlighting the potential role of
metabolomics in predicting endothelial dysfunction in Type 2 Di-
abetes are described below and summarized in Table 2.

Through metabolomics, changes in lipid metabolism and
plasma amino acid were found associated with the risk of devel-
oping T2D, suggesting a potential role of such metabolites in the
pathogenesis of diabetes and the possibility of targeting them for
diabetes prevention!'®! In addition, a different metabolomic pro-
file comparing T2D individuals with and without microalbumin-
uria was found. In detail, patients with microalbuminuria exhib-
ited lower levels of plasma histidine and higher levels of butenoyl-
carnitine together with lower hexose, glutamine, and tyrosine.
This study highlighted the importance of some metabolites as a
potential novel biomarker, that in combination with known kid-
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ney disease risk markers may help in predicting microalbumin-
uria development in T2D patients!'%!

Changes in some metabolic pathways associated with diabetic
vascular complications such as vitamin B6, propanoate, and bu-
tanoate were discovered in diabetic micel'®! In addition, some
variations in amine levels were found in human aortic endothe-
lial cells exposed to acute and chronic hyperglycemiall%! Also,
the glycosphingolipid pathway was identified as a potential thera-
peutic target to prevent atherogenesis in hyperglycemic micel'?’]
Indeed sphingolipids, in particular the most widely studied ce-
ramides, have been found to be a candidate in prediction of CVD
together with the traditional risk factors(!®) Some circulating
lipids, such as dihydroceramides and glycophosphatidylinositol
may represent novel biomarkers to identify individuals at high
risk of diabetes before the disease onset!!®!

It is well known that the metabolome can be influenced by ge-
netic factors and by environmental factors such as lifestyle, diet,
drugs, microbiome and physical activity!'%!

Regarding the impact of genetic variations on metabolome, we
recently analyzed metabolites from endothelial cells carrying the
Single Nucleotide Polymorphism (SNP) rs10911021. This SNP
was found associated with CVD specifically in T2D subjects!!!!]
Interestingly, in endothelial cells carrying the SNP we found
changes in several metabolites demonstrating an impairment
of the y-glutamyl cycle and methylglyoxal detoxification!!'?] This
study suggests a possible glutamine supplementation in T2D pa-
tients carrying the SNP as a potential preventive CVD approach.

Metabolomics studies have been performed also to evaluate
the impact of medications such as the study of aspirin eugenol
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Figure 1. Epigenetics meets Metabolomics. A close connection between epigenetic modifications and dysfunctional metabolism may lead to early
identification of endothelial dysfunction contributing to biomarkers discovery and novel therapeutic approaches in primary or secondary prevention
of diabetes and its cardiovascular progression. Some metabolites associated with diabetic cardiovascular complications: NAD: nicotinamide adenin
dinucleotide; SP:sphingolipids; DH:dihydroceramides; Gln: glutamine; Acyl-CoA: acetyl-Coenzime A; SAM: S-adenosylmethionine; and some chromatin
modifying enzymes: DNMTs: DNA Methyltransferases, HATs: Histone acetyltransferase, SIRT: Sirtuin.

ester on vascular endothelial dysfunction in atherosclerotic rats
and endothelial cells following hydrogen peroxide treatment. In-
creased levels of -methionine able to inhibit the apoptosis of vas-
cular endothelial cells, were found following treatment with as-
pirin eugenol ester(!!]

Interestingly, metabolomics data obtained so far provide novel
insight into the development of diabetes and atherosclerosis, al-
though studies related to early endothelial dysfunction are still
inconsistent!!%! Since diabetes is a complex metabolic disorder
based on the imbalance of thousands of metabolic pathways,
metabolomics has emerged as a powerful tool to gain insight into
innovative therapeutic targets and biomarkers discovery in dia-
betes and vascular complications.

Of note, by correlating biomarkers found in hyperglycemia
condition with early endothelial dysfunction, together with inte-
grated approaches combining other omics results, would allow
developing methods for disease prevention. Therefore, further
in dept studies, including multiomics approaches, and optimisti-
cally combining worldwide expertise, are needed to define new
biomarkers and therapeutic targets at an early stage of the dis-
ease.

4. Epigenetics Meets Metabolomics

Within the last decade, the field of epigenetic regulation of gene
function is moving fast. In addition, metabolomics, driven by

Adv. Biology 2023, 2300172

technological progress, continues to gain momentum by opening
promising avenues for disease diagnosis and therapies. Since en-
dothelial dysfunction precedes and fosters atherosclerosis repre-
senting an early target, in this review, we summarize how epige-
netics and metabolomics are leveraged to better describe disease
progression and potentially identify novel therapeutic targets.
The studies mentioned above have proven useful in the field of di-
abetes and cardiovascular complications leading to new insights
into pathophysiology of the disease. More in detail, in the last
years, researchers are studying how metabolites and metabolic
networks impact gene regulation, focusing on recently discov-
ered roles of metabolites in disease onset and progression and
how this opens innovative therapeutic route. Many studies have
demonstrated that the metabolic phenotype carries information
on important biological changes and that some metabolic prop-
erties represent intermediate phenotypes connecting genetic and
environmental factors to endpoints of complex disorders.

It has been shown that metabolites deriving from food sources
can be considered as substrates for transcription factors and
histone-modifying enzymes that then affect chromatin remodel-
ing, inducing a more open or compact state of the genome which
in turn regulate gene transcription!!*115] Metabolites can also af-
fect the enzymes of chromatin-modifying machinery itself then
defining the expression of genes influencing atherosclerosis and
vascular complications of diabetes. Conversely, several evidences
show that epigenetics could affect metabolism(!!>'1®l Indeed,
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Figure 2. The workflow involving metabolomics and epigenetics for personalized medicine begins with the collection of biological samples from an
individual, such as blood, urine, or tissue. These samples are then subjected to various analytical techniques to gather information about the individual’s
metabolome and epigenetic profile. Once data are obtained, they are subjected to a computational integrated analysis together with other information,
such as clinical data. This comprehensive analysis helps in identifying specific metabolic and epigenetic patterns associated with certain diseases or
treatment responses, leading to the development of targeted therapies or interventions.

epigenetics could represent a link between metabolic processes
and gene expression, referred to as metaboloepigenetics!”!

The dysregulation of metabolites in diabetes is due to an
impaired uptake of glucose from extracellular environment,
reduced glycolysis, and mitochondrial dysfunction(!!”] This leads

Adv. Biology 2023, 2300172

to an imbalance between the use of glucose by the cell which
decreases, and the use of fatty acids which instead increases
Fatty acid oxidation increases the mitochondrial ratios of acetyl-
CoA to CoA and nicotinamide adenine dinucleotide (NADH)
to NAD+. As a consequence, there is a decreased acetyl-CoA

[118]
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synthesis from pyruvate, mainly due to the inhibition of
malate dehydrogenase, isocitrate dehydrogenase, and a-
ketoglutarate dehydrogenase and increased use of acetyl-CoA
for the synthesis of ketone bodies(!'] Metabolites, including S-
adenosylmethionine, acetyl-CoA, NADH, a-ketoglutarate («KG),
and ATP serve as cofactors for chromatin-modifying enzymes,
such as methyltransferases and acetyltransferases responsible
for chromatin remodeling. The fluctuation of nutrients, such as
glucose, glutamine, and oxygen, may induce epigenetic changes
in disease pathology.

More in detail, DNA and histone methylation requires a
methyl donor group called S-adenosylmethionine (SAM), which
is a substrate of DNMTs, deriving from the synthesis of me-
thionine and ATP. The methyl group is transferred from ac-
tivated SAM through a positive charge leading to the genera-
tion of a product called S-Adenosyl-L-homocysteine (SAH). The
inhibition of SAH hydrolase can reduce cellular methylation
reactions(!2°] Moreover, recent studies showed that the levels of
methionine, derived from SAH hydrolysis, may influence methy-
lation levels of histones!'?!] The process of demethylation, con-
sisting of a methyl group removal from DNA or histone pro-
teins, requires as cofactors «KG and flavin adenine dinucleotide
(FAD)!1?2] Histone acetylation neutralizes the positive charges on
histones, diminishing the interaction of the nucleosome with the
DNA, which determines an open chromatin configuration and
active transcription. Histone acetylation is catalyzed by HATs that
use acetyl-CoA as a substrate. On the other end, Histone deacety-
lation generates a more compact chromatin configuration and is
driven by the NADI*l-dependent sirtuin family of deacetylases!!*]

On the basis of the above evidence, a deeper study of the close
connection between epigenetic modifications and dysfunctional
metabolism would provide a better understanding of the patho-
genesis of diseases contributing to the discovery of new biomark-
ers and proper therapeutic approaches (Figure 1).

5. Conclusions

In the last years, epigenetic regulation is extensively studied to
gain insight into the progression of diabetes and vascular com-
plications. Several epigenetic alterations like DNA methylation
and histone modifications, have been demonstrated as key play-
ers in the development of atherosclerosis. In addition, advanced
techniques have been adopted to study the metabolic signature
molecules. Through metabolomics, changes in some metabolic
pathways were found associated with diabetic vascular compli-
cations, suggesting the possibility to prevent the disease. More
important, biological changes found through metabolomics rep-
resent intermediate phenotypes connecting genetic and envi-
ronmental factors. Therefore, integrative approaches including
epigenetics and metabolomics, may have great importance in
biomarkers research as well as drug discovery and innovative
therapeutic applications.

The progresses of these innovative technologies are tremen-
dous, and considering a future scenario, these research fields
hold unlimited potential. The large volume of data obtained
so far is complex and requires appropriate computational ex-
perience to understand disease progression and inflamma-
tory signaling development, identify novel targets, and predict-
ing how different therapeutics may influence the progression
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of disease. More studies are needed, possibly through world-
wide collaborations!!2361:124125] Furthermore, because of the cell-
specific nature of epigenetic information, more human biopsies
and samples could be useful. In this scenario, epigenomic and
metabolomics, together with other omics technologies, would
provide a valid tool to identify all biomolecular mechanisms un-
derlying disease development and possibly categorize patients
into endotypes based on common omics expression patterns.
Therefore, improving the knowledge on the crucial connection
between relevant metabolites and epigenetics may help to detect
endothelial dysfunction at a very early stage. Overall, this will sig-
nificantly boost the objective of precision medicine for tailoring
the right therapeutic strategy for the right person at the right time
(Figure 2).
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