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The recognition of the importance of diabetes in vascular disease has greatly increased lately. Common
risk factors for diabetes-related vascular disease include hyperglycemia, insulin resistance, dyslipidemia,
inflammation, hypercoagulability, hypertension, and atherosclerosis. All of these factors contribute to the
endothelial dysfunction which generates the diabetic complications, both macro and microvascular.
Knowledge of diabetes-related vascular complications and of associated mechanisms it is becoming
increasingly important for therapists. The discovery of microparticles (MPs) and their associated
microRNAs (miRNAs) have opened new perspectives capturing the attention of basic and clinical sci-
entists for their potential to become new therapeutic targets and clinical biomarkers. MPs known as
submicron vesicles generated from membranes of apoptotic or activated cells into circulation have the
ability to act as autocrine and paracrine effectors in cell-to-cell communication. They operate as bio-
logical vectors modulating the endothelial dysfunction, inflammation, coagulation, angiogenesis,
thrombosis, subsequently contributing to the progression of macro and microvascular complications in
diabetes. More recently, miRNAs have started to be actively investigated, leading to first exciting reports,
which suggest their significant role in vascular physiology and disease. The contribution of MPs and also
of their associated miRNAs to the development of vascular complications in diabetes was largely un-
explored and undiscussed.

In essence, with this review we bring light upon the understanding of impact diabetes has on vascular
biology, and the significant role of MPs and MPs associated miRNAs as novel mediators, potential bio-
markers and therapeutic targets in vascular complications in diabetes.

© 2016 Elsevier Inc. All rights reserved.

1. Diabetes as a major risk factor for vascular disease

The number of people with diabetes mellitus is alarmingly
increasing due to the growing prevalence of obesity, genetic sus-
ceptibility, urbanization, and aging [1]|. Epidemiological and
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pathological data show that diabetes is an independent risk factor
for cardiovascular disease (CVD) in both men and women [2-5].
CVD is increasing dramatically throughout the world being a
common cause of morbidity and mortality. This is a complex and
multifactorial disease and is usually related to a combination of
both macrovascular and microvascular dysfunction [6]. Also, the
complications of diabetes are divided into macrovascular (due to
damage to larger blood vessels) and microvascular (due to damage
to small blood vessels). Macrovascular complications are mainly
represented by atherosclerotic disease and its manifestations, such
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disease (CAD). Microvascular diseases are related to diabetes and
include retinopathy and nephropathy, the major causes of blind-
ness and renal insufficiency [1]. Diabetes also affects the heart
muscle, causing both systolic and diastolic heart failure.

1.1. Endothelial dysfunction a link between diabetes and vascular
disease

Normal function of endothelial cells is important for the ho-
meostasis of the vascular wall, while endothelial dysfunction is a
systemic pathological state of the endothelium, associated with
several pathophysiological conditions including diabetes, hyper-
tension, and atherosclerosis [7].

Endothelial dysfunction is one of the most important features in
type 2 diabetes that contributes to the increased cardiovascular risk
in this group of patients. Endothelial dysfunction refers to the
inability of the endothelium to regulate vascular homeostasis, and
the abnormalities in endothelial function are detected early in the
development of CVD, often before symptoms are clinically evident
[8].

Endothelial dysfunction in diabetes can be induced either by
one of or by the combination of the following: hyperglycemia, in-
sulin resistance, dyslipidemia, inflammation, and hypercoagula-
bility [9]. Fig. 1 outlines the common risk factors for vascular
disease in diabetes.

Endothelial dysfunction is a consequence of these factors and a

cause of vascular diseases and diabetes. Diabetes itself fosters
vascular complications.

1.2. Mechanisms for vascular disease in diabetes

1.2.1. Hyperglycemia - associated mechanisms

Macro- and microvascular diabetic complications are mainly
due to prolonged exposure to hyperglycemia, the hallmark of dia-
betes mellitus, clustering with other risk factors such as arterial
hypertension, dyslipidemia as well as genetic susceptibility [1].

Early dysglycemia caused by obesity-related insulin resistance
or impaired insulin secretion is responsible for functional and
structural alterations of the vessel wall culminating with diabetic
vascular complications.

The alterations in vascular homeostasis due to endothelial and
smooth muscle cell dysfunction are the main features of diabetic
vasculopathy favoring a pro-inflammatory/thrombotic state which
ultimately leads to atherothrombosis.

One of the mechanisms for vascular disease in diabetes is the
imbalance between nitric oxide (NO) bioavailability and accumu-
lation of reactive oxygen species (ROS) that lead to endothelial
dysfunction [10].

Hypergycemia-induced ROS overproduction, most notably
increased levels of 0y*7, is believed to be mediated by four main
pathways: protein kinase C (PKC) activation, activation of the
hexosamine and polyol pathways, and formation of advanced
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Fig. 1. Causes and consequences of endothelial dysfunction: diabetes and its vascular complications.
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glycation end-products (AGEs) [11,12].

Additionally, activation of the receptor for advanced glycation
end products (RAGE) on endothelial cells (ECs) influences ROS
production and leads to nuclear factor kappaB (NFkB) activation,
which induces atherogenic gene expression [13,14]. Collectively,
these mechanisms have been shown to increase the proton
gradient across the inner mitochondrial membrane, consequently
increasing Oy*~. Superoxide dismutase-enabled inhibition of
mitochondrial ROS is capable of inhibiting increases in all these
mechanisms [12].

1.2.2. Insulin resistance - associated mechanisms

Insulin resistance, another major symptom of diabetes, is char-
acterized by specific impairment in phosphoinositide 3-kinase
(PI3K)-dependent signaling pathways, whereas other insulin-
signaling branches, including Ras/mitogen-activated protein ki-
nase (MAPK)—dependent pathways, are unaffected [15,16,9]. Also,
insulin resistance inhibits eNOS phosphorylation by down-
regulating the PI3K/Akt pathway in the vascular endothelium,
decreasing NO production and thus its bioavailability [17]. In
addition, insulin resistance leads to increased secretion of vaso-
constrictor endothelin-1 (ET-1), a characteristic of endothelial
dysfunction [9]. Moreover, it has been shown that the association of
obesity in type 2 diabetic patients alters structure and function of
periumbilical adipose tissue arterioles by decreasing eNOS
expression and the levels of insulin receptor substrate 1 and 2, PI3K
and Akt in the insulin signaling pathway [18].

1.2.3. Dyslipidemia - associated mechanisms

Atherogenic dyslipidemia is a reliable predictor of cardiovas-
cular risk and its pharmacological modulation reduces vascular
events in subjects with type 2 diabetes and metabolic syndrome
[19-21]. Atherogenic dyslipidemia is characterized by 3 lipoprotein
abnormalities: elevated levels of both very-low-density lipopro-
teins (VLDL) and small and dense low-density lipoprotein (LDL)
particles, with low levels of high-density lipoprotein (HDL)
cholesterol [22].

In patients with diabetes, LDL particles can also become gly-
cated, have a lengthened half-life which therefore increases their
ability to promote atherogenesis [23].

Moreover, oxidized LDL is pro-atherogenic and produces several
abnormal biological responses, such as attracting leukocytes to the
intima of vessels, improving the ability of leukocytes to ingest lipids
and differentiate into foam cells, and stimulating the proliferation
of ECs, leukocytes, and smooth muscle cells. All of these are
important steps in the formation of atherosclerotic plaque [6]. It has
been found that the lipid composition in the coronary atheroscle-
rotic lesions of patients with diabetes mellitus is greater than in
patients without diabetes suggesting increased vulnerability in
such plaque with higher risk for rupture [24].

1.2.4. Inflammation — associated mechanisms

Diabetes is associated with a systemic inflammatory state that
impairs the endothelial function and contributes to atherosclerosis
[25]. Elevated levels of circulating inflammatory markers, including
C-reactive protein (CRP), tumor necrosis factor-alpha (TNF- a),
interleukin-6 (IL-6), and intercellular adhesion molecule 1 (ICAM-
1), are observed in patients with diabetes and obesity and are
believed to confer a pathological EC phenotype [26-28]. Further-
more, increased levels of inflammatory markers predict cardio-
vascular risk in diabetic patients [29] and also relate to the
incidence of new diabetes [30-33]. Currently, a diverse range of
harmful stimuli have been shown to contribute to vascular com-
plications in diabetes: pro-inflammatory cytokines (IL-1, -6, -18,
TNF-a, CRP), chemokines [monocyte chemoattractant protein-1

(MCP-1), fractalkine, regulated on activation, normal T cell
expressed and secreted (RANTES)], adhesion molecules [I[CAM-1,
vascular cell adhesion molecule-1 (VCAM1), E-selectin] and tran-
scription factors (e.g. NFkB) [34,35]. It has been shown that TNF-a
stimulates the expression of CRP which down-regulates eNOS and
increases the production of adhesion molecules and ET-1 [36,37].
Also, studies in cultured ECs and experimental animals support
links between activation of NFkB, development of an inflammatory
phenotype, insulin resistance, and impaired NO bioactivity [38,39].

1.2.5. Hypercoagulability - associated mechanisms

Diabetes is also related to a hypercoagulable state. Blood coag-
ulability is crucially important in ischemic cardiovascular events
because the majority of myocardial infarction (MI) and stroke
events are caused by the rupture of atherosclerotic plaque and the
resulting occlusion of a major artery by a blood clot (thrombus) [6].

Up to 80% of patients with diabetes die by a thrombotic disorder.
Seventy-five percent of these deaths are the result of an MI, and the
remainder is the result of cerebrovascular events and complications
related to PVD [40]. The first line of defense against a thrombotic
event is the vascular endothelium. The endothelium and the blood
components are intricately linked, such that clotting signals initi-
ated in the ECs can activate platelets and other blood components,
and vice versa [41]. Patients with diabetes exhibit enhanced acti-
vation, adhesion, and aggregation of platelets, increased numbers
of circulating platelet aggregates, and high levels of clotting factors
(including fibrinogen, factor VII, factor VIII, factor XI, factor XII,
kallikrein, and von Willebrand factor) and platelet activation
products (such as beta-thromboglobulin, platelet factor 4, and
thromboxane B,) [42,43,44]. Moreover, platelets in type 2 diabetes
mellitus adhere to vascular endothelium and aggregate more
readily than those in healthy people. The major defect in platelet
function is its loss of sensitivity to prostacyclin and NO released by
the vascular endothelium [45]. Coagulation activation markers,
such as prothrombin activation fragment 1 + 2 and thrombin—anti-
thrombin complexes, are also elevated in diabetes [6]. The levels of
tissue factor (TF), the key initiator of the coagulation cascade, are
elevated under diabetic conditions [46]. Conversely, anticoagulant
mechanisms are diminished in diabetes. The fibrinolytic system,
the primary means of removing clots, is relatively inhibited in
diabetes both as a consequence of previous formation of abnormal
clot structures that are more resistant to degradation, and also
because of the increased levels of plasminogen activator inhibitor
(PAI)-1 [47]. In addition, increased levels of tissue plasminogen
activator (t-PA) have been observed in patients with diabetes
[48,49]. Given that t-PA activates plasminogen and is thus
responsible for the fibrinolysis of fibrin clots, elevated t-PA levels
could have a beneficial effect. However, several studies have
demonstrated an association between elevated t-PA levels and
cardiovascular disease [50-52].

Consequently, the discovery and understanding of mechanisms
of endothelial dysfunction in diabetes may lead to new manage-
ment strategies for the prevention of cardiovascular disease in
diabetes. Thus, treating endothelial dysfunction is an important
step in preventing the vascular complications associated with all
forms of diabetes mellitus.

2. Microparticles as novel effectors of the pathogenesis of
vascular complications in diabetes

Microparticles (MPs) known as small vesicles (between 0.1 and
1 um in diameter) are distinguished from other groups of cell-
derived vesicles (such as exosomes and apoptotic bodies),
released into body fluids from various cell types including platelets,
endothelial cells, erythrocytes, monocytes, lymphocytes, and
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leucocytes upon apoptosis or activation. In their lifetime, the cells
subjected to different stimuli as physiological agonists, shear stress
or apoptotic stimulation, release MPs, but this phenomenon is
aggravated under pathological conditions such as inflammation or
other cellular stress, which enhance MP production. MPs were
shown to differ in composition between samples and between MP
size classes [53,54]. MPs contain biological materials selectively
assimilated from their parental cell, which includes bioactive lipids,
integrins, cytokines, enzymes, mRNA, micro-RNAs (miRNAs), and
transcription factors (e.g. peroxisome proliferator-activated recep-
tor gamma, PPARY) [55,56]. Packaging mechanisms for MPs have
not yet been completely identified and such studies are necessary
for the understanding of MPs' influences on their environment [56].

Differences in circulating levels of MPs, resulting from the active
balance between MP generation and clearance, have been detected
in the plasma of healthy subjects and patients with cardiovascular
disorders, providing important clinical information [57]. Elevated
levels of circulating MPs are associated with a number of cardio-
vascular and inflammatory pathologies (e.g. atherosclerosis, heart
failure, thrombosis, acute myocardial infarction, diabetes, hyper-
tension, and metabolic syndrome) making them useful biomarkers
for monitoring disease activity [58-62]. MPs' potential as bio-
markers has gained the interest for detection of MP subpopulations
in human plasma during the past two decades [63]. Considered as
remnants of parental cell injury, MP levels are easily measurable in
body fluids using different techniques such as protein concentra-
tion, ELISA assays, or flow cytometry associated with their pro-
coagulant activity [64-66]. Their identification relies on the pres-
ence of externalized phosphatidylserine and specific markers from
the parental cell membrane. In patients with diabetes mellitus it
was found that elevated circulating levels of various MPs predict
cardiovascular outcome [58,67—69].

Once MPs are released into the circulation, they can interact
with other blood cells they encounter, such as lymphocytes, leu-
kocytes, platelets, and with ECs in three specific modes: (1) surface
receptor signaling, (2) plasma membrane fusion, or (3) internali-
zation [70]. Membrane fusion or internalization of MPs provides
the MP internal composition transfer (such as lipids, miRNAs, and
protein) into the recipient cell cytoplasm that can reprogram these
cells [71,72,56]. Thus, MPs have a key role in intercellular
communication and represent a delivery mechanism for efficient
and effective transfer of biological information in target cells. They
act as biological vectors modulating coagulation, endothelial
dysfunction, inflammation, and angiogenesis, which are essential
in the development of diabetic vascular complications [73].

There is many experimental evidence which confirms these
complex functions of MPs. Original data has shown that MPs from
patients with type 2 diabetes increase the coagulation activity in
ECs, and have a key role in angiogenesis and skin wound healing
[68]. Ettelaie and collaborators have established that the TF-
containing MPs released from AGEs or glucose-treated renal
mesangial cells induce capillary formation in human dermal
microvascular ECs in vitro [74]. Moreover, analyses of MPs from
those patients compared with healthy controls, revealed elevated
numbers of TF-bearing MPs. These, correlated with parameters of
the metabolic syndrome, suggest a role for MPs in the genesis of the
prothrombotic profile in diabetes [69,75]. Additionally, MPs are
postulated to influence their environment by scavenging NO,
generating ROS, cleaving cellular surface proteins via metal-
loproteinases, signaling cells via surface proteins, and sometimes
exacerbating inflammation [76]. Also, impairing NO release by
circulating MPs could amplify the endothelial dysfunction in dia-
betes [77]. Interestingly, the elevated endothelial-derived micro-
particle (EMP) levels are predictive in identifying a subpopulation
of diabetic patients without typical anginal symptoms who have

angiographic evidence of CAD [78]. Moreover, another study has
suggested that EMPs could be used as a surrogate marker of un-
stable plaques and might help to improve cardiovascular prediction
in patients with type 2 diabetes at intermediate risk [79]. Besides
EMPs, endothelial progenitor cell (EPCs) - derived MPs (EPCs-MPs)
could be used as predictive biomarkers for ischemic stroke com-
plications in diabetes [80].

However, the potential mechanisms involved in the increased
MP release in diabetes remain unknown and there is no currently
available information regarding the effect of insulin or AGE-
proteins [77]. A study on obese leptin receptor deficient db/db
diabetic mice showed that increased EMPs and EPCs-MPs are
positively correlated with blood glucose concentration and infarct
volume after ischemic cerebral injury [80]. Also, elevated levels of
EMPs and platelet-derived-MPs (PMPs) have been correlated with
increased levels of oxidized LDL in plasma of type 2 diabetic pa-
tients, suggesting that oxidized LDL contributes to endothelial
membrane vesiculation [81]. Moreover, high levels of remnant li-
poproteins in type 2 diabetic patients were associated with high
plasma PMPs, suggesting that reducing elevated lipoproteins with
lipid-lowering therapy may be an effective strategy to prevent MPs
related-thrombogenic vascular complications in type 2 diabetes
[77].

Subsequently, MPs are involved in the progression of macro and
microvascular complications in diabetes, and the differential risk of
MPs on macroangiopathy (cerebrovascular disease, coronary artery
disease, peripheral artery disease) and microangiopathy (retinop-
athy, nephropathy, peripheral neuropathy) in patients with dia-
betes has been evaluated in several scientific studies.

Fig. 2 indicates the pathological role of MPs in the development
of vascular complications in diabetes.

2.1. MPs and macro and microvascular complications in diabetes

2.1.1. MPs and macrovascular complications

In type 2 diabetic patients with macrovascular complications
including coronary, peripheral and cerebrovascular disease, the
increased levels of circulating MPs were reported, such as PMPs
[82], CD31%*/annexin V* EMPs [69,83,84], CD31%/CD42b~ EMPs
[84], and CD144" EMPs [85,79]. An in vivo study also demonstrated
that the levels of circulating EMPs and EPCs-MPs are increased in
diabetic animal models with ischemic stroke [80]. Moreover, MPs
isolated from db/db diabetic mice could induce the impairment of
EPC function in vitro and reduce the vascular reparative ability of
EPCs ex vivo.

Notably, it has been demonstrated that EMP (CD31%/CD42b™,
CD31"/annexinV") levels are higher in patients with macro-
angiopathy than in patients with microangiopathy and no com-
plications [84]. Thus, the EMP quantification could differentiate the
risk of diabetic vascular complications. The authors of this study
concluded that, the EMP levels could be independently associated
with macroangiopathy in diabetic patients [84]. Moreover, EMPs
have been identified as an independent predictor of cardiovascular
events in patients with stable CAD and may be useful for risk
stratification [69]. Bernard and collaborators reported an associa-
tion between circulating CD144" EMPs and unstable coronary
plaques in type 2 diabetic patients [79]. In addition, Koga and col-
laborators showed that elevated levels of CD144" EMPs are pre-
dictive for the presence of coronary artery lesions [85]. Compared
with traditional cardiovascular biomarkers, EMPs are the most
significant independent risk factor, relative to lipid levels, CRP,
duration of diabetes, and the occurrence of hypertension, especially
in diabetic patients without typical angina symptoms [85]. Another
study compared MPs' diagnostic value with traditional cardiovas-
cular biomarkers and concluded that PMPs are more closely
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Fig. 2. Complex functions of MPs in diabetes: enhanced levels of MPs contribute to development of micro and macrovascular complications.

correlated with metabolic syndrome than CRP [86]. Curtis and
collaborators showed that the ratio of MPs to EPCs is more infor-
mative than many standard individual biomarkers commonly used
to stratify individuals at heightened cardiovascular risk [87]. The
in vitro experiments demonstrated that MPs are capable of con-
verting pentameric CRP into pro-inflammatory monomeric CRP
[88]. MPs containing CRP monomers are able to bind to the surface
of ECs and generate pro-inflammatory signals in vitro, suggesting a
potential role of MPs in transport and delivery of pro-inflammatory
CRP monomers in vascular disease [88].

Therefore, elevated levels of circulating MPs may be an indicator
and a useful risk stratification tool for diabetic macrovascular
complications. Moreover, circulating MPs may be potential patho-
genic factors that impair ECs and increase atherosclerotic plaque
instability [89].

2.1.2. MPs and microvascular complications

In both type 1 and 2 diabetes, the microvascular complications
including retinopathy, nephropathy, peripheral neuropathy, have been
associated with increased levels of circulating MPs.

Accordingly, the levels of PMPs and monocyte-derived MPs have
been shown to correlate with the presence of diabetic complica-
tions, gradually increasing with the progression of diabetic reti-
nopathy, from the non-proliferative stage to the proliferative stage,
and are significantly higher in diabetic retinopathy with areas of
capillary occlusion than in patients without areas of capillary oc-
clusion [90,91]. The levels of monocyte-derived MPs have been
positively correlated with PMPs, activated platelets, and adhesion
molecules in diabetic patients, and consequently they have been
proposed as a prognostic factor for diabetic retinopathy

progression [91]. Also, it has been found that the high levels of
PMPs stimulate the coagulation cascade and increase the adhesion
of leukocyte and ECs [90]. In contrast, another study reported that
MPs from diabetic retinopathy cohorts are less pro-coagulant than
those from type 2 diabetic patients with CAD and diabetic foot
ulcers [68]. Another study has identified MPs of endothelial,
platelet, photoreceptor, and microglial origin in vitreous samples
from diabetic patients, and showed that EMPs are the most abun-
dant MP subpopulation [92]. Also, this study indicates that vitreous
MPs stimulate the endothelial proliferation in vitro and new vessel
formation in a matrigel plug model in vivo, which suggests that
vitreous MPs may contribute to the progression of diabetic reti-
nopathy. Moreover, proliferative diabetic retinopathy is associated
with a specific increase in local shedding of EMPs originating from
new vessels [92]. Also, the abnormal expression of miRNA in MPs
has been associated with neoangiogenesis [93]. Thus, the under-
lying role of circulating MPs in diabetic retinopathy pathogenesis
may be based on their ability to convey angiogenic and inflam-
matory signals.

In addition, high levels of MPs have been detected in the renal
biopsy tissue obtained from patients with various renal diseases,
including diabetic nephropathy [94]. A few studies have found
increased levels of monocyte-derived MPs [95,96], EMPs [81], and
PMPs [97-99] in patients with diabetic nephropathy and suggested
that they may serve as biomarkers for nephropathy progression in
type 2 diabetes [95,96,81]. Moreover, several studies have reported
that circulating PMPs [97-99], monocyte-derived MPs [95,96],
EMPs [81], and MPs derived from renal mesangial cells [74] may act
as mediators and influence the glomerular endothelial function by
stimulating the release of cytokines and the expression of various
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adhesion molecules by ECs, inducing the morphological changes
that lead to angiogenesis induction in microvascular ECs.

Furthermore, it was found that type 2 diabetic patients with
neuropathy have increased plasma concentrations of monocyte-
derived MP [95], while type 1 diabetic patients suffering from
one or more microvascular complications, including neuropathy,
display higher levels of EMPs, compared to those without diabetic
complications [100]. Therefore, elevated levels of circulating MPs
may play a pathological role in the progression of microvascular
complications in type 2 diabetes, by stimulating coagulation,
endothelial inflammation and dysfunction, as well as angiogenesis
[89].

Accordingly, MPs may become novel therapeutic targets or
biomarkers used to monitor the progression of macro, microvas-
cular complications, and also the therapeutic response to their
treatments.

3. Microparticle associated microRNAs as modulators in the
vascular complications in diabetes

MicroRNAs (miRNAs) are a newly identified class of small non-
coding RNAs (21—24 nt) which can be released by cells and taken
up by vascular cells, modulating their cellular biology.

MiRNAs may exit in two ways: (1) by passive leakage from
necrotic or apoptotic cells [101]; (2) by active secretion from living
cells within microvesicles (that are exosomes, microparticles, and
apoptotic bodies) or in RNA-lipid/protein complexes [102].

The extracellular miRNAs could be degraded by ribonuclease
[103], but encapsulation into microvesicles or complexing with
transporting proteins (Ago2)protect them from degradation and
hence make them stable in blood circulation [104,105].

There are studies revealing that miRNAs serve as messengers
between cells [106-108] and are key players in the pathogenesis of
hyperglycemia-induced vascular damage [109,110]. These small
non-coding RNAs orchestrate the different aspects of diabetic
vascular disease by regulating gene expression at the post-
transcriptional level. In patients with type 2 diabetes, microarray
studies have described an altered profile of miRNAs expression
playing a role in angiogenesis, vascular repair, and endothelial
homeostasis [111-113]. Circulating miRNAs may thus have the po-
tential to reflect endothelial function or provide non-invasive in-
sights into plaque vulnerability. However, less is known about the
use of circulating miRNAs as biomarkers to detect early stages of
atherosclerosis or atherosclerotic plaque characteristics [63].

The presence of miRNAs in MPs has led to the intriguing idea
that circulating miRNAs could play a role in cell-to-cell communi-
cation. Currently, this is an intense area of investigation, and there
are studies revealing that miRNAs may indeed function as media-
tors of cell-to-cell communication linking disparate cell types,
diverse biological mechanisms, and homeostatic pathways
[108,107,114]. Furthermore, some miRNAs have been found to be
selectively accumulated inside the released MPs suggesting an
organized package of miRNAs derived from their parental cells.

Thus, with the development of epigenetics, MPs have been
drawing increasing attention. It has been shown that miRNAs from
MPs are transferred and accumulated into recipient cells, where
they may downregulate specific targets [115]. Also, the miRNA
profiles of MPs differ significantly between patients with stable and
unstable CAD and between stimulated and non-stimulated
cultured cells in vitro [116].

Currently, only one miRNA, microRNA-126 (miR-126), present in
MPs has been reported to be involved in diabetes [111]. Recently, it has
been shown that EMPs released from apoptotic ECs promote
vascular endothelial cell repair by transferring functional miR-126
to target ECs [117]. In pathological hyperglycemic conditions,

EMPs show reduced regenerative capacity, suggesting that hyper-
glycemia not only directly harms the endothelium, but also indi-
rectly promotes vascular damage by altering endogenous vascular
regeneration mechanisms. The explanation for this phenomenon is
that, in diabetic conditions, the amount of miR-126 in EMPs is
significantly lower, and the capacity of endothelial repair is reduced
under in vivo and in vitro approaches. Moreover, the analysis of
miR-126 expression in circulating MPs from patients with stable
coronary artery disease with and without diabetes mellitus has
exposed a diminished miR-126 expression in MPs from diabetic
patients [ 117]. The endothelial cell—derived miR-126 found in EMPs
has been most consistently associated with diabetes mellitus,
which is interesting because miR-126 has also been one of the
identified downregulated miRNAs in atherosclerotic CAD [118,119].
In addition, it has been shown that miR-126 plays an important role
in maintaining endothelial cell homeostasis and vascular integrity
by facilitating the vascular endothelial growth factor signaling,
regulating the sprouty-related protein (SPRED1) and
phosphoinositol-3 kinase regulatory subunit 2 (PIK3R2/p85-()
[120,121]. Besides, there is evidence suggesting that reduced miR-
126 expression is partially responsible for the impaired vascular
repair capacity in diabetes [122,123]. Moreover, a reduction in the
miR-126 expression, as well as in the expression of miR-15a and
miR-223, was proven to be already present many years before
clinical manifestation of diabetes, which therefore suggests these
miRNAs may become useful for risk prediction [124,125]. The role
of other miRNAs in the endothelial dysfunction related to diabetes
and in atherosclerotic plaque development has been discussed in
detail in recent reviews [109,110,125-127].

These results demonstrate that MPs can deliver miRNAs into
recipient cells, where the exogenous miRNAs can regulate target
gene expression and the functions of recipient cells. Instead of one
single type of message, MPs may manage to deliver multiple
messengers, including mRNA, specific subsets of the transcripts,
miRNAs, and proteins, all at one time. MPs may regulate the
expression of functionally related genes and the activity of complex
hierarchical signaling and metabolic pathways between neigh-
boring cells in a concerted and coordinated fashion [89].

3.1. Microparticle associated microRNAs as diagnostic biomarkers
and therapeutic strategies

Because of their high stability in the circulation, the ease by
which miRNAs can be detected in a quantitative manner by com-
mon methods (such as real-time PCR and microarrays), the repro-
ducibility of the results along with the consistency among
individuals of same species, miRNAs are gaining a lot of interest as
diagnostic biomarkers of several chronic diseases such as diabetes
and cardiovascular diseases [128,125,124]. An ideal biomarker ful-
fills a number of criteria, such as: accessibility through noninvasive
methods; a high degree of specificity and sensitivity; the ability to
differentiate pathologies, allowing early detection; sensitivity to
relevant changes in the disease; long half-life within the sample;
and the capability for rapid and accurate detection. Circulating
miRNAs are able to fulfill a number of these criteria [129]. There is
increasing evidence for the potential use of specific EMP-associated
miRNA in body fluids or particularly in peripheral blood as bio-
markers to predict metabolic diseases [130].

The disregulation of miRNA function has been linked to dia-
betes, although it is not yet fully certain whether this is a cause or
effect of this pathology. If miRNAs, by modifying their expression,
are indeed active in the pathogenesis of diabetes and its related
complications, in the restoration of normal function, they may be a
therapeutic target for managing this disease. Chemically modified
siRNA-like oligonucleotides have been used to decrease the miRNA
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expression (antagomirs) in vivo [131,132]. However, due to the hy-
pothetical transient nature of their effects, it is likely that frequent
doses may be required to sustain benefit. Given the chronic nature
of diabetes, this would require the need for repeated injections,
with not negligible associated costs. Adeno-associated virus (AAV)
vectors containing miRNA mimics have been found to promote
miRNA expression in vivo [133]. However, for their short transgene
expression, adenovirus may not be the best approach to treat dia-
betes and its chronic complications in the clinical arena. Another
therapeutic strategy involves ‘miRNA sponges’. These artificial
miRNA decoys bind native miRNA to create a loss of function of a
particular miRNA. These sponges contain multiple binding sites
directed against a particular miRNA or against a miRNA seed
sequence family [134]. The use of miRNA sponges in an AAV vector
delivery system may be a potential novel strategy for miRNA
therapeutics. While the first reports on miRNA therapeutics are
encouraging, the fact that a typical miRNA targets several genes
suggests that clinical intervention may be very complex. Moreover,
the functional delivery of miRNAs to distant cells also may make
MPs ideal candidates as vehicles for such therapies.

4. Future directions and conclusions

Although the field of vascular complications in diabetes research
has advanced considerably in the past years, this research area is
still fraught with a number of challenges. Many of the challenges
are to find out the mechanisms linking between diabetes and car-
diovascular disease, new mediators and biomarkers to generate
new management strategies for prevention and therapy.

There is now accumulating evidence on the multiple faces of
MPs as conveyors of cell information with major role in inflam-
mation, thrombosis and angiogenesis. They can exert functional
effects on target cells through a number of currently known
mechanisms. In addition, miRNA content within MPs elicited many
questions concerning their pathological effects and whether they
are friends or foes. The miRNAs transferred by MPs also play an
important role in the regulation of biological processes involved in
the vascular complications in diabetes.

These putative abilities of MPs may give scientists ideas to
develop new research strategies to demonstrate and consolidate
their clinical relevance. In the near future, MPs may serve as clinical
diagnostic biomarkers and delivery vehicles for new therapy in the
vascular complications in diabetes and other pathological states.
Thus, MPs can become pharmacological targets to prevent and treat
diabetes-related vascular complications. Therapeutic agents could
be developed from naturally released or artificial MPs obtained by
engineering their specific components from their original cells,
such as under-expressed or over-expressed miRNAs (depending on
their expression in a certain pathological state). It is currently
hoped that addressing MPs as targets for diagnostic and therapy in
diabetes will favorably modify the risk for vascular complications
and survival.

In conclusion, a better understanding of the regulatory role of
MPs and their associated miRNAs in the pathogenesis of vascular
complications in diabetes may unveil new avenues and targets for
therapeutic control.

This review will undoubtedly uncover new research directions
and provide novel insights into the world of MPs with a role in both
the intracellular communication and the modulation of vascular
disorders in diabetes.
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