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Introduction
Endothelial cells (EC) are quiescent, flat and mono-epithelial layer 

of cells that comprise the innermost lining of blood vessels which 
serves as an interface between the circulating blood and surrounding 
tissues. Extensive research over the last two decades has uncovered the 
complexity of this semi-permeable membrane and its sophisticated 
role in regulating vascular tone and structure. Under physiological 
conditions, the ECs act as a barrier to facilitate the selective transport 
of substances such as nutrients and leukocytes. At the same time, it 
also secretes several mediators to modulate vascular functioning, 
coagulation, immune responses as well as vascular growth [1]. 
Endothelial dysfunction refers to the inability of the endothelium to 
regulate vascular homeostasis and essentially describes a loss in the 
balanced release of endothelial-derived relaxing and contracting factors 
[2]. In recent years, endothelial dysfunction has received increasing 
attention as an early predictive marker of vascular disorders and 
that its manifestation precedes the appearance of significant clinical 
symptoms. Accumulating evidence suggests endothelial dysfunction 
as a commonality in obese and type 2 diabetes (T2D), the two main 
metabolic disorders that increase risk for cerebro-cardiovascular 
related morbidity and mortality [3]. In fact, obesity and insulin 
resistance, a hallmark of T2D, are considered as the major causal 
factors in the development of endothelial dysfunction. The study on 
the behaviour of the endothelium in health and disease has equipped 
us with a better understanding of how vascular damage develops, 
particularly in obese and T2D individuals. Elucidating the mechanisms 
responsible for the obesity/diabetes-associated endothelial dysfunction 
is highly important and will have a substantial clinical impact on future 
translational and interventional research.

MicroRNAs (miRNAs) are a class of naturally occurring, highly 
conserved, noncoding small RNAs that play a pivotal role in the 
regulation of gene expression to control a wide range of biological 
functions. With the advancing experimental strategies and robust 

bioinformatics databases available, a total of 30,424 mature miRNAs 
have been identified in 206 species (miRBase Release 20). In the human 
genome alone, 2578 miRNAs known to control more than 60 % of the 
protein encoding genes have been identified [4,5]. In general, miRNAs 
regulate biochemical events by post-transcriptionally inhibiting the 
expression of a plethora of target genes. A steady-state level of the 
functional miRNAs is important in maintaining a normal physiological 
status of a cell or any biological system. Increasing mass of data has 
demonstrated that miRNAs can modulate endothelial phenotype [6]. 
Furthermore, loss of the modulatory role of miRNAs is a critical and 
initiating factor in the development of endothelial dysfunction. These 
new insights have shed light on the complex interplay between miRNAs 
and endothelial dysfunction in obesity and T2D. In the first part of 
this review, we describe the development of endothelial dysfunction 
in obesity and diabetes and how the three entities are interconnected. 
Following that, we illustrate the importance of miRNAs as modulators 
of endothelial function and with reference to the recent research 
reports, we address the role of miRNAs in obesity and diabetes-
associated endothelial dysfunction. 

Abstract
The vascular endothelium constitutes an important barrier for the selective passage of plasma proteins, solutes 

and fluid from the blood to the underlying interstitium and cells. In addition to that, the endothelium also regulates 
the production of various autocrine and paracrine factors in order to maintain vascular homeostasis. Hence, 
normal endothelial function is critical for proper vascular activity including blood vessel development and growth 
(angiogenesis), leukocyte trafficking, coagulation and fibrinolysis. Endothelial dysfunction results from the imbalance 
between vasoconstriction and vasodilation that predispose the vasculature to leukocyte adherence, endothelial 
proliferation as well as thrombosis. Several studies have demonstrated the implication of obesity and diabetes in the 
progression of endothelial dysfunction which in turn accelerates the manifestation of vascular complications. The 
coexistence between obesity, diabetes and endothelial dysfunction suggests the involvement of common regulators 
between the three entities. MicroRNAs are promising candidates of these regulators since they have the ability to 
control the expression of multiple genes that regulate our cellular processes. In fact, dysregulation of microRNAs is a 
common feature in various human diseases including obese/diabetes-associated vascular complications. This review 
describes the direct and indirect mechanisms of obesity and diabetes in relation to the manifestation of endothelial 
dysfunction. At the same time, it also summarizes the latest insights into the implications of microRNAs in the 
development of endothelial dysfunction and discusses their potential for the treatment of vascular pathophysiological 
conditions.
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Endothelial Dysfunction in Diabesity
Obesity and T2D are two sides of the same coin. Fuelled by rapid 

urbanization, globalization of food production and marketing as well as 
increasing physical inactivity in today’s society, the prevalence of obesity 
has grown in parallel with T2D. This has even prompted researchers to 
coin a new hybrid term, diabesity, a constellation of metabolic disorders 
including obesity, insulin resistance, metabolic syndrome and diabetes 
[7]. Diabesity affects more than one billion people worldwide and is 
becoming the largest rapidly escalating pandemic in human history. 
At present, mortality from obesity and diabetes stand at approximately 
2.8 and 4.6 million people respectively annually worldwide. Diabesity 
poses a major risk for chronic illnesses including cardiovascular 
disease (CVD) and stroke, among other medical problems [8]. In fact, 
several studies have shown that people with diabesity are more likely to 
develop cardiovascular complications even in the absence of CVD. Of 
the multiple causal factors accountable for this increased risk of CVD, 
perhaps the most important one is endothelial dysfunction, which 
resulted from continuous and progressive damage to the vascular wall 
by the aforementioned metabolic abnormalities.

Endothelial function and dysfunction

To maintain vascular homeostasis, ECs control a balanced release 
of components of the extracellular matrix namely collagen and various 
regulatory chemical mediators including nitric oxide (NO), prostanoids 
(prostacycline), endothelin-1 (ET-1), angiotensin II (ANG-II), tissue-
type plasminogen activator (t-PA), plasminogen activator inhibitor-1 
(PAI-1), von Willebrand factor (vWF), adhesion molecules (vascular 
cell adhesion molecule 1, VCAM; leukocyte adhesion molecule, LAM; 
intercellular adhesion molecule, ICAM) and cytokines such as tumor 
necrosis factor (TNF) [9]. No is one of the most important mediator 
produced in the conversion of amino acid 1-arginine to 1-citrulline by 
endothelial nitric oxide synthase (eNOS) in the ECs [10]. Due to its 
vasodilatory, anti-platelet, anti-proliferative, permeability-decreasing, 
anti-inflammatory and anti-oxidant properties, NO inhibits migration 
and adhesion of leukocytes as well as cytokine-induced expression 
of VCAM-1, monocyte chemoattractant protein-1 (MCP-1) by 
suppressing nuclear factor kappa-light-chain-enhancer of activated 
B cells (NF-KB) [11]. ECs regulate fibrinolysis by producing t-PA 
and its inhibitor PAI-1 while restricting the coagulation cascade by 
thrombomodulin/protein C, heparin sulphate/antithrombin and 
tissue factor/tissue factor inhibitor interactions. Its implications on 
vascular remodeling are mediated by modulating the production of 
promoters and inhibitors of growth and differentiation of the vascular 
smooth muscle cells (VSMC), such as platelet-derived growth factor 
(PDGF) and ANG-II [12]. Regulatory effects of ANG-II on the VSMC 
activities include growth, proliferation, differentiation and contraction. 
Furthermore, regulatory inflammatory role of ECs is exerted via the 
release of adhesion molecules like LAM, ICAM and VCAM [13]. 

Endothelial dysfunction is established when factors that favour 
a vasoconstriction, pro-coagulation and pro-inflammation become 
predominant over mediators that facilitate vasodilation, anti-
coagulation and anti-inflammation [14]. This process is associated 
with reduction in NO production or activity as a result of oxidative 
stress [15]. Endothelial dysfunction is one of the earliest events that 
occur in the process of atherosclerosis [16,17]. A large body of evidence 
in humans indicates that endothelial dysfunction and diabesity 
coexist frequently [18,19]. The definitive pathogenesis of endothelial 
dysfunction in diabesity is not yet fully understood, possibly due to 
the multiple homeostatic imbalances that this population displays. 

Nevertheless, several mechanisms pertaining to inflammation and 
insulin resistance have been proposed. On another note, obesity, 
specifically in the central or abdominal area, impairs endothelial 
function via direct and/or indirect mechanisms (Figure 1). Excess 
adiposity is often the insidious factor that leads to imbalanced release 
of various metabolic products, hormones and cytokines that induce 
inflammation and also compromise insulin sensitivity in the peripheral 
tissues (liver and skeletal muscles) [20,21]. 

Obesity-associated endothelial dysfunction

The adipose tissue modulates endothelial function via secretion 
of various hormones including adiponectin, resistin, leptin, PAI-1, 
angiotensin, estradiol and inflammatory cytokines such as TNF-α and 
interleukin 6 (IL-6) [3]. In the ECs, adiponectin induces NO production 
while suppressing oxidative stress and inflammatory signalling 
cascades through AMP-activated protein kinases (AMPK) and cyclic 
AMP-protein kinase A-linked pathway [22]. Anti-inflammatory 
effects of adiponectin are also mediated by suppressing the expression 
of adhesion molecules and reducing monocyte attachment to ECs 
[23,24]. However, plasma levels of adiponectin are found to be reduced 
in people with diabesity and/or those with diabesity-related diseases 
[25]. In contrast, other adipokines like PAI-1 inflammatory cytokines 
such as TNF-α and IL-6 are over-expressed with obesity (Figure 1) [26-
29]. Inflammatory cytokines increase vascular permeability, impair 
vasoregulatory responses, induce leukocyte adhesion to endothelium 
and facilitate thrombus formation by activating pro-coagulant factors, 
inhibiting anti-coagulant pathways and impairing fibrinolysis via 
PAI-1 stimulation. PAI-1 is typically elevated in diabesity state and 
serves as a key factor in the genesis of vascular abnormalities. It has 
also been linked to the increased occurrence of thrombosis in patients 
with diabesity [30]. The role of resistin, another fat-derived hormone, 
is still under debate because although a number studies has reported 
increased resistin levels with increasing adiposity, a few others have 
stated otherwise [31,32]. 

ANG-II in the adipose tissue also plays a role in the regulation of 
endothelial function. When this molecule binds to the angiotensin 
II type 1 receptor on ECs, it induces the expression of ICAM-1 and 
promotes the release of reactive oxygen species (ROS) via nicotinamide 
adenine dinucleotide phosphate-oxidase (NADPH-ox) and ET-1 from 
the endothelium [33,34]. ROS function as important intra/intercellular 
second messengers to regulate endothelial function, VSMC growth 
and migration as well as vascular reactivity and integrity. Under 
pathophysiological conditions, increased bioavailability of creates 
a state of oxidative stress leading to vascular dysfunction and 
remodelling [35]. Simultaneously, angiotensin interferes with insulin 
signalling that is involved in production of NO and activation of eNOS 
in endothelium. Angiotensin-induced activation of c-Jun N-terminal 
kinase (JNK) and mitogen-activated protein kinase (MAPK) pathways 
in ECs results in reduced tyrosine phosphorylation and increased serine 
phosphorylation of insulin receptor substrate 1 (IRS-1) [36,37]. IRS-1 
is a protein downstream of the insulin receptor that plays a significant 
role in insulin signalling and action, to mediate glucose uptake in fat 
cells and NO production in ECs. Proper tyrosine phosphorylation of 
this molecule is important for maintaining insulin signalling. Many 
studies have shown that phosphorylation of several serine residues on 
IRS-1 reduces the ability of IRS-1 to engage with the p85 subunit of 
PI-3 kinase [37-39]. This subsequently attenuates insulin signalling 
which will have deleterious consequences on endothelial function. The 
other adipokine, TNF-α, has been demonstrated to increase monocyte 
adhesion to the vascular endothelium [40], induce NF-KB-dependent 
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pro-inflammatory pathways [41] as well as endothelial and smooth 
muscle expression of the adhesion molecule VCAM-1 [42] and matrix 
metalloproteinases respectively [43]. Collectively, these factors bring 
about endothelial dysfunction and plaque destabilization. TNF-α can 
also induce the expression of another powerful inflammatory cytokine, 
IL-6 which in turn induces hepatic production of C-reactive protein 
(CRP). CRP is a key molecule in the process of atherogenesis in ECs 
and increased level of plasma CRP has been found to predict CVD. 
CRP increases the expression of the endothelial ICAM-1, VCAM-
1, E-selectin, MCP-1 and ET1 secretion [44]. Furthermore, CRP 
also causes down-regulation of eNOS expression while inducing 
angiotensin receptor type 1 expression in the vessel wall [45]. This may 
sequentially have adverse effects on the vascular wall. Nonetheless, 
negative feedback of IL-6 on TNF-α has also been reported and that 
interventions to increase IL-6 were able to exert anti-inflammatory 
effect by suppressing TNF-α [46,47]. 

Diabetes-associated endothelial dysfunction 

Insulin resistance and hyperglycemia are the two principal 
characteristics of T2D which are also implicated in endothelial 
dysfunction. Excess adipose tissue not only activates the inflammatory 
pathways but also contributes to the manifestation of insulin resistance 
which overall aggravates the progression of endothelial dysfunction. 
Several mechanisms of obesity-associated insulin resistance have been 
proposed and reviewed in detail by Qatanani and Lazar [48]. The 
underlying mechanisms are highly complex involving crosstalk between 
a plethora of molecules, systems and pathways that are interrelated. 
Such that when one pathway is disturbed, its interconnections with 

the others lead to perturbations in the other systems that exacerbate 
the problem. In a simplistic view, adipose mass predisposes to 
systemic insulin resistance through enhanced rates of lipolysis in the 
intra-abdominal adipocytes that lead to increased efflux of free fatty 
acids (FFAs) which in turn overloads the liver, skeletal muscles and 
pancreatic β cells with lipids (Figure 1). The ectopic lipid accumulation 
and excess secretion of pro-inflammatory adipokines such as TNF-α, 
resistin, PAI-1 and IL-6 dampen insulin action hence increasing 
insulin resistance, atherogenic dyslipidemia and hyperinsulinemia 
[49-52]. TNF-α has been implicated as the central molecule linking 
diabetes, insulin resistance, obesity and endothelial dysfunction. 
As already discussed above, this factor can induce the synthesis of 
other cytokines, which alone or in concert with the rest, may impair 
endothelial function. 

In addition to its role in glucose homeostasis, insulin is also known 
as the vascular hormone that has both physiologic and pathophysiologic 
roles in the vasculature. Insulin stimulate NO and ET-1 production 
in the endothelium through signalling pathways such as the vaso 
protective phosphoinositide-3 kinase (PI3-K)/Akt pathway that is 
closely associated with insulin signalling [53]. Through this pathway, 
eNOS expression is induced and activated. eNOS facilitates the 
production of NO that is important in preventing atheroma formation. 
However, under pathological state as in T2D individuals, gluco toxicity, 
lipo toxicity and insulin resistance compromise the ability of insulin 
to stimulate NO production in ECs and also interfere with insulin 
signalling [54]. At the same time, production of ROS is increased which 
in turn accelerates the progression of vascular complications. Insulin 
also promotes the activation of MAPK/extracellular signal-regulated 

Figure 1: Obesity, type 2 diabetes and endothelial dysfunction. Direct and indirect mechanisms of obesity, insulin resistance and hyperglycaemia in relation to 
endothelial dysfunction as well as endothelial senescence. AGEs, advanced glycation end products; FFAs, free fatty acids; IL-1, interleukin1; IL-6, interleukin 6; NO, 
nitric oxide; PAI-1, plasminogen activator inhibitor 1; PKC, protein kinase C; TNF-α, tumour necrosis factor α.
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kinase (ERK) pathway which has a less beneficial outcome of cellular 
proliferation. Insulin resistance causes a selective deficiency of the 
PI3-K pathway while MAPK signalling pathway remains unaffected 
[55]. In fact, such selective resistance creates a state of hyper insulinemia 
that over stimulates MAPK signalling hence further promoting pro-
atherogenic condition that is detrimental to the vasculature [56,57]. 

Chronic hyper glycemia, another hallmark of diabetes, promotes 
endothelial dysfunction through four principal mechanisms; Protein 
kinase C (PKC) activation, activation of the hexosamine and polyol 
pathways as well as the formation of advanced glycation end-
products (AGEs) [58]. These pathways are believed to contribute to 
vascular damage via the unifying oxidative stress mechanism in which 
production of ROS exceeds the capacity of the anti-oxidant system to 
remove them [59]. Oxidative stress confers endothelial dysfunction by 
reducing NO bioavailability either through direct degradation by ROS, 
or by impairing the functional capacity of eNOS. 

Under physiological conditions, the polyol and hexosamine 
pathways exhibit low affinity for glucose, but hyper glycemic condition 
leads to shunting of glucose through these pathways which results in 
PKC activation and alterations in properties of protein and DNA [60]. 
PKC in turn activates NADPH oxidase releasing more superoxide 
anion hence exerting further oxidative stress in the endothelium. 
Furthermore PKC activation also causes dysregulation of the vascular 
permeability through induction of VEGF, thickening of the basement 
membrane due to TNF-β-induced expression of Type IV collagen 
and fibronectin as well as up-regulation of PAI-1 which may impair 

fibrinolysis [23,61]. The polyol pathway metabolizes sorbitol (from 
excess glucose) to fructose, thereby inducing the oxidation of NADPH 
to NADP+ and reduction of NAD+ to NADH, which results in 
decreased NO bioavailability [62,63]. This redox imbalance increases 
production of methylglyoxal and AGEs that can enhance oxidative 
stress. AGEs arise from intracellular hyperglycemia and subsequent 
non-enzymatic reactions also causing changes in protein function as 
well as modifications to the extracellular matrix [64]. Furthermore, 
activation of receptor for advanced glycation end products (RAGE) 
on the endothelium also contributes to ROS production, subsequently 
activating the NF-KB pathway hence exacerbating atherogenic gene 
expression [65]. 

Although the precise molecular pathways governing vascular 
formation have yet to be unravelled, these reports provide insights on 
the synergistic interaction and vicious cycle that exist in which diabesity 
contributes to endothelial dysfunction and vice versa. In recent years, 
emerging research has revealed some endothelial-specific miRNAs to be 
involved in regulating the actions of ECs and the surrounding VSMCs 
that are fundamental to vascular structure and function. In the next 
part of the review, we look at the various aspects of miRNA regulatory 
network in pathologic state of the ECs, predominantly focusing on 
diabesity-associated mechanisms of endothelial dysfunction. 

Biogenesis and functions of MicroRNAs 

The initiation of miRNA biogenesis starts with transcription of 
miRNA genes into primary miRNA (pri-miRNAs) transcripts with 

Figure 2: Biogenesis of microRNAs and their mechanism of action. miRNAs are transcribed into primary miRNAs by RNA polymerase I/II. Maturation of miRNAs is 
mediated by Drosha and Dicer. Imperfect base pairing of miRNA to its target mRNA results in translational blockage while perfect base pairing between the two leads 
to mRNA cleavage. 
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the help of RNA polymerase II/III [66] (Figure 2). The pri-miRNAs 
fold into hairpin structure, which act as substrate for endonucleolytic 
cleavage by the RNase III enzymes, Drosha and DGCR8/Pasha. In this 
process, DGCR8 interact stably with the pri-miRNAs and acts as a 
molecular ruler to locate the precise cleavage site. It then orients the 
catalytic RNase III domain of Drosha to cleave the 5’ and 3’ arms of 
the stem loop hairpins. This produces an approximately 70 nucleotides 
long precursor miRNA (pre-miRNA) with 2-nucleotide 3’-overhang. 
The 2-nucleotide 3’-overhang of the pre-miRNA is then recognized 
by Exportin-5, a Ran-GTP-dependent nuclear export factor, to be 
exported into the cytoplasm [66]. In the cytoplasm, the pre-miRNA 
is further processed by Dicer to generate a miRNA-miRNA duplex (~ 
22-nucleotides) [67]. Of the duplex, the less thermodynamically stable 
‘guide strand’ is incorporated into an RNA-induced silencing complex 
(RISC) to form the miRNA-RISC assembly which is responsible in 
executing regulatory functions of miRNAs. The other strand, known 
as the ‘passenger strand’ is degraded as a RISC complex substrate [68]. 

miRNAs generally act on their target mRNAs by binding to the 
3'UTR and this interaction brings about inhibitory effects via two 
mechanisms (Figure 2). The first mechanism occurs via perfect 
binding with its target mRNA which results in mRNA cleavage and 
degradation. When the binding is imperfect, translational suppression 
takes place by which the miRNA-repressed mRNAs are engulfed 
into P-bodies for storage [69]. Although miRNAs are more widely 
known to inhibit the expression of its target genes, several studies 
have evidently demonstrated their role in gene activation [70,71]. 
Since the binding of miRNAs to their mRNA targets does not require 

exact complementarity, each miRNA displays a promiscuous character 
targeting more than 100 mRNAs. With the immense capacity to 
target multiple functionally related genes to control entire biological 
pathways, it is anticipated that aberrant miRNA expression would have 
adverse effects on the functioning of the biological system.

MicroRNAs in diabesity-associated endothelial dysfunction 

Our previous review on miRNAs and diabetes mellitus summarised 
the wide range of miRNAs implicated in the pathogenesis of diabetes 
and obesity as well as those involved in the micro/macro-vascular 
complications [72]. Several other authors have also reported excellent 
reviews on the above subject [73-75]. In this review, we focus on the 
miRNAs implicated in diabesity-induced endothelial dysfunction. We 
have collated miRNAs that are involved and implicated in processes 
such as inflammation associated with obesity, insulin resistance, 
hyperglycemia as well as angiogenesis and endothelial senescence, the 
principal mechanisms in endothelial dysfunction (Figure 3). 

The first evidence implicating miRNAs in vascular development 
was demonstrated by Yang et al. [76] who generated a deletion of the 
first and second exons of the Dicer gene (Dicerex1/2) in mice. These mice 
died between days E12.5 and E14.5 and exhibited defects in vascular 
formation. In the context of ECs, in vitro silencing of Dicer and Drosha 
by siRNA technique resulted in significant reduction in EC migration, 
capillary sprouting and tube formation [77]. Nonetheless, it was the 
silencing of Dicer but not Drosha that reduced angiogenesis in vivo. This 
is due to the altered expression of several factors regulating angiogenesis 
including endothelial cell-specific receptor kinase, vascular endothelial 

Figure 3: miRNA network in diabesity-associated endothelial dysfunction. Excess adiposity and diabetic condition induce changes in miRNA expression. Dysregulation 
of miRNAs affects endothelial function via three main processes: inflammation, angiogenesis and senescence. 
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growth factor receptor 2 (VEGFR2), eNOS and IL-8 which also affect 
EC proliferation and cord formation [77]. Moreover, inactivation of 
Dicer also reduced postnatal angiogenic response to multiple stimuli 
such as exogenous VEGF or in models of tumorigenesis, limb ischemia 
as well as wound healing [78]. 

Inflammation-associated miRNAs: Excess adipose and 
hyperglycemia could induce alteration in the normal physiological 
state miRNA expression exacerbating the progression of vascular 
complications. Vascular inflammation is an early event in the 
progression of atherogenesis that is also the primary mechanism of 
endothelial dysfunction in diabesity. Accumulated adiposity leads to 
increased oxidative stress in adipose tissue and increased production 
of ROS and inflammatory chemokines which then promotes insulin 
resistance. Collectively, these processes induce the progression of 
endothelial dysfunction. Excess production of ROS and inflammatory 
adipokines eventually induce deregulation of inflammatory-associated 
miRNAs in the endothelium. Several studies have reported involvement 
of miRNAs in vascular inflammation by which they regulate leukocyte 
activation and infiltration through the vasculature [79,80]. 

TNF-α treatment was found to induce the expression of miR-
31, miR-17, miR-191 and miR-125b in ECs [81]. SELE and ICAM1 
were identified and subsequently validated as targets of miR-31 and 
miR-17-3p respectively. Specific inhibition of miR-31 and miR-17-
3p increased neutrophil adherence to TNF-α stimulation while over-
expression of both miRNAs decreased TNF-α induced E-selectin 
(SELE) and ICAM1 expression hence reduced neutrophil adhesion to 
ECs [81]. TNF-α treatment also induced expression of miR-155, miR-
221/222 which co-targets Ets-1, a key endothelial transcription factor 
of inflammation and angiogenesis [82]. Stimulation with AngII in ECs 
up-regulated the expression of Ets-1, VCAM1, MCP1 and FLT1; over-
expression with miR-155 or miR-221/miR-222 was able to reverse 
this effect. Specifically, over-expression of miR-155 and miR-221/
miR-222 inhibited leukocyte adhesion to ECs and EC migration [82]. 
Interestingly, miR-221/222 were observed to be up-regulated in obese 
rat adipocytes [83]. Not only that these miRNAs are responsible for 
inducing inflammatory adipo cytokines, their expression was found to 
correlate positively with TNF-α but negatively with adiponectin [84]. 
Furthermore, in vitro studies showed that miR-132 contributes to the 
inflammatory phenotype and macrophage infiltration by activating the 
inflammatory NF-KB pathway in adipocytes and inducing chemokine 
production [85]. Nonetheless, miR-132 expression in human visceral 
adipose tissue showed inverse correlation with macrophage infiltration 
as well as IL-6 levels in patients with non-alcoholic fatty liver disease 
[86,87]. 

miR-126 is specifically and highly expressed in ECs thus often 
named as the guardian miRNA in ECs. miR-126 regulates inflammatory 
cell migration, capillary network formation and cell survival. Haris et al. 
[88] showed that miR-126 modulates vascular inflammation through 
inhibition of VCAM1 that is involved in leukocyte adhesion to ECs. 
Moreover, inhibition of miR-126 promotes pro-inflammatory TNF-α 
expression which then activates NF-KB and interferon regulatory 
factor 1. Consequently, this increases VCAM1 expression as well as 
leukocyte adhesion to ECs [88]. Likewise, miR-10a was reported to 
inhibit the NF-KB pathway by supressing the expression of MAP3K7 
and βTRC [89]. Moreover, the expression of miR-10a was reduced in 
athero-susceptible arterial regions alongside up-regulation of MAP3K7 
and βTRC suggesting its implication in regulating pro-inflammatory 
endothelial phenotypes in athero-susceptible regions [89]. miR-92a 
has also been found to be an atheroprotective miRNA. Knocking down 

this miRNA partially suppressed the inflammatory mediators, KLF2 
and KLF4 and inhibited TNF-α induced leukocyte adhesion [90]. The 
expression of miR-181b was reduced in response to TNF. miR-181b 
regulates the expression of KPNA4, a protein crucial for translocation 
of NF-KB. Additionally, miR-181b has been shown to indirectly inhibit 
NF-KB responsive genes, VCAM1 and SELE both in vitro and in vivo 
conditions [91]. Intravenous delivery of miR-181b mimics was found 
to reduce the NF-KB pathway and therefore decreased lung injury and 
mortality in endotoxemic mice while inhibiting miR-181b activity 
resulted in the inflammatory phenotype [91].

A recent study using VSMCs of diabetic rats demonstrated up-
regulation of miR-200 family members, particularly miR-200b, miR-
200c and miR-429 alongside down-regulation of their common target, 
ZEB1 [92]. By using miR-200 mimics, the author observed decreased 
expression of ZEB1 with a resultant enhanced transcription of the 
inflammatory COX-2 and MCP1 thereby promoting pro-inflammatory 
response [92]. Another independent study reported up-regulation 
of miR-125b in the VSMCs of diabetic rats as compared to control 
db/+ mice [93]. Suv39h1 was identified as a target of miR-125b and 
that suppression of Suv39h1 by miR-125b induced the expression 
of inflammatory genes [93]. These data suggest the implication of 
miRNAs in eliciting pro-inflammatory responses of VSMCs thereby 
aggravating vascular complications in diabetic conditions. 

Angiogenesis-associated miRNAs: Angiogenesis refers to 
the formation of new blood vessels via EC sprouting from pre-
existing vessels. This process is important in many physiological and 
pathological conditions, including embryonic development, wound 
healing, tissue regeneration and atherosclerosis. Emerging evidence 
shows that dysregulation of EC functions plays an important role in 
the subsequent aberrant angiogenic responses as diabesity progresses. 
A large number of miRNAs are involved in angiogenesis and they are 
often categorized into two groups; pro-angiogenic miRNAs and anti-
angiogenic miRNAs [94]. 

miR-126 is located in the intron of Egfl-7, an endothelial-specific 
protein implicated in vascular development [95]. miR-126 regulates 
various aspects of endothelial biology including cell migration, 
cytoskeleton organization and capillary network stability. Knockdown 
of miR-126 in zebrafish and mice resulted in loss of vascular integrity 
and angiogenic activity, impaired proliferation and migration, 
haemorrhage and partial embryonic lethality [96-98]. miR-126 regulates 
angiogenesis and vascular integrity by targeting multiple proteins 
such as SPRED1 and PIK3R2/p85-beta, both negative regulators of 
VEGF signalling [99]. Most importantly, loss of endothelial miR-126 
is reported as a signature of T2D in which high glucose concentration 
was observed to reduce miR-126 expression in endothelial apoptotic 
bodies [100]. Interestingly, reduction in miR-126 level is detectable 
years before the appearance of diabetes and it correlates with subclinical 
and manifest peripheral artery disease [101]. The findings in this 
study have highlighted the good predictive and prognostic values of 
miRNAs for the onset of diabetic vascular complications. In addition, 
a more recent study reported down-regulation of miR-126, miR-130a, 
miR-21 and miR-27a/b in endothelial progenitor cells (EPCs) of T2D 
patients that contributes to impaired EPC function [102]. More in-
depth study revealed that decreased miR-130a impairs EPC function 
by targeting Runx3 and through ERK/VEGF and Akt pathways [102]. 
On another note, the expression of miR-130a although undetectable 
in quiescent HUVECs, became highly expressed upon exposure to 
fetal bovine serum [103]. miR-130a regulates expression of GAX and 
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HoxA5 proteins which are inhibitors of angiogenesis [103]. These 
findings might provide insights to the mechanism underlying impaired 
angiogenic signalling in diabetic patients. 

Other important pro-angiogenic miRNAs include miR-17-92 
cluster, let-7 family, miR-210 and miR-296. The miR-17-92 cluster 
which encodes six miRNAs namely, miR-17, miR-18a, miR-19a, miR-
20a, miR-19b and miR-92a, is known to promote cell proliferation, 
suppresses cancer cell apoptosis and induces tumour angiogenesis 
[104]. Over-expression of this cluster of miRNAs by Myc-induced 
tumors enhanced angiogenesis through the down-regulation of 
anti-angiogenic proteins such as CTGF and Tsp-1, targets of miR-
18 and miR-19 respectively [105,106]. miR-17 was found to target 
the expression of the anti-angiogenic metalloproteinase inhibitor 1 
(TIMP1) therefore affecting endothelial cell proliferation and motility 
[107]. The let-7 family is highly expressed in HUVECs and inhibition 
of let-7f specifically, was found to reduce sprout formation. Similar to 
miR-17, let-7b regulates EC proliferation and motility by suppressing 
the expression and activity of TIMP1 [107]. 

Fasanaro et al. [108] demonstrated up-regulation of miR-210 
in ECs in response to hypoxia affects cell survival, migration and 
differentiation. The study also showed that over-expression of miR-
210 could promote primary capillary network formation and VEGF-
induced cell migration while silencing miR-210 expression prevented 
the formation of capillaries as well as decreased cell migration in 
normoxic ECs [108]. A more recent work has identified miR-296 as 
a crucial element of the angiogenic process [109]. miR-296 expression 
is increased in primary cultures of human brain microvascular ECs 
subjected to angiogenic growth factors. Specific inhibition of miR-296 
by antagomiRs resulted in decreased neovascularization of tumours in 
mice and also reduced angiogenesis in tumor xenografts in vivo [109]. 
Overall, these studies showed evidence for the pro-angiogenic role of 
miR-296. 

A study by Poliseno et al. [110] proved that miR-221 and miR-222 
are anti-angiogenic factors that inhibit EC migration, proliferation and 
angiogenesis in vitro by targeting stem cell factor (SCF) and c-Kit. In 
vivo, cells transfected with miR-221/miR-222 lost the ability to form 
tubes or to heal wounds in response to SCF. In support of his findings, 
Li et al. [111] reported increased miR-221 expression and reduced 
c-kit expression in HUVECs subjected to high glucose while inhibiting 
miR-221 was able to reverse these effects. More importantly, internal 
mammary arteries of diabetic individuals were found to exhibit up-
regulation of miR-221/222 which are known to accelerate intimal 
thickening in animal models of vascular injury [112]. Elevation of 
miR-221/222 levels were observed alongside decreased expression of 
p27Kip1 mRNA as well as increased VSMCs proliferation rate [112]. 
Interestingly, internal mammary arteries isolated from diabetic 
individuals receiving metformin treatment demonstrated a reversal 
of each of these factors. On another note, Dicer silencing has revealed 
miR-221/miR-222 to be implicated in regulating eNOS expression 
in the endothelium [77]. Nonetheless, since prediction sites for both 
miRNAs were not found in the 3’UTR of eNOS, the regulation of eNOS 
and miR-221/miR-222 is considered to be indirect. 

Adding on to the list of anti-angiogenic miRNAs are miR-320 
and miR-503. Wang et al. [113] observed an increased expression of 
miR-320 in myocardial microvascular endothelial cells (MMVECs) 
of T2D rats. miR-320 may target several angiogenic factors and their 
receptors including VEGF-A, FGFs, IGF-1 and IGF-1R [114,115]. 
Specific inhibition of miR-320 in the myocardial microvascular ECs 
of diabetic rats was found to increase IGF-1 expression and improved 

cell proliferation and migration [116]. Nonetheless, a more recent 
study by Feng et al. [117] reported an opposing down-regulation of 
miR-320 in HUVECs subjected to high glucose alongside increased 
expression of ET-1, VEGF and fibronectin. The author also showed 
that transfection of miR-320 mimics restored the expression of the 
above mentioned vasoactive factors and ECM proteins. miR-503 was 
observed to be up-regulated in myocardial ECs of diabetic rats, in 
3T3-L1 insulin-resistant adipocytes as well as in the muscles of T2D 
and insulin-resistant patients [113,118,119]. Over-expression of miR-
503 resulted in reduced proliferation, migration, and cell networking 
capacities while inhibiting its expression was able to restore normal EC 
proliferation and angiogenesis even in the presence of high glucose/
low growth factor conditions (a model of ischemia-induced tissue 
starvation in the context of diabetes) [120]. 

Interestingly, few studies have suggested certain miRNAs in the 
miR-17-92 cluster to have anti-angiogenic activity. Bonauer et al. [121] 
showed that miR-92a in ECs suppressed angiogenesis both in vitro and 
in vivo. Forced expression of miR-92a inhibited angiogenesis in ECs 
by targeting ITGa5 while administration of anatgomiR-92a prevented 
neovascularization in mouse hindlimb ischemia model and reduced 
tissue injury in myocardial infarction. Furthermore, over-expression 
of miR-17, miR-18a, miR-19a and miR-20a was found to inhibit 
endothelial sprouting in vivo [122]. These intriguing findings warrant 
further analysis to ascertain the role of individual miRNAs in this 
cluster with respect to angiogenesis. 

Senescence-associated miRNAs: Obesity creates a chronic 
inflammatory state in the vascular wall which induces activation 
of the NF-KB pathway and production of pro-inflammatory 
cytokines. Prolonged exposure of the vasculature to such oxidative 
stress accelerates the development of endothelial senescence, a 
significant contributor of endothelial dysfunction. Similarly, chronic 
hyperglycemia has been postulated to accelerate vascular cellular 
senescence which has a crucial causative role in the development and 
progression of diabetic complications. Several miRNAs involved in 
endothelial senescence include miR-217, miR-34a, miR-146 and miR-
200c. miR-217, expressed in young HUVECs, human aortic endothelial 
cells and human coronary artery endothelial cells, promote endothelial 
senescence by suppressing the expression of silent information 
regulator 1 (SIRT1) [123]. SIRT1 is a NAD+-dependent deacetylase 
that prevents stress-induced senescence and mediates angiogenesis 
through deacetylation of the fork head transcription factor 1 (FOXO1) 
[123]. The other miRNA, miR-34a is expressed in primary ECs and 
its expression level increases upon cell senescence. miR-34a shares a 
similar function with miR-217 as a negative regulator of SIRT1 [124]. 
Independent studies showed that over-expression of mIR-217 and 
miR-34a in young ECs reduced SIRT1 expression and remarkably 
induced premature cell senescence [125]. A more recent study by Vasa-
Nicotera et al. [126] showed that miR-146a affects cellular senescence 
by inhibiting the expression of NOX4, the main isoform of the NADPH 
complex that catalyzes the reduction of molecular oxygen to ROS in the 
vessel wall. In addition to that, miR-200c was found to be up-regulated 
in response to ROS and this in turn induced endothelial cell apoptosis 
and senescence via ZEB1 inhibition [127]. On another note, non-obese 
rat model of T2D exhibited up-regulation of the miR-29 family in the 
insulin-responsive tissues; muscle, fat and liver [128]. Interestingly, 
over-expression of miR-29 in vitro in 3T3-L1 adipocytes is known to 
inhibit insulin and glucose responses. Hence, up-regulation of miR-29 
might suggest impairment in insulin responsiveness and importantly, 
miR-29 is also up-regulated during cellular senescence [129]. Thus, 
modulating the expression of these miRNAs might serve as a novel 
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therapeutic tool for delaying senescence in vascular disorders. 

Therapeutic Applications
Various studies have shown that miRNAs may function as either 

positive or negative regulators of endothelial dysfunction by modulating 
their mRNA targets (Table 1). Hence normalizing the expression of the 
dysregulated miRNAs may serve as a therapeutic approach in controlling 
the development and/or progression of endothelial dysfunctions. Over-
expressed miRNAs could be inhibited by introducing complementary 
anti-miRNA oligonucleotides (antagomiRs), while those miRNAs that 
are under-expressed could have their activity restored by synthetic 
miRNA mimics. The manipulation of miRNA expression comprises 
of two main approaches: miRNA inhibition therapy and miRNA 
replacement therapy. 

Systemic inhibition of a certain miRNA can be done by 
administration of antisense oligonucleotides harboring the full or 
partial complementary reverse sequence of a mature miRNA. Generally, 
these antisense oligonucleotides could target the endogenous mature 
miRNA sequence to reduce the levels of pathogenic or aberrantly 
expressed miRNAs. Hence, the effect of miRNA antagonists is to 
relieve suppression on the target genes in other words, to promote gene 
activation. These synthesized miRNA inhibitors are typically known as 
antagomiRs with chemical modifications such as 2'Ome or 2'-MOE-
2'F substitutions. The chemical modifications aid in enhancing cellular 
uptake as well as bioavailability in in vivo experiments and their activity 
has been shown to last up to 20 days [130]. An early study by Esau et 
al. [131] used 2’-MOE anti-miRNA oligonucleotides (AMO) to silence 
miR-122 in obese mice. Successful ablation of miR-122 resulted in 

reduced cholesterol content as well as decreased rates of hepatic fatty 
acid and cholesterol synthesis. Alternative approaches that have been 
proposed to block miRNA activity, at least in vitro, include miRNA 
sponges and microRNA erasers [132,133]. A miRNA sponge is typically 
an expression cassette containing a series of binding sites of the targeted 
miRNA that is included into the 3' UTR of a reporter gene [134]. Unlike 
the miRNA sponge that induces a modest reduction of the endogenous 
miRNA, miRNA eraser has the capacity of inducing a significant loss of 
the miRNA activity. This is because miRNA erasers encompass tandem 
repeat of perfect complementary sequence of the target miRNA such 
that they are suppressed to a greater extent than transcripts containing 
imperfectly complementary targets [134]. In addition to antagomiRs, 
antimiRs employing the locked nucleic acid (LNA) technology have 
also shown great efficiency in silencing the expression of miRNAs of 
interest. In fact, this technology has been tested in a clinical trial under 
the drug name Miravirsen (Santaris Pharma A/S, Denmark) which also 
targets miR-122 for the treatment of hepatitis C virus (ClinicalTrials.
gov identifier: NCT01200420). Miravirsen has just completed Phase 
II of the clinical trial and has thus far established safety, as well as its 
efficacy in inhibiting HCV disease progression.

Conversely, miRNA mimics can serve to enhance the expression 
levels of the naturally occurring miRNAs with salutary functions. While 
the miRNA inhibition methods are more commonly accepted and 
used, miRNA replacement therapy also presents an equally promising 
therapeutic approach. miRNA mimics contain the same sequence 
as the under-expressed endogenous miRNA with modifications for 
better stability and cellular uptake. These miRNA mimics are usually 
RNA duplexes with the ‘guide strand’ being identical to the target 

Endothelial cells microRNAs Target Related biological function
Inflammation miR-10a [89] MAP3K7, βTRC Pro-inflammatory response via NF-KB pathway

 miR-125b [93] Suv39h1 Induction of inflammatory genes 
 miR-126 [88] VCAM1 Cell adhesion and interactions

miR-132 [85] SIRT1 Macrophage infiltration
 miR-155 [82] Ets1 Cell migration and adhesion

miR-17 [77] ICAM1 Cell migration and adhesion
 miR-181b [91] KPNA4 Translocation of NF-KB

miR-200b/c [92] ZEB1 Pro-inflammatory response 
miR-221 [82, 110] Ets-1, eNOS, c-kit Cell proliferation and migration
miR-222 [82] [110] Ets-1, eNOS, c-kit Cell proliferation and migration

 miR-31 [77] SELE Cell adhesion
miR-429 [92] ZEB1 Pro-inflammatory response 

 miR-92a [90] KLF2 and KLF4 Cell adhesion
Angiogenesis let-7b [107] TIMP1 Cell proliferation and motility

 miR-17 [107] TIMP1 Cell proliferation and motility
 miR-18 [105] CTGF Cell proliferation and migration
 miR-19 [106] Tsp-1 Cell proliferation and migration
 miR-210 [108] EFNA3 Capillary network formation and cell migration
 miR-296 [109] HGS Cell proliferation and migration
 miR-126 [99] SPRED1, PIK3R2/p85β Cell proliferation and migration
 miR-130a [103] Runx3, GAX, HoxA5 Cell proliferation and migration
 miR-221/222 [82,110] SCF, c-Kit, eNOS Cell proliferation, cell migration and vascular permeability
 miR-320 [116] IGF-1 Cell proliferation and migration
 miR-503 [113, 120] Cell proliferation and migration
 miR-92a [121] ITGa5 Cell proliferation and migration, endothelial sprouting

Cell senescence miR-34a [125] SIRT1 Premature cell senescence, stress resistance
 miR-146a [126] NOX4 Cell proliferation
 miR-200c [92] ZEB1 Cell apoptosis
 miR-217 [123] SIRT1 Premature cell senescence, stress resistance

Table 1: List of microRNAs implicated in endothelial function and their potential targets.
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endogenous miRNA and a modified ‘passenger strand’ for better cellular 
uptake. In a study by McArthur et al. [135], miR-200b, which targets 
VEGF-A, was found to be down-regulated in the retinas of diabetic 
rats. Transfection of miR-200b mimics in HUVECs subjected to high 
glucose conditions was able to attenuate VEGF-A mediated vascular 
permeability and tube formation. Subsequent in vivo experiments also 
proved that intravitreal injection of miR-200b mimics resulted in local 
decreased VEGF-A expression and vascular permeability in diabetic 
mice. Alternatively, miRNA expression can be increased using the 
adeno-associated viruses (AAVs) which allows constitutive expression 
of the miRNA of interest. This technique is employed in a study by 
Kota et al. [136] which demonstrated AAV-mediated delivery of miR-
26a could significantly diminish tumorigenesis in a mouse model of 
liver cancer. Most recently, anti-oncogenic function of miR-34 has 
been tested in a clinical trial under the drug name MRX34 (Mirna 
Therapeutics, Inc., USA). MRX34 is a liposome-formulated mimic 
of the tumor suppressor miRNA, miR-34, which is under-expressed 
in most malignancies (ClinicalTrials.gov identifier: NCT01829971). 
Overall, the successful miRNA-based studies in vitro, in vivo as well 
as the promising preliminary results from the ongoing clinical trials, 
show that manipulation of miRNA expression/activity holds a huge 
potential as therapeutic approach in diseases. Soon, miRNAs that could 
reverse vascular dysfunction in the laboratory bench would prove to be 
beneficial in clinical trials. 

Conclusions
Endothelial dysfunction is a primary event in the progression of 

diabesity and often used as an early predictive marker of CVD. In 
addition, there is evidence that there exists a vicious cycle between 
obesity, hyperglycemia, insulin resistance and endothelial dysfunction. 
Insights into our understanding of the molecular mechanisms in 
endothelial dysfunction and the discovery of miRNAs implicated in 
these processes are useful in developing miRNA-based therapeutic 
strategy for vascular complications in diabesity. The revelation of 
miRNAs’ roles in several pathologies has revolutionized the otherwise 
traditional way that scientists have been working on. The rapid pace 
of miRNA research and vast development in technology has led to the 
invention of suitable methodologies for detecting aberrant miRNA 
expression in diseases and sophisticated techniques to manipulate 
miRNA expression which may be used as novel therapeutic tools in 
the future. Numerous studies have reported various miRNAs which 
showed deregulated expression during the manifestation of metabolic 
disorders prior to clinical cardiovascular diseases [137]. Among these, 
reduced expression of miR-126 in particular, could be detected years 
before the appearance of diabetes and symptoms of related vascular 
diseases. These findings not only feature miRNAs as good markers 
for early diagnosis of cardiovascular events but also prompted several 
clinicians and scientists to assess the predictive value of other miRNAs 
in diabesity-induced vascular dysfunction. Early identification of 
cardiovascular events in obese and diabetic individuals raises the 
possibility for pharmacotherapy to delay progression and prevent 
future vascular complications. In addition, several studies have also 
demonstrated different methods of modulating miRNA expression 
and activity to treat vascular complications in obese/diabetic study 
models. With capacity to control gene expression and regulate over 
various biological pathways, miRNAs are definitely intriguing targets 
for novel therapeutic interventions, distinct from that of the classical 
single-drug-target strategy. Moreover, the stable existence of miRNAs 
in circulation has made them even more easily accessible for detection 
and thus serves as an effective platform for prevention, early diagnosis as 

well as treatment. Nonetheless, such therapeutic approach necessitates 
a detailed understanding of the molecular mechanisms regulated by 
the miRNAs of interest in the specific pathological condition, before 
proceeding into clinical applications. 
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