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Abstract: Extracellular vesicles (EVs) represent a heterogeneous population of small vesicles,
consisting of a phospholipidic bilayer surrounding a soluble interior cargo. Almost all cell types
release EVs, thus they are naturally present in all body fluids. Among the several potential
applications, EVs could be used as drug delivery vehicles in disease treatment, in immune therapy
because of their immunomodulatory properties and in regenerative medicine. In addition to general
markers, EVs are characterized by the presence of specific biomarkers (proteins and miRNAs) that
allow the identification of their cell or tissue origin. For these features, they represent a potential
powerful diagnostic tool to monitor state and progression of specific diseases. A large body of studies
supports the idea that endothelial derived (EMPs) together with platelet-derived microparticles
(PMPs) are deeply involved in the pathogenesis of diseases characterized by micro- and macrovascular
damages, including diabetes. Existing literature suggests that the detection of circulating EMPs and
PMPs and their specific miRNA profile may represent a very useful non-invasive signature to achieve
information on the onset of peculiar disease manifestations. In this review, we discuss the possible
utility of EVs in the early diagnosis of diabetes-associated microvascular complications, specifically
related to kidney.

Keywords: extracellular vesicles (EVs); endothelial-derived microparticles; platelet-derived microparticles;
non-invasive biomarkers; miRNAs signature; diabetes associated complications; micro- and macrovascular
damage; diabetic nephropathy

1. Introduction

In the complex scenario of a cell’s life cycle, scanned by differentiation, expansion, carrying out
functions and programmed cell death, an incredible amount of stimuli continuously leads to
the release of EVs. Physiological conditions, such as shear stress [1], cellular activation [2] or
apoptosis [3] normally induce microvesiculation. In pathological conditions, as well as oncogenic
transformation [4-6], inflammation [7-9] or other strong cellular stresses, this process is dramatically
enhanced, with an increase in EVs production [10]. Vesicles release represents a highly conserved
process in prokaryotes and eukaryotes suggesting the extent of a dynamic extracellular communication
network, deeply involved in organ and tissue regulation [11]. This mechanism of cell-to-cell
communication represents a necessary condition for proper coordination, both during development
and among different cell types within adult tissues [12]. EVs are structures consisting of fluid
surrounded by a phospholipidic bilayer, originated by mother cell membranes and contain a large
variety of lipids and proteins. Membrane glycoproteins, distinctive of the parental cells, allow a fine
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identification of their origin (vide infra). In addition, EVs contain a soluble interior cargo composed
by proteins and genetic material (InNRNAs and micro RNAs (miRNAs)) [13]. During EVs generation,
specific proteins may be included or excluded from the cell membrane, thus surface protein expression
can be not identical to their parental cells. EVs were initially precipitated from platelet-free plasma
(reviewed in [12]) although for many years they were considered inert cellular debris.

EVs are nowadays recognized as a heterogeneous population of circulating small vesicles
originating from almost all cell types: endothelial cells (EC), monocytes, lymphocytes, platelets,
leukocytes and erythrocytes, but also neurons, cancer and stem cells [14]. Furthermore, they are
naturally present in body fluids including blood, saliva, urine, seminal fluid, nasal secretions, tears,
synovial fluid, vitreous humor, cerebrospinal fluid and breast milk [14].

EVs have being largely studied for their therapeutic potential, since a system based on exosomes
and microvesicles may represent a very potent tool for drug delivery, which even improves
drug solubility and allows the passage across physiological barriers such as blood-brain barrier
(BBB) [11,15,16]. Interestingly, in vitro experiments recently demonstrated EVs efficacy in reducing
glioblastoma cell proliferation and induction of tumor cell apoptosis [17]. Moreover EVs, loaded with
anti-blastic drugs, exerted an enhanced anti-tumor activity in vitro [17].

Besides their usage as drug delivery vehicles, EVs already revealed their potential application
in immune therapy [18] because of their immuno-activatory or immuno-inhibitory properties. It is
well known that they are responsible for the immunomodulatory effects of their mesenchymal stem
cell (MSC) progenitors [19,20] by acting through paracrine mechanisms. Infected macrophages are
able to secrete EVs containing pro-inflammatory pathogen-derived molecules [21]. Furthermore,
mycoplasma-infected cultured cells release pro-inflammatory exosomes stimulating B- and
T-lymphocytes [22]. EVs are also able to directly present antigens and contain MHC-peptide complexes
for the initiation of immune responses by antigen-presenting cells (APCs) [23]. Exosomes produced
by tumor-derived membranes may exert both an immuno-stimulatory effect, by transferring tumor
antigens to dendritic cells (DCs) [4] and an immuno-inhibitory response, inducing T cell apoptosis
in vitro [24-26]. Furthermore, safety and efficacy of the novel anti-tumor vaccine, i.e., x-type 1
polarized DCs («DC1) loaded with synthetic peptides specific for glioma-associated antigen (GAA)
epitopes, were demonstrated in a phase I/II vaccination trial [27]. Finally, several interesting pieces
of evidence [28-30] ascribed the regenerative properties of MSCs to their EVs paracrine signals.
These paracrine factors can influence both stem cell niches and tissue response on adjacent parenchymal
and stromal cells, by enhancing cell survival, self-renewal and activating endogenous mechanisms for
repair and regeneration (reviewed in [12]). As regards EVs disadvantages, their massive release by
cancer cells contribute to extracellular matrix degradation, thus to invasive growth and angiogenesis,
contributing to metastasis and horizontal propagation of oncogenes. Furthermore, EVs can lead
cancer cells to escape from immune surveillance (vide supra) by exposing Fas ligand, the ligand for
the death receptor Fas, promoting T cell apoptosis and inhibiting T cell adaptive immune responses
(reviewed in [12]). In recent years, the scientific community has been focusing into the diagnostic
and prognostic potential of EVs since they can provide a non-invasive and continuous signature to
predict disease onset and monitor its progression [31]. In this review, we therefore discuss the possible
utility of EVs and their associated miRNAs for the early diagnosis of diabetes mellitus (DM)-associated
microvascular complications, with focus on renal damages.

2. An Overview on Microvesicles Biology

EVs classification is based on their different sizes and biogenesis. “Microparticles” (MPs),
also known as microvesicles or ectosomes, originate from the outward budding of the plasma
membrane, “exosomes” are formed by fusion between endocytic vesicles and the plasma membrane
and “apoptotic bodies” are generated by apoptotic cells [13] (Figure 1). These latter can be more
abundant than exosomes or MPs under specific conditions and can vary in content among different
biofluids [32]. The size of EVs depends, at least in part, by their origin; a lipid bilayer has a thickness
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of 5 nm, so that the smallest MP size is around 30 nm and the largest is around 1 pum. Endosomes,
whose size ranges 200-500 nm, allow release of exosomes having a 30-100 nm diameter (Figure 1).
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Figure 1. EVs mechanism of intercellular communication. Depending on the physical and chemical
properties of the cell compartments of biogenesis, EVs show different dimensions.

Among the general markers, most exosomes express proteins such as tetraspannins (CD9, CD63
and CD81), Alix, flotillin, TSG101 and Rab5b [33,34]. The enrichment in cholesterol, ceramide,
sphingolipids and raft-associated phosphoglycerides, provides an additional tracking opportunity
for exosomes characterization [35]. Cell activation and apoptosis, accompanied by an increase in
cytosolic calcium, alter the normal distribution of phospholipids in the plasma membrane, due to
inhibition of flippase activity, with a consequent increased phosphatidyl serine (PS) exposure on
the outer leaflet of the membrane. PS externalization allows MVs identification, while specific protein
markers additionally define the cell origin [36]. Blood cells and erythrocyte-derived MPs are identified
by the presence of CD235a on their membrane [37,38]; CD4 and CDS8 label lymphocytes-derived
MPs [39-42]; PMPs are revealed by CD41 and CD42 [41,43,44]; and CD144 and CD146 are specific for
EC [45].

EVs shedding is highly influenced by intracellular elements such as calcium, that affects membrane
phospholipid distribution through specific enzymes, i.e., flippase, floppase and scramblase. Calcium
ions also intervene in cytoskeleton reorganization (reviewed in [12]).

Interactions between microvesicles and recipient cells can occur throughout different mechanisms
(Figure 2) such as ligand-receptor binding, direct fusion with plasma membranes or uptake by recipient
cells [19]. MVs uptake can occur via endocytic pathways such as phagocytosis, micropinocytosis,
lipid-raft mediated internalization, clathrin-dependent or independent endocytosis [19]. Interaction
between specific ligands on microvesicles surface and receptors on target cells leads to the activation of
intracellular signaling pathways. Nevertheless, many EVs, once released from a cellular element, may
rapidly break down, thus releasing extracellularly their content. EVs represent a novel mechanism
through which cells exchange genetic information since nucleic acids are protected within their
membranes from plasma ribonucleases (reviewed in [12]). Remarkably, EVs are able to induce
epigenetic changes of neighboring cells by horizontal transfer of RNA.
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Figure 2. EVs mechanisms of intercellular communication without direct cell-to-cell contact.

3. EVs Diagnostic Potential

The study of EVs is opening new horizons for their potential application not only as therapeutic
tools but also as clinical biomarkers for monitoring disease progression (vide supra) [10,13]. Even if
most clinical data derive from studies of tumor patients, increased levels of EVs have been detected
in body fluids in a variety of cardiovascular and inflammatory pathologies, obesity, atherosclerosis,
diabetes and metabolic syndrome (vide infra), as well as in infectious and neurodegenerative diseases
including Alzheimer’s, Parkinson’s diseases and multiple sclerosis [46-50]. Furthermore, in recent
years, special attention was focused on miRNAs, a group of small, single-stranded, non-coding RNAs,
deeply involved in the regulation of gene expression by post-transcriptional interference with
complementary mRNAs [51]. EV-associated specific miRNA profiles were found putatively correlated
with peculiar pathological conditions when assayed in biological fluids such as plasma, sera and
urine [52,53]. Indeed, circulatory cell-free miRNAs are easily detectable and very stable due to
the protection from RNase degradation, being embedded in exosomes, microvesicles or apoptotic
bodies [54] or through formation of protein-miR complexes with Argonaute 2 (Ago2) or high-density
lipoprotein (HDL)-associated proteins [55,56].

EVs Quantification Issues

EVs isolation from cell culture supernatants and from body fluids [57] has been essentially
performed by differential steps of centrifugation, aimed to recover sequentially pelleted smaller
particles [57,58]. Nevertheless, to date, EVs quantification from liquid biopsies represents an open
challenge that requires a reliable standardization. Due to their small size, the conventional methods
used for cell quantification cannot be applied to EVs. The most utilized methods for the analysis
of EV quantity, size and features are represented by transmission electron microscopy (TEM),
flow cytometry (FACS), nanoparticle-tracking analysis (NTA), and Tunable Resistive Pulse Sensing
technology (TRPS). Total protein content, varying among different EVs subtypes, cannot be considered
an accurate method because of a possible contamination by high molecular weight proteins [32].

Every single measurement method is based on different physical principles leading, therefore,
to the determination of different radius values [13]. Electron microscopy uses electrons to generate
an image with a resolution down to the nanometer, and allows evaluating structure and morphology
of cell-secreted vesicles [13]. TEM technique requires fixation, dehydration and staining of biological
samples before imaging; these treatments may dramatically damage the vesicles and affect their
size and morphology. Flow cytometry is a valid method to study EVs both in physiological and in
pathological conditions, but its sensitivity is often insufficient to visualize smallest EVs [59]. NTA is
another technique that measures size distribution of EVs within a 50-1000 nm range. This tool allows
the direct visualization of scattering particles irradiated by a laser beam: the hydrodynamic radius of
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every single particle is calculated by the analysis of its Brownian motion [13,60], with the advantage of
a lower detection limit compared to flow cytometry, both in plasma and in supernatants of cultured
cells [61,62]. TRPS principle relies on ionic flow disruption at the time particles pass through a single
nanopore separating two fluidic cell compartments [32].

The establishment of a set of EVs markers, indicative of their cell or tissue origin, could be
useful for the quantification of specific vesicle subsets in biological samples and their potential disease
correlation [12]. This issue has been especially unraveled for EMPs and PMPs.

4. Relevance of EMPs and PMPs

Endothelium is a thin layer of flat epithelial cells that limits serous cavities, lymph and blood
vessels, and acts as a selective barrier in the continuous exchange of molecules between blood
and tissues [63,64]. The endothelium of some tissues and organs, such as kidney or liver, is
characterized by discontinuities or fenestrations between cells, large enough to allow the passage of
large molecules or proteins. In other organs, EC are joined together by different types of adhesive
cell-to-cell junctions, formed by transmembrane molecules linked to cytoskeletal or cytoplasmic
proteins that selectively allow passage of water, macromolecules and even blood cells [65]. Vascular
EC are largely involved in the regulation of normal vascular tone and permeability, homeostasis
maintenance, coagulation/fibrinolysis balance, composition of subendothelial matrix, leukocytic
diapedesis and thrombogenesis prevention [66]. EC are able to exert their multiple functions by
releasing several regulatory mediators (nitric oxide, prostanoids, endothelin, angiotensin II, tissue-type
plasminogen activator (t-PA), and plasminogen activator inhibitor-1 (PAI-1)), adhesion molecules
and cytokines [45]. A pathological event such as dyslipidemia, hyperglycemia or inflammation
occurring in several conditions (vide supra) may modify natural endothelial properties inducing
cell activation thus endothelial dysfunction [66]. Dysfunctional EC release vasoactive substances,
EMPs and chemotactic factors altogether contribute to the initiation of inflammatory response and
to eventual atherogenic development [67-70]. Besides activated EC, apoptotic EC may also release
EMPs having a different surface immunophenotype [71-73]. In detail, activated cell-derived MPs
express a high amount of CD62E, while apoptotic EMPs are mainly CD31+ [74,75]. An elevated ratio
of CD31+/Annexin V+ EMPs to CD62E+ EMPs reflects an impaired immune phenotype of EMPs and
allows to diagnose through a specific pattern of EMPs the origin and degree of endothelial dysfunction
in dysmetabolic disorders [66,76].

High plasma levels of EMPs have been found in patients with hypertension [77],
hypertriglyceridemia, acute coronary artery disease (CAD) [78], peripheral vascular disease [79]
and DM [80]. Endothelial dysfunction cannot be considered a clear hallmark of the diabetic state, rather
a key factor in the pathogenesis of athero-thrombogenic complications, retinopathy, nephropathy;
atherosclerosis [9,81], and micro- and macroangiopathy. In several studies, CD144 (VE cadherin)
positive MPs have been identified as specific EC particles, the increase of circulating CD144 EMPs
represents a very specific marker of EC dysfunction, and could be useful to identify DM patients
with risk of CAD [9]. In a recent study, Fan et al. (2016) [82] pointed out that EMPs are involved in
the activation of platelet vesiculation.

PMPs together with EMPs have also been widely investigated for their involvement in
inflammation; coagulation; diseases characterized by the impairment of vascular function,
such as atherosclerosis, diabetes, and hypertension; and in connective tissue diseases [83,84].
Nomura et al. (2004) [85] observed that PMPs are able to promote interaction between EC and
monocytes in patients with Type 2 diabetes (T2D), therefore they were potentially implicated in
the onset of diabetes-associated complications. As assessed by Tsimerman et al. (2011) [86] EVs from
diabetic patients, especially from those with diabetic foot, show a high pro-coagulant activity. PMPs
were even found significantly elevated in pediatric Type 1 diabetes (T1D) patients, particularly in
association with early microvascular complications [83] (vide infra).
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5. EVs and EVs-Associated mRNAs Diagnostic Potential in Diabetes and Its Complications

DM is the most relevant metabolic disorder, affecting about 100 million persons worldwide,
with a strong trend to increase. Classically, DM is classified in Type 1 (T1D) and Type 2 (T2D).
T1D, also known as insulin-dependent DM, and representing 5-10% of cases, is an autoimmune
multifactorial disorder occurring in human leukocyte antigen (HLA) genetically-predisposed individuals
as a consequence of organ-specific immune destruction of the insulin-producing  cells in the
islets of Langerhans within the pancreas [87-89]. It is generally recognized that T1D derives from
a breakdown in immune regulation that leads to expansion of autoreactive CD4+ and CD8+ T cells,
autoantibody-producing B lymphocytes and activation of the innate immune system [88]. T2D, or non
insulin-dependent DM, characterized by insulin resistance, accounts for 90-95% of cases. It is a complex
metabolic disorder, of heterogeneous etiology with contributing social, behavioral and environmental risk
factors [90]. The number of affected patients is expected to double during the next 20 years [91].

DM leads to chronic complications, such as accelerated development of cardiovascular diseases,
end-stage renal disease, loss of visual acuity and limb amputations, the main cause of morbidity
and mortality in DM affected individuals [90]. Many data support the idea of a close connection
between duration and severity of diabetes and micro/macrovascular damage [74] including coronary,
cerebrovascular and peripheral arterial disease (PAD) due to complex dysfunction of main components
of the vascular compartment [92-95].

Initial studies unraveled the utility of PMPs and EMPs as diagnostic markers in diabetes.
Although EVs quantification/characterization remains an open challenge within the scientific community
(vide supra), increased plasmatic levels of PMPs and CD62P/CD63 positive platelets were found in
patients with DM compared to normal controls. These novel markers correlated with hypercoagulability,
suggesting the utility of antiplatelet therapy;, i.e., cilostazol, to prevent the development of complications,
especially nephropathy, in patients with poor blood glucose control [96].

Based on the use of specific markers for characterization, Tsimerman et al. (2011) [86] demonstrated
that PMPs and EMPs and negatively charged phospholipid-bearing MPs were at highest levels in T2D
patients with severe foot ulcers. The same result was obtained by Lakthter et al. (2015) [97] in T1D patients,
who exhibited higher levels of PMPs and EMPs, total Annexin V-positive blood cell MP (TMP) and TMP
procoagulant activity. Furthermore, the last parameter correlated with HbAlc and dysglicemia. Instead,
in T2D patients there was only an increase of TMP without the increase in procoagulant activity [45].

In the study by Sun et al. (2017) [98], levels of urinary CD63-positive exosomes were
found increased at early stage of renal injury in 62 early diabetic nephropathic (DN) subjects [98].
Nevertheless, CD63 expression was significantly increased in normoalbuminuric patients rather than in
the microalbuminuric group, probably due to a weak compensatory increase in GFR at an early stage.

Several investigators addressed the issue of identifying a specific dysregulated plasma miRNA
signature in either T2D and obese patients or T1D affected subjects in order to depict novel biomarkers
of diagnostic utility. Table 1 focused on most frequently detected miRNAs and EV-associated miRNAs
emerging from an extensive literature review (Table 1).

MiR-126, highly enriched in EC and in platelets, is one of the miRNAs more frequently
investigated for its relevance in endothelial homeostasis, in maintaining vascular integrity,
in angiogenesis and in wound repair. When released by EC, miR-126 modulates VEGF
(vascular-endothelial growth factor) responsiveness, thus contributing to vascular protection in
a paracrine manner. As endothelial activation and inflammation are hallmarks of micro- and
macrovascular complications in diabetes, loss of miR-126 was considered predictor as well as risk
estimation/classification marker not only for early diabetes but also for endothelial dysfunctions due
to diabetes [99]. As VEGEF is a crucial mediator in DN, miR-126 could be helpful also in predicting
this type of complication (vide infra). Furthermore, miR-126 could represent a candidate marker for
monitoring the efficacy of miRNA-based therapeutic intervention of vascular complications related
to the disease [100]. Coming to the analysis of relevant manuscripts, Zampetaki et al. (2010) [100]
provided a detailed plasmatic mi-RNA signature in a large population-based cohort, the Bruneck
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study. This was initially designed to investigate the epidemiology and pathogenesis of atherosclerosis
and later extended to all major human diseases, including T2D. Reduced levels of miR-126 were
observed, and correlated to peripheral artery disease in T2D. The same aberrant miRNA expression
was observed by Barutta et al. (2016) [99] in an extensive analysis of more than 400 serum samples
of T2D patients and healthy subjects. In other studies, Olivieri (2015) [101] and Jansen (2016) [102]
confirmed a reduction of miR-126 in T2D patients. In particular, Jansen et al. [102] found that loss of
miR-126 is related to CAD risk.

Table 1. MiRNAs and EV-associated miRNAs in T1D and T2D. Most frequently detected dysregulated
miRNAs in T1D and T2D patients with disease-associated complications.

. Confirmed EVs P Type of
miRNA Level Association Complications Ref. Diabetes
Zampetaki et al., 2010 [100] T2D
VEGEF resistance, endothelial Bgrutta etal., 2016 [99] T2D
126 1 dysfunction, inflammation Osipova et al., 2014 [103] T1D
¥y ’ Jansen et al., 2016 [102] T2D
Olivieri et al., 2015 [101] 12D
21 4 Kidney inflammation Osipova et al., 2014 [103] T1D
Cardiovascular damages Olivieri et al., 2015 [101] T2D
29 (29a, + Nielsen et al., 2012 [104] T1D
29b, 29¢) Kong et al., 2011 [105] T2D
27a T Karolina et al., 2012 [106] T2D
. Karolina et al., 2012 [106],
27b, 320 0 Present Retinopathy Zampetaki et al., 2016 [107] T2D
o4 1 Zampetaki et al., 2010 [100] T2D
Deng et al., 2017 [108] T2D

Unlike T2D, the role of miR-126 in T1D is not yet fully clarified. Osipova et al. (2014) [103] for
the first time analyzed blood and urine samples of T1D pediatric patients, focusing on miRNAs known
to have relevance in diabetes and cardiovascular/renal damages. Regarding miR-126, no differences
emerged in plasmatic T1D samples, while lower miR-126 levels were confirmed in urine T1D samples
compared to controls (vide infra).

The same authors focused their studies also on miR-21, a profibrotic miRNA in cardiovascular
diseases [109], known to induce fibrosis in many organs including heart and kidney [109,110] and
involved in endothelial-to-mesenchymal transition [111]. MiR-21 was upregulated both in plasma
and urine samples of pediatric T1D patients [103]. MiR-21 upregulation was also proposed as
useful biomarker for already existent fibrotic remodeling. Furthermore, the positive correlation
emerged in urine samples between miR-21 and the inflammatory C-reactive protein (CRP) suggesting
the presence of ongoing inflammatory events in the kidney of T1D patients [103]. Regarding T2D,
Olivieri et al. (2015) [101] confirmed higher plasma levels of miR-21 in diabetic patients with
cardiovascular complications.

MiR-29 is another relevant miRNA involved in diabetes and its complications. MiR-29 family is
composed of miR-29a, miR-29b and miR-29¢, sharing the same seed sequence. The most important
function of miR-29 consists in its protective role in fibrotic disease, including kidney fibrosis [112].
MiR-29 is also involved in the pathogenesis of DN in diabetic mice [113,114]. Furthermore, miR-29
is upregulated in muscle, fat and liver in type 2 diabetic rats and caused insulin resistance in
adipocytes [115]. An increase in miR-29 levels is found in the serum of T1D children [105] and
adult patients with T2DM [105]. Both hyperglycemia and pro-inflammatory cytokines, the hallmarks
of DM, upregulated the expression of miR-29 family miRNAs [113,116], and the suppression of
miR-29 with anti miR-29 oligomers protected against DN [113]. Additional studies highlighted
the presence of a wide spectrum of putative miRNAs useful as DM biomarkers. The Bruneck
study [100] revealed lower plasma levels of miR-20b, miR-15a, miR-191, miR-197, mi-223, miR-320 and
miR-486, while a modest upregulation of miR-28-3p even at an early stage [100]. A downregulation of
miR-191, parallel to miR-200b, was shown by Dangwal et al. (2015) [117]. Plasmatic miR-150, -192,
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-27a and -320a were found specifically upregulated by Karolina et al. (2012) [106] both in metabolic
syndrome and T2D. MiR-320a, together with miR-27b, was found upregulated and associated to
diabetic retinopathy also by Zampetaki et al. (2016) [107]. Furthermore, the authors detected
miR-17, -197, -509-5p, -92a and -320a in plasmatic exosomes, with a similar expression pattern
as in whole blood, supporting the hypothesis that circulating cell-free miRNAs are packaged into
exosomes [107]. Pescador et al. (2013) [118] demonstrated that miR-138 or miR-376a could be a useful
predictive tool for distinguishing obese patients from healthy controls, diabetics and obese diabetics.
In particular the combination of miR-503 and miR-138 could discriminate diabetics from obese diabetics.
A decreased serum level of miR-146a was indicated as a potential marker of chronic inflammation
in T2D patients by Baldeon et al. (2014) [119]. Santovito et al. (2014) [120] discovered a significant
upregulation of miR-326, -186, -532-5p, -127-3p, and a significant downregulation of let-7a and let-7f
in plasma of T2D patients compared to controls. Other miRNAs candidates as diabetes and diabetic
complications biomarkers are represented by miR-103 [121], miR-18a and miR-34c [122], miR-222,
miR-let7d, miR-139 miR-199 and miR-26a [102], miR-24 [100,108], miR-454-3p, miR-222-3p, miR-144-5p
and miR-345-3p [123].

6. Potential Role of EVs and their MiRNAs Profiles in the Prediction of Diabetic Renal Complications

DN represents one of the most relevant chronic complications of DM [124] and the major cause
of end-stage renal failure [125]. The number of patients with chronic renal damage due to DN is
dramatically increased over the past decades [96] mostly due to the incidence of obesity and T2D in
developed countries [126]. Metabolic and hemodynamic alterations as well as inflammation underlie
DN development. Early blood pressure changes within the kidney and impairment of glomerular
microcirculation, leading to glomerular hypertrophy and sclerosis, are critical in DN progression [126].
At present, clinical biomarkers including glomerular filtration rate (GFR), proteinuria and urinary
sediment evaluation can help to identify etiology of chronic kidney disease but do not allow a specific
diagnosis neither clarify disease staging [127]. Therefore, the finding of non-invasive biomarkers
could obviate the use of kidney biopsy, a procedure implying complication risks, and could improve
diagnostic accuracy. To this extent, the best source of biomarkers to unravel renal damage in diabetes
is represented by urine. An easy and non-invasive analysis of miRNAs contained in urinary exosomes
has recently been proposed in several studies in order to monitor early renal complications, since their
dysregulated levels have been detected in urine of human diabetic patients (reviewed in [127]). Table 2
focuses on most frequently detected miRNAs and EV-associated miRNAs in diabetic patients affected
by renal complications following an extensive literature review (Table 2).

Table 2. miRNAs and EV-associated miRNAs in patients with diabetic renal involvement. Most frequently
detected miRNAs signature detectable in urine of patients with DN at different stages of disease.

Confirmed EVs

miRNA Level . Renal Complications Ref.
Association
15 1 Diabetic glomerulosclerosis
17 T IgA nephropathy Szeto et al., 2012 [128]
21, 216a 1 Renal functions decline
?gg i Diabetic nephropathy
. . . Wang et al., 2013 [129]
200c 4 Diabetic nephropathy, glomerulosclerosis
Minimal change nephropathy, focal glomerulosclerosis
130a, 145 1 Present . X .
155, 424 1 Present Microalbuminuria Barutta et al., 2013 [130]
29a T Diabetic nephropathy, albuminuria
29c¢ T Diabetic nephropathy Peng et al., 2013 [131]
2112261 0 * Preclinical kidney disease, renal fibrosis Osipova et al., 2014 [103]
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In initial investigations, Szeto et al. (2012) [128] found lower miR-15 levels in association with
diabetic glomerulosclerosis, and an increased level of miR-17 in patients with IgA nephropathy.
Furthermore, lower levels of miR-21 and miR-216a in urinary sediments correlated with a faster
decline of renal functions [128]. Conversely increased levels of miR-21 and miR-210 in plasma and
urine samples of T1D pediatric patients were reported by Osipova et al. (2014) [103]. In the last report,
urinary miR-126 levels were significantly lower in diabetic patients than in age- and gender-matched
controls (vide supra). This miRNA concentration negatively correlated with HbAlc levels, suggesting
a damaging effect driven by long-term high plasma glucose. It was demonstrated that miR-126
is expressed in glomerular and peritubular EC targeting SPRED1 (Sprouty-related, EVH1 domain
containing protein) and PIK3R2 (phosphoinositol-3 kinase regulatory subunit 2), i.e., negative
repressors of VEGF pathway [132] (vide supra). These phenomena envisage that decreased levels of
miR-126 are associated with reduced response to VEGF and endothelial dysfunction.

As detailed in Table 2, several other miRNAs were highlighted in other investigations carried out
with the aim to precisely characterize and quantify EVs and EV-associated miRNA profile predictive
of diabetic complications. As stated before, an easily available biological sample such as urine
represents a major advantage. A close association between single miRNA variation and renal diabetic
complications was always depicted in spite of variability on reported miRNAs specificities. A unique
urinary minimum signature related to diabetes complications remains to be fully validated.

Reduced urinary levels of miR-192 were found in nephropathic patients characterized by diabetic
glomerulosclerosis, and increased levels of miR-200c were detected in patients with minimal change
nephropathy and with focal glomerulosclerosis [129]. By the analysis of Barutta et al. (2013) [130],
miR-130a and miR-145 were found enriched in diabetic patients with microalbuminuria while miR-155
and miR-424 were decreased compared to normoalbuminurics and non-diabetic controls.

Peng et al. (2013) [131] focused their studies on miR-29 family (consisting of miR-29a, miR-29b,
miR-29¢c, vide supra) involved in DN pathogenesis, and proposed miR-29 as biomarker for DN
and atherosclerosis in T2D patients. By analyzing 83 T2D patients, urinary miR-29a and miR-29c
were significantly higher compared to miR-29b. Furthermore, urinary miR-29a was significantly
increased in patients with albuminuria [131] than in normoalbuminurics. miR-29b correlated with
carotid intima-media thickness in T2D patients. Other putative DN biomarkers were identified in
other studies. As regards miR-619, -486-3p, -335-5p, -552, -1912, -1224-3p, -424-5p and -141-3p [133],
miR-320c and miR-6068 [134] were found upregulated, while miR-2861, miR-1915-3p and miR-4532
were downregulated in DN patients [127]. Increased levels of serum miR-217 were correlated with
the development of proteinuria in T2DN patients [135]. Urinary exosomal miR-133b, miR-342,
and miR-30a [136] and miR-192 [137] were expressed at significantly higher levels in T2DN patients
compared to normal.

7. Conclusions and Future Perspectives

In recent years, the scientific community has been debating methods for EVs isolation,
characterization and quantification. The expensive and complex procedures being used so far need to
be further improved to feasibly distinguish different EV subpopulations in highly pure EV preparations.
A more defined standardization of these technological tools could lead to easier downstream
characterization of EVs by transcriptomic, miRnomic and proteomic platforms to accurately define
“selective diagnostic panels of markers” for disease prediction, staging and progression. Nevertheless,
it needs to be pointed out that the translational significance of results that could be obtained by
novel technologies always strictly relies on the appropriate selection of biological material from
a homogeneous cohort of patients with same clinical characteristics, stage of disease and ethnic origin.

In light of the foregoing extensive discussion of the existing literature, we can easily envisage
that EVs and their miRNA cargo from liquid biopsies represent, nowadays, non-invasive biomarkers
with great potential in longitudinal investigations related to several disease conditions including DM.
In particular, EVs detection in urine could especially improve prediction by introducing non-invasive
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renal signatures of early onset and progression of microvascular renal damage in DM without the need
for invasive diagnostic or radiological procedures. Nevertheless, future studies will clarify the precise
cause-effect link between dysregulation of EV-related miRNAs and DN, and the precise role of these
small non-coding RNA in the progression of diabetic complications [126].
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EVs extracellular vesicles

MPs microparticles

EMPs endothelial-derived microparticles

PMPs platelet-derived microparticles

EC endothelial cells

DM diabetes mellitus

T1D type 1 diabetes

T2D type 2 diabetes

miRNA microRNA

DN diabetic nephropathy

CAD coronary arterial disease

CHD coronary heart disease

PAD peripheral arterial disease

VEGF vascular endothelial grow factor

GFR glomerular filtration rate

MVs microvesicles

PS phosphatidyl serine
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References

1. étukelja, R.; Scharab, K.; Bedina-Zavecc, A.; Sustard, V.; Pajnic, M.; Paden, L.; Lea Kreka, J.; Kralj-Iglica, V.;
Mrvar-Breckoe, A.; Jan3af, R. Effect of shear stress in the flow through the sampling needle on concentration
of nanovesicles isolated from blood. Eur. J. Pharm. Sci. 2016, 98, 17-29. [CrossRef] [PubMed]

2. Blanchard, N.; Lankar, D.; Regnault, A.; Dumont, C.; Raposo, G.; Hivroz, C. TCR activation of human T cells
induces the production of exosomes bearing the TCR/CD3/zeta complex. J. Immunol. 2002, 168, 3235-3241.
[CrossRef] [PubMed]

3. Aupeix, K.; Hugel, K.; Martin, T.; Bischoff, P; Lill, H.; Pasquali, ].L.; Freyssinet, ]. M. The significance of shed
membrane particles during programmed cell death in vitro, and in vivo, in HIV-1 infection. J. Clin. Investig.
1997, 99, 1546-1554. [CrossRef] [PubMed]

4. Wolfers, J.; Lozier, A.; Raposo, G.; Regnault, A.; Théry, C.; Masurier, C.; Flament, C.; Pouzieux, S.;
Faure, F; Tursz, T.; et al. Tumor-derived exosomes are a source of shared tumor rejection antigens for
CTL cross-priming. Nat. Med. 2001, 7, 297-303. [CrossRef] [PubMed]

5. Andre, F; Schartz, N.E.; Movassegh, M.; Flament, C.; Pautier, P.; Morice, P.; Pomel, C.; Lhomme, C.;
Escudier, B.; Le Chavalier, T.; et al. Malignant effusions and immunogenic tumor-derived exosomes. Lancet
2002, 360, 295-305. [CrossRef]

6. Logozzi, M.; De Milito, A.; Lugini, L.; Borghi, M.; Calabro, L.; Spada, M.; Perdicchio, M.; Marino, M.L,;
Federici, C.; Iessi, E.; et al. High Levels of Exosomes Expressing CD63 and Caveolin-1 in Plasma of Melanoma
Patients. PLoS ONE 2009, 4, e5219. [CrossRef] [PubMed]

7. Wang, K;; Ye, L.; Lu, H.; Chen, H.; Zhang, Y,; Huang, Y.; Zheng, ].C. TNF-« promotes extracellular vesicle
release in mouse astrocytes through glutaminase. J. Neuroinflamm. 2017, 14, 87. [CrossRef] [PubMed]

8.  Daniel, L.; Fakhouri, F.; Mouthon, L.; Joly, D.; Nusbaum, P.; Grunfeld, J.P; Schifferli, J.; Guillevin, L.;

Lesavre, P.; Halbwachs-Mecarelli, L. Increase of circulating neutrophil and platelet microparticles during
acute vasculitis and hemodialysis. Kidney Int. 2006, 69, 1416-1423. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.ejps.2016.10.007
http://www.ncbi.nlm.nih.gov/pubmed/27737793
http://dx.doi.org/10.4049/jimmunol.168.7.3235
http://www.ncbi.nlm.nih.gov/pubmed/11907077
http://dx.doi.org/10.1172/JCI119317
http://www.ncbi.nlm.nih.gov/pubmed/9119998
http://dx.doi.org/10.1038/85438
http://www.ncbi.nlm.nih.gov/pubmed/11231627
http://dx.doi.org/10.1016/S0140-6736(02)09552-1
http://dx.doi.org/10.1371/journal.pone.0005219
http://www.ncbi.nlm.nih.gov/pubmed/19381331
http://dx.doi.org/10.1186/s12974-017-0853-2
http://www.ncbi.nlm.nih.gov/pubmed/28427419
http://dx.doi.org/10.1038/sj.ki.5000306
http://www.ncbi.nlm.nih.gov/pubmed/16531979

Int. ]. Mol. Sci. 2017, 18, 1974 11 0f 17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Koga, K.; Matsumoto, K.; Akiyoshi, T.; Kubo, M.; Yamanaka, N.; Tasaki, A.; Nakashima, H.; Nakamura, M.;
Kuroki, S.; Tanaka, M.; et al. Purification, characterization and biological significance of tumor-derived
exosomes. Anticancer Res. 2005, 25, 3703-3707. [PubMed]

Alexandru, N.; Badila, E.; Weiss, E.; Cochior, D.; Stepien, E.; Georgescu, A. Vascular complications in diabetes:
Microparticles and microparticle associated mRNAs as active players. Biochem. Biophys. Res. Commun. 2016,
472,1-10. [CrossRef] [PubMed]

Ren, J.; He, W.; Zheng, L.; Duan, H. From structures to functions: Insights into exosomes as promising drug
delivery vehicles. Biomater. Sci. 2016, 4, 910-921. [CrossRef] [PubMed]

Turturici, G.; Tinnirello, R.; Sconzo, G.; Geraci, F. Extracellular membrane vesicles as a mechanism of
cell-to-cell communication: Advantages and disadvantages. Am. J. Physiol Cell Physiol 2014, 306, C621-C633.
[CrossRef] [PubMed]

Rupert, D.L.M.; Claudio, V.; Lasser, C.; Bally, M. Methods for the physical characterization and quantification
of extracellular vescicles in biological samples. Biochim. Biophys. Acta 2017, 1861 Pt A, 3164-3179. [CrossRef]
[PubMed]

Vlassov, A.; Magdaleno, S.; Setterquist, R.; Conrad, R. Exosomes: Current knowledge of their composition,
biological function, and therapeutic potentials. Biochim. Biophys. Acta 2012, 1820, 940-948. [CrossRef]
[PubMed]

Haney, M.].; Klyachko, N.L.; Zhao, Y.; Gupta, R.; Plotnikova, E.G.; He, Z; Patel, T.; Pirovan, A.; Sokolsky, M.;
Kabanov, A.V; et al. Exosomes as drug delivery vehicles for Parkinson’s disease therapy. J. Control. Release
2015, 207, 18-30. [CrossRef] [PubMed]

Zhuang, X.; Xiang, X.; Grizzle, W,; Sun, D.; Zhang, S.; Axtell, R.C.; Ju, S.;; Mu, J.; Zhang, L.; Steinman, L.; et al.
Treatment of brain inflammatory diseases by delivering exosome encapsulated anti-inflammatory drugs
from the nasal region to the brain. Mol. Ther. 2011, 19, 1769-1779. [CrossRef] [PubMed]

Del Fattore, A.; Luciano, R.; Saracino, R.; Battafarano, G.; Rizzo, C.; Pascucci, L.; Alessandri, G.; Pessina, A.;
Perrotta, A.; Fierabracci, A.; et al. Differential effects of extracellular vesicles secreted by mesenchymal stem
cells from different sources on glioblastoma cells. Expert Opin. Biol. Ther. 2015, 15, 495-504. [CrossRef]
[PubMed]

Del Fattore, A.; Luciano, R.; Pascucci, L.; Goffredo, B.M.; Giorda, E.; Scapaticci, M.; Fierabracci, A.; Muraca, M.
Immunoregulatory Effects of Mesenchymal Stem Cell-Derived Extracellular Vesicles on T Lymphocytes.
Cell Transpl. 2015, 24, 2615-2617. [CrossRef] [PubMed]

Fierabracci, A.; Del Fattore, A.; Muraca, M. The immunoregulatory activity of mesenchymal stem cells: ‘State
of art’ and ‘Future Avenues’. Curr. Med. Chem. 2016, 23, 3014-3024. [CrossRef] [PubMed]

Fierabracci, A.; Del Fattore, A.; Muraca, M.; Delfino, D.V.; Muraca, M. The use of mesenchymal stem cells for
the treatment of autoimmunity: From animal models to human disease. Curr. Drug Targets 2016, 17, 229-238.
[CrossRef] [PubMed]

Bhatnagar, S.; Schorey, J.S. Exosomes released from infected macrophages contain Mycobacterium avium
glycopeptidolipids and are proinflammatory. J. Biol. Chem. 2007, 282, 25779-25789. [CrossRef] [PubMed]
Quah, B.J.C.; O’Neill, H.C. Mycoplasma contaminants present in exosomes preparations induce policlonal B
cell responses. J. Leukoc. Biol. 2007, 82, 1070-1082. [CrossRef] [PubMed]

Thery, C.; Duban, L.; Segura, E.; Veron, P; Lantz, O.; Amigorena, S. Indirect activation of naive CD4+ T cells
by dendritic cell-derived exosomes. Nat. Immunol. 2002, 3, 1156-1162. [CrossRef] [PubMed]

Andreola, G.; Rivoltini, L.; Castelli, C.; Huber, V.; Perego, P.; Deho, P.; Squarcina, P.; Accornero, P;
Lozupone, F; Lugini, L.; et al. Induction of lymphocyte apoptosis by tumor cell secretion of FasL-bearing
microvesicles. J. Exp. Med. 2002, 195, 1303-1316. [CrossRef] [PubMed]

Huber, V,; Fais, S.; Iero, M.; Lugini, L.; Canese, P.; Squarcina, P.; Zaccheddu, A.; Colone, M.; Arancia, G.;
Gentile, M.; et al. Human colorectal cancer cells induce T-cell death through release of proapoptotic
microvesicles: Role in immune escape. Gastroenterology 2005, 128, 1796-1804. [CrossRef] [PubMed]

Klibi, J.; Niki, T.; Riedel, A.; Pioche-Durieu, C.; Souquere, S.; Rubinstein, E.; Le Moulec, S.L.E.; Guigay, J.;
Hirashima, M.; Guemira, E; et al. Blood diffusion and Thl-suppressive effects of galectin-9-containing
exosomes released by Epstein Barr virus-infected nasopharyngeal carcinoma cells. Blood 2009, 113, 1957-1966.
[CrossRef] [PubMed]


http://www.ncbi.nlm.nih.gov/pubmed/16302729
http://dx.doi.org/10.1016/j.bbrc.2016.02.038
http://www.ncbi.nlm.nih.gov/pubmed/26891868
http://dx.doi.org/10.1039/C5BM00583C
http://www.ncbi.nlm.nih.gov/pubmed/26977477
http://dx.doi.org/10.1152/ajpcell.00228.2013
http://www.ncbi.nlm.nih.gov/pubmed/24452373
http://dx.doi.org/10.1016/j.bbagen.2016.07.028
http://www.ncbi.nlm.nih.gov/pubmed/27495390
http://dx.doi.org/10.1016/j.bbagen.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22503788
http://dx.doi.org/10.1016/j.jconrel.2015.03.033
http://www.ncbi.nlm.nih.gov/pubmed/25836593
http://dx.doi.org/10.1038/mt.2011.164
http://www.ncbi.nlm.nih.gov/pubmed/21915101
http://dx.doi.org/10.1517/14712598.2015.997706
http://www.ncbi.nlm.nih.gov/pubmed/25539575
http://dx.doi.org/10.3727/096368915X687543
http://www.ncbi.nlm.nih.gov/pubmed/25695896
http://dx.doi.org/10.2174/0929867323666160627112827
http://www.ncbi.nlm.nih.gov/pubmed/27356536
http://dx.doi.org/10.2174/1389450116666150722140633
http://www.ncbi.nlm.nih.gov/pubmed/26201487
http://dx.doi.org/10.1074/jbc.M702277200
http://www.ncbi.nlm.nih.gov/pubmed/17591775
http://dx.doi.org/10.1189/jlb.0507277
http://www.ncbi.nlm.nih.gov/pubmed/17698916
http://dx.doi.org/10.1038/ni854
http://www.ncbi.nlm.nih.gov/pubmed/12426563
http://dx.doi.org/10.1084/jem.20011624
http://www.ncbi.nlm.nih.gov/pubmed/12021310
http://dx.doi.org/10.1053/j.gastro.2005.03.045
http://www.ncbi.nlm.nih.gov/pubmed/15940614
http://dx.doi.org/10.1182/blood-2008-02-142596
http://www.ncbi.nlm.nih.gov/pubmed/19005181

Int. ]. Mol. Sci. 2017, 18, 1974 12 of 17

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Muller, L.; Muller-Haegele, S.; Mitsuhashi, M.; Gooding, W.; Okada, H.; Whiteside, T.L. Exosomes isolated
from plasma of glioma patients enrolled in a vaccination trial reflect antitumor immune activity and might
predict survival. Oncoimmunology 2015, 4, €1008347. [CrossRef] [PubMed]

Lai, R.C.; Arslan, F,; Lee, M.M.; Sze, N.S.K.; Choo, A.; Chen, T.S.; Salto-Tellez, M.; Timmers, L.; Lee, C.N.;
El Oackley, R.M.; et al. Exosomes secreted by MSC reduces myocardial ischemia/reperfusion injury. Stem Cell
Res. 2010, 4, 214-222. [CrossRef] [PubMed]

Timmers, L.; Lim, S.K; Arslan, F; Armstrong, ].S.; Hoefer, LE.; Doevendans, P.A.; Piek, ].].; El Oackley, RM.;
Choo, A.; Lee, C.N,; et al. Reduction of myocardial infarct size by human mesenchymal stem cell conditioned
medium. Stem Cell Res. 2007, 1, 129-137. [CrossRef] [PubMed]

Timmers, L.; Lim, S.K.; Hoefer, LE.; Arslan, F; Lai, R.C.; van Oorschot, A.A.M.; Goumans, M.].; Strijder, C.;
Sze, N.S.K,; Choo, A.; et al. Human mesenchymal stem cell-conditioned medium improves cardiac function
following myocardial infarction. Stem Cell Res. 2011, 6, 206-214. [CrossRef] [PubMed]

Jansen, F.; Nickenig, G.; Werner, N. Extracellular vesicles in cardiovascular disease: Potential applications in
diagnosis, prognosis, and epidemiology. Circ. Res. 2017, 120, 1649-1657. [CrossRef] [PubMed]
Zaborowsky, M.P;; Balaj, L.; Breakefield, X.O.; Lai, C.P. Extracellular vesicles: Composition, biological
relevance, and methods of study. Bioscience 2015, 65, 783-797. [CrossRef] [PubMed]

Conde-Vancells, J.; Rodriguez-Suarez, E.; Embade, N.; Gil, D.; Matthiesen, R.; Valle, M.; Elortza, F.; Lu, S.C.;
Mato, ].M.; Falcon-Perez, ].M. Characterization and comprehensive proteome profi g of exosomes secreted
by hepatocytes. J. Proteome Res. 2008, 7, 5157-5166. [CrossRef] [PubMed]

Subra, C.; Grand, D.; Laulagnier, K,; Stella, A.; Lambeau, G.; Paillasse, M.; De Medina, P.; Monsarrat, B.;
Perret, B.; Silvente-Poirot, S.; et al. Exosomes account for vesicle-mediated transcellular transport of
activatable phospholipases and prostaglandins. J. Lipid Res. 2010, 51, 2105-2120. [CrossRef] [PubMed]
Fais, S.; O’'Driscoll, L.; Borras, FE.; Buzas, E.; Camussi, G.; Cappello, E; Carvalho, J.; Cordeiro da Silva, A.;
Del Portillo, H.; El Andaloussi, S.; et al. Evidence based clinical use of nanoscale extracellular vescicles in
nanomedicine. ACS Nano 2017, 10, 3886-3899. [CrossRef] [PubMed]

Shet, A.S. Characterizing blood microparticles: Technical aspects and challenges. Vasc. Health Risk Manag.
2008, 4, 769-774. [CrossRef] [PubMed]

El-Menshawy, N.; Eissa, M.; Farag, R.; Aboalyazed, A. CD235a (Glycophorin-A) Is the Most Predictive Value
among Different Circulating Cellular Microparticles in Thrombocytopenic Human Immunodeficiency Virus
Type 1. ]. Clin. Lab. Anal. 2016, 30, 235-243. [CrossRef] [PubMed]

Suades, R.; Padr¢, T.; Vilahur, G.; Martin-Yuste, V.; Sabaté, M.; Sans-Roselld, J.; Sionis, A.; Badimon, L.
Growing thrombi release increased levels of CD235a(+) microparticles and decreased levels of activated
platelet-derived microparticles. Validation in ST-elevation myocardial infarction patients. J. Thromb. Haemost.
2015, 13, 1776-1786. [CrossRef] [PubMed]

Armstrong, M.]J.; Storch, J.; Dainiak, N. Structurally distinct plasma membrane regions give rise to
extracellular membrane vesicles in normal and transformed lymphocytes. Biochim. Biophys. Acta 1988,
946, 106-112. [CrossRef]

Liu, Y.; Gu, Y.; Cao, X. The exosomes in tumor immunity. Oncoimmunology 2015, 4, e1027472. [CrossRef]
[PubMed]

Diamant, M.; Nieuwland, R.; Pablo, R.E; Sturk, A.; Smit, ].W.; Radder, ].K. Elevated numbers of tissue-factor
exposing microparticles correlate with components of the metabolic syndrome in uncomplicated type 2
diabetes mellitus. Circulation 2002, 106, 2442-2447. [CrossRef] [PubMed]

Martin, S.; Tesse, A.; Hugel, B.; Martinez, M.C.; Morel, O.; Freyssinet, ] M.; Andriantsitohaina, R. Shed
membrane particles from T lymphocytes impair endothelial function and regulate endothelial protein
expression. Circulation 2004, 109, 1653-1659. [CrossRef] [PubMed]

Lee, D.H.; Warkentin, T.E.; Denomme, G.A.; Hayward, C.P; Kelton, J.G. A diagnostic test for heparin-induced
thrombocytopenia: Detection of platelet microparticles using flow cytometry. Br. J. Haematol. 1996, 95,
724-731. [CrossRef] [PubMed]

Combes, V,; Simon, A.C.; Grau, G.E.; Arnoux, D.; Camoin, L.; Sabatier, F.; Mutin, M.; Sanmarco, M.; Sampol, J.;
Dignat-George, F. In vitro generation of endothelial microparticles and possible prothrombotic activity in
patients with lupus anticoagulant. J. Clin. Investig. 1999, 104, 93-102. [CrossRef] [PubMed]


http://dx.doi.org/10.1080/2162402X.2015.1008347
http://www.ncbi.nlm.nih.gov/pubmed/26155415
http://dx.doi.org/10.1016/j.scr.2009.12.003
http://www.ncbi.nlm.nih.gov/pubmed/20138817
http://dx.doi.org/10.1016/j.scr.2008.02.002
http://www.ncbi.nlm.nih.gov/pubmed/19383393
http://dx.doi.org/10.1016/j.scr.2011.01.001
http://www.ncbi.nlm.nih.gov/pubmed/21419744
http://dx.doi.org/10.1161/CIRCRESAHA.117.310752
http://www.ncbi.nlm.nih.gov/pubmed/28495995
http://dx.doi.org/10.1093/biosci/biv084
http://www.ncbi.nlm.nih.gov/pubmed/26955082
http://dx.doi.org/10.1021/pr8004887
http://www.ncbi.nlm.nih.gov/pubmed/19367702
http://dx.doi.org/10.1194/jlr.M003657
http://www.ncbi.nlm.nih.gov/pubmed/20424270
http://dx.doi.org/10.1021/acsnano.5b08015
http://www.ncbi.nlm.nih.gov/pubmed/26978483
http://dx.doi.org/10.2147/VHRM.S955
http://www.ncbi.nlm.nih.gov/pubmed/19065994
http://dx.doi.org/10.1002/jcla.21842
http://www.ncbi.nlm.nih.gov/pubmed/25716234
http://dx.doi.org/10.1111/jth.13065
http://www.ncbi.nlm.nih.gov/pubmed/26239059
http://dx.doi.org/10.1016/0005-2736(88)90462-2
http://dx.doi.org/10.1080/2162402X.2015.1027472
http://www.ncbi.nlm.nih.gov/pubmed/26405598
http://dx.doi.org/10.1161/01.CIR.0000036596.59665.C6
http://www.ncbi.nlm.nih.gov/pubmed/12417540
http://dx.doi.org/10.1161/01.CIR.0000124065.31211.6E
http://www.ncbi.nlm.nih.gov/pubmed/15023873
http://dx.doi.org/10.1046/j.1365-2141.1996.d01-1944.x
http://www.ncbi.nlm.nih.gov/pubmed/8982052
http://dx.doi.org/10.1172/JCI4985
http://www.ncbi.nlm.nih.gov/pubmed/10393703

Int. ]. Mol. Sci. 2017, 18, 1974 13 of 17

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Sabatier, F.; Roux, V.; Anfosso, F.; Camoin, L.; Sampol, J.; Dignat-George, F. Interaction of endothelial
microparticles with monocytic cells in vitro induces tissue factor-dependent procoagulant activity. Blood
2002, 99, 3962-3970. [CrossRef] [PubMed]

Zu, L; Niu, C; Li, J; Shan, L.; Li, L; Zhang, D.; Willard, B.; Zheng, L. Proteomic research of
high-glucose-activated endhotelial microparticles and related proteins to Alzheimer’s disease. Diabetes Vasc.
Dis. Res. 2015, 12, 467-470. [CrossRef] [PubMed]

Xue, S.; Cai, X.; Li, W,; Zhang, Z.; Dong, W.; Hui, G. Elevated plasma endothelial microparticles in
Alzheimer’s disease. Dement. Geriatr. Cognit. Disord. 2012, 34, 174-180. [CrossRef] [PubMed]

Haghikia, A.; Haghikia, A.; Hellwig, K.; Baraniskin, A.; Holzmann, A.; Décard, B.F.; Thum, T.; Gold, R.
Regulated microRNAs in the CSF of patients with multiple sclerosis: A case-control study. Neurology 2012,
79, 2166-2170. [CrossRef] [PubMed]

Stepanian, A.; Bourguignat, L.; Hennou, S.; Coupaye, M.; Hajage, D.; Salomon, L.; Alessi, M.C.; Msika, S.;
de Prost, D. Microparticle increase in severe obesity: Not related to metabolic syndrome and unchanged
after massive weight loss. Obesity 2013, 21, 2236-2243. [CrossRef] [PubMed]

Campello, E.; Zabeo, E.; Radu, C.M,; Spiezia, L.; Gavasso, S.; Fadin, M.; Woodhames, B.; Vettor, R.; Simioni, P.
Hypercoagulability in overweight and obese subjects who are asymptomatic for thrombotic events. Thromb.
Haemost. 2015, 113, 85-96. [CrossRef] [PubMed]

Zhang, Y.; Sun, X,; Icli, B.; Feinberg, M.W. Emerging Roles for MicroRNAs in Diabetic Microvascular Disease:
Novel Targets for Therapy. Endocr. Rev. 2017, 38, 145-168. [CrossRef] [PubMed]

Goguet-Rubio, P.; Klug, R.L.; Sharma, D.L.; Srikanthan, K.; Puri, N.; Lakhani, V.H.; Nichols, A.;
O’Hanlon, K.M.; Abraham, N.G.; Shapiro, J.I; et al. Existence of a Strong Correlation of Biomarkers
and miRNA in Females with Metabolic Syndrome and Obesity in a Population of West Virginia. Int. J.
Med. Sci. 2017, 14, 543-553. [CrossRef] [PubMed]

Nakada, C.; Matsuura, K.; Tsukamoto, Y.; Tanigawa, M.; Yoshimoto, T.; Narimatsu, T.; Nguyen, L.T,;
Hijiya, N.; Uchida, T.; Sato, E; et al. Genome-wide microRNA expression profiling in renal cell carcinoma:
Significant down-regulation of miR-141 and miR-200c. J. Pathol. 2008, 216, 418-427. [CrossRef] [PubMed]
Wang, K.; Zhang, S.; Weber, ].; Baxter, D.; Galas, D.J. Export of microRNAs and microRNA-protective protein
by mammalian cells. Nucleic Acids Res. 2010, 38, 7248-7259. [CrossRef] [PubMed]

Arroyo, ].D.; Chevillet, J.R.; Kroh, EIM.; Ruf, LK.; Pritchard, C.C.; Gibson, D.F,; Mitchell, P.S.; Bennett, C.F.;
Pogosova-Agadjanyan, E.L.; Stirewalt, D.L.; et al. Argonaute2 complexes carry a population of circulating
microRNAs independent of vesicles in human plasma. Proc. Natl. Acad. Sci. USA 2011, 108, 5003-5008.
[CrossRef] [PubMed]

Vickers, K.C.; Palmisano, B.T.; Shoucri, B.M.; Shamburek, R.D.; Remaley, A.T. MicroRNAs are transported
in plasma and delivered to recipient cells by high-density lipoproteins. Nat. Cell Biol. 2011, 13, 423-433.
[CrossRef] [PubMed]

Thery, C.; Amigorena, S.; Raposo, G.; Clayton, A. Isolation and characterization of exosomes from cell culture
supernatants and biological fluids. Curr. Protoc. Cell Biol. 2006. [CrossRef]

Bobrie, A.; Colombo, M.; Krumeich, S.; Raposo, G.; Thery, C. Diverse subpopulations of vesicles secreted
by different intracellular mechanisms are present in exosome preparations obtained by differential
ultracentrifugation. J. Extracell. Vesicles 2012, 1, 18397. [CrossRef] [PubMed]

Nielsen, M.H.; Beck-Nielsen, H.; Andersen, M.N.; Handberg, A. A flow cytometric method for
characterization of circulating cell-derived microparticles in plasma. J. Extracell. Vesicles 2014, 3, 20795.
[CrossRef] [PubMed]

Schindler, S.M; Little, ].P; Klegeris, A. Microparticles: A new perspective in central nervous system disorders.
Biomed Res. Int. 2014, 2014, 756327. [CrossRef] [PubMed]

Dragovic, R.A.; Gardiner, C.; Brooks, A.S.; Tannetta, D.S.; Ferguson, D.J.P.; Hole, P; Carr, B.; Redman, CW.G;
Harris, A.L.; Dobson, PJ.; et al. Sizing and phenotyping of cellular vesicles using Nanoparticle Tracking
Analysis. Nanomedicine 2011, 7, 780-788. [CrossRef] [PubMed]

Soo, C.Y.; Song, Y.; Zheng, Y.; Campbell, E.C.; Riches, A.C.; Gunn-Moore, E,; Powis, S.J. Nanoparticle tracking
analysis monitors microvesicle and exosome secretion from immune cells. Immunology 2012, 136, 192-197.
[CrossRef] [PubMed]

Michiels, C. Endothelial cell functions. J. Cell. Physiol. 2003, 196, 430—443. [CrossRef] [PubMed]


http://dx.doi.org/10.1182/blood.V99.11.3962
http://www.ncbi.nlm.nih.gov/pubmed/12010795
http://dx.doi.org/10.1177/1479164115597865
http://www.ncbi.nlm.nih.gov/pubmed/26246491
http://dx.doi.org/10.1159/000343491
http://www.ncbi.nlm.nih.gov/pubmed/23075931
http://dx.doi.org/10.1212/WNL.0b013e3182759621
http://www.ncbi.nlm.nih.gov/pubmed/23077021
http://dx.doi.org/10.1002/oby.20365
http://www.ncbi.nlm.nih.gov/pubmed/23512861
http://dx.doi.org/10.1160/TH14-02-0156
http://www.ncbi.nlm.nih.gov/pubmed/25318550
http://dx.doi.org/10.1210/er.2016-1122
http://www.ncbi.nlm.nih.gov/pubmed/28323921
http://dx.doi.org/10.7150/ijms.18988
http://www.ncbi.nlm.nih.gov/pubmed/28638270
http://dx.doi.org/10.1002/path.2437
http://www.ncbi.nlm.nih.gov/pubmed/18925646
http://dx.doi.org/10.1093/nar/gkq601
http://www.ncbi.nlm.nih.gov/pubmed/20615901
http://dx.doi.org/10.1073/pnas.1019055108
http://www.ncbi.nlm.nih.gov/pubmed/21383194
http://dx.doi.org/10.1038/ncb2210
http://www.ncbi.nlm.nih.gov/pubmed/21423178
http://dx.doi.org/10.1002/0471143030.cb0322s30
http://dx.doi.org/10.3402/jev.v1i0.18397
http://www.ncbi.nlm.nih.gov/pubmed/24009879
http://dx.doi.org/10.3402/jev.v3.20795
http://www.ncbi.nlm.nih.gov/pubmed/24511371
http://dx.doi.org/10.1155/2014/756327
http://www.ncbi.nlm.nih.gov/pubmed/24860829
http://dx.doi.org/10.1016/j.nano.2011.04.003
http://www.ncbi.nlm.nih.gov/pubmed/21601655
http://dx.doi.org/10.1111/j.1365-2567.2012.03569.x
http://www.ncbi.nlm.nih.gov/pubmed/22348503
http://dx.doi.org/10.1002/jcp.10333
http://www.ncbi.nlm.nih.gov/pubmed/12891700

Int. ]. Mol. Sci. 2017, 18, 1974 14 of 17

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Baldwin, A.L.; Thurston, G. Mechanics of endothelial cell architecture and vascular permeability. Crit. Rev.
Biomed. Eng. 2001, 29, 247-278. [CrossRef] [PubMed]

Yuan, S.; Rigor, R. Integrated Systems Physiology: From Molecule to Function to Disease. In Regulation of
Endothelial Barrier Function; Morgan & Claypool Life Sciences: San Rafael, CA, USA, 2010.

Fan, Y.; Wang, L.; Li, Y.; Yin, Z.; Xu, Z.; Wang, C. Quantification of endothelial microparticles on modified
cytometric bead assay and prognosis in chest pain patients. Circ. J. 2014, 78, 206-214. [CrossRef] [PubMed]
Desideri, G.; Ferri, C. Endothelial activation. Sliding door to atherosclerosis. Curr. Pharm. Des. 2005, 11,
2163-2175. [CrossRef] [PubMed]

Ribeiro, E; Alves, A..; Teixera, M.; Ribeiro, V.; Duarte, J.A.; Oliveira, J. Endothelial function and
atherosclerosis: Circulatory markers with clinical usefulness. Rev. Port. Cardiol. 2009, 28, 1121-1151.
[PubMed]

Versari, D.; Daghini, E.; Virdis, A.; Ghiadoni, L.; Taddei, S. Endothelial dysfunction as a target for prevention
of cardiovascular disease. Diabetes Care 2009, 32 (Suppl. 2), S314-5321. [CrossRef] [PubMed]

Dohi, T.; Miyauchi, K.; Iesaki, T.; Tsuruta, R.; Tsuboi, S.; Ogita, M.; Kubota, N.; Kasai, T.; Yokoyama, T,;
Daida, H. Candesartan with pioglitazone protects against endothelial dysfunction and inflammatory
responses in porcine coronary arteries implanted with sirolimus-eluting stents. Circ. J. 2011, 75, 1098-1106.
[CrossRef] [PubMed]

Deng, E; Wang, S.; Zhang, L. Endothelial microparticles act as novel diagnostic and therapeutic biomarkers
of diabetes and its complications: A literature review. BioMed Res. Int. 2016, 2016, 9802026. [CrossRef]
[PubMed]

Aurelian, SM.; Cheta, D.M.; Onicescu, D. Microvescicle-potential biomarkers for the interrelations
atherosclerosis/type 2 diabetes mellitus. Rom. J. Morphol. Embryol. 2014, 55, 1035-1039. [PubMed]

Yong, PJ.; Koh, C.H.; Shim, W.S. Endothelial microparticles: Missing link in endothelial dysfunction? Eur. J.
Prev. Cardiol. 2013, 20, 496-512. [CrossRef] [PubMed]

Jung, KH.; Chu, K.; Lee, S.T.; Bahn, J.J.; Kim, ].H.; Kim, M.; Lee, SK.; Roh, J.K. Risk of macrovascular
complications in Type 2 Diabetes Mellitus: Endothelial microparticles profile. Cerebrovasc. Dis. 2011, 31,
485-493. [CrossRef] [PubMed]

Werner, N.; Wassmann, S.; Ahlers, P.; Kosiol, S.; Nickenig, G. Circulating CD31+/annexin V+ apoptotic
microparticles correlate with coronary endothelial function in patients with coronary artery disease.
Arterioscler. Thromb. Vasc. Biol. 2006, 26, 112-116. [CrossRef] [PubMed]

Berezin, A.E.; Kremzer, A.A.; Berezina, T.A.; Martovitskaya, Y.V. Pattern of circulating microparticles in
chronic heart failure patients with metabolic syndrome: Relevance to neurohumoral and inflammatory
activation. BBA Clin. 2015, 4, 69-75. [CrossRef] [PubMed]

Chen, Y,; Feng, B.; Li, X.; Ni, Y.; Luo, Y. Plasma endothelial microparticles and their correlation with the
presence of hypertension and arterial stiffness in patients with type 2 diabetes. J. Clin. Hypertens. 2012, 14,
455-460. [CrossRef] [PubMed]

Bernal-Mizrachi, L.; Jy, W.; Fierro, C.; Macdonough, R.; Velazques, H.A.; Purow, J.; Jimenez, ]].;
Horstman, L.L.; Ferreira, A.; de Marchena, E.; et al. Endothelial microparticles correlate with high-risk
angiographic lesions in acute coronary syndromes. Int. |. Cardiol. 2004, 97, 439-446. [CrossRef] [PubMed]
Markiewicz, M.; Richard, E.; Marks, N.; Ludwicka-Bradley, A. Impact of endothelial microparticles on
coagulation, inflammation, and angiogenesis in age-related vascular diseases. J. Aging Res. 2013, 2013, 734509.
[CrossRef] [PubMed]

Tramontano, A.F,; Lyubarova, R.; Tsiakos, J.; Palaia, T.; Deleon, J.R.; Ragolia, L. Circulating endothelial
microparticles in diabetes mellitus. Mediat. Inflamm. 2010, 2010, 250476. [CrossRef] [PubMed]

Stehouwer, C.D.; Schaper, N.C. The pathogenesis of vascular complications of diabetes mellitus: One voice
or many? Eur. J. Clin. Investig. 1996, 26, 535-543. [CrossRef]

Fan, G.; Qin, R;; Li, Y.; Song, D.; Chen, T.; Zhang, W.; Zhong, M.; Zhang, Y.; Xing, Y.; Wang, Z. Endothelial
cells microparticle-associated protein disulfide isomerase promotes platelet activation in metabolic syndrome.
Oncotarget 2016, 7, 83231-83240. [CrossRef] [PubMed]

Salem, M.A.; Adly, A.A.; Ismail, E.A.; Darwish, YYW.; Kamel, H.A. Platelets microparticles as a link between
micro- and macro-angiopathy in young patients with typeldiabetes. Platelets 2015, 26, 682-688. [CrossRef]
[PubMed]


http://dx.doi.org/10.1615/CritRevBiomedEng.v29.i2.20
http://www.ncbi.nlm.nih.gov/pubmed/11417757
http://dx.doi.org/10.1253/circj.CJ-13-0488
http://www.ncbi.nlm.nih.gov/pubmed/24200872
http://dx.doi.org/10.2174/1381612054367382
http://www.ncbi.nlm.nih.gov/pubmed/16026286
http://www.ncbi.nlm.nih.gov/pubmed/20058778
http://dx.doi.org/10.2337/dc09-S330
http://www.ncbi.nlm.nih.gov/pubmed/19875572
http://dx.doi.org/10.1253/circj.CJ-10-0917
http://www.ncbi.nlm.nih.gov/pubmed/21383515
http://dx.doi.org/10.1155/2016/9802026
http://www.ncbi.nlm.nih.gov/pubmed/27803933
http://www.ncbi.nlm.nih.gov/pubmed/25607382
http://dx.doi.org/10.1177/2047487312445001
http://www.ncbi.nlm.nih.gov/pubmed/22496273
http://dx.doi.org/10.1159/000324383
http://www.ncbi.nlm.nih.gov/pubmed/21411989
http://dx.doi.org/10.1161/01.ATV.0000191634.13057.15
http://www.ncbi.nlm.nih.gov/pubmed/16239600
http://dx.doi.org/10.1016/j.bbacli.2015.07.002
http://www.ncbi.nlm.nih.gov/pubmed/26674662
http://dx.doi.org/10.1111/j.1751-7176.2012.00631.x
http://www.ncbi.nlm.nih.gov/pubmed/22747618
http://dx.doi.org/10.1016/j.ijcard.2003.10.029
http://www.ncbi.nlm.nih.gov/pubmed/15561331
http://dx.doi.org/10.1155/2013/734509
http://www.ncbi.nlm.nih.gov/pubmed/24288612
http://dx.doi.org/10.1155/2010/250476
http://www.ncbi.nlm.nih.gov/pubmed/20634911
http://dx.doi.org/10.1046/j.1365-2362.1996.1780527.x
http://dx.doi.org/10.18632/oncotarget.13081
http://www.ncbi.nlm.nih.gov/pubmed/27825126
http://dx.doi.org/10.3109/09537104.2015.1018880
http://www.ncbi.nlm.nih.gov/pubmed/25806426

Int. ]. Mol. Sci. 2017, 18, 1974 15 of 17

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

McCarthy, E.M.; Martinez, D.M.; Wilkinson, EL.; McHugh, N.J.; Bruce, LN.; Pauling, ].D.; Alexander, M.Y;
Parker, B. Microparticle subpopulations are potential markers of disease progression and vascular
dysfunction across a spectrum of connective tissue disease. BBA Clin. 2016, 7, 16-22. [CrossRef] [PubMed]
Nomura, S.; Shouzu, A.; Omoto, S.; Nishikawa, M.; Iwasaka, T.; Fukuhara, S. Activated platelet and
oxidized LDL induce endothelial membrane vesiculation: Clinical significance of endothelial cell-derived
microparticles in patients with type 2 diabetes. Clin. Appl. Thromb. Hemost. 2004, 10, 205-215. [CrossRef]
[PubMed]

Tsimerman, G.; Roguin, A.; Bachar, A.; Melamed, E.; Brenner, B.; Aharon, A. Involvement of microparticles
in diabetic vascular complications. Thromb. Haemost. 2011, 106, 310-321. [CrossRef] [PubMed]

Fierabracci, A. The potential of multimer technologies in type 1 diabetes prediction strategies. Diabetes Metab.
Res. Rev. 2011, 27, 216-229. [CrossRef] [PubMed]

Fierabracci, A. Type 1 Diabetes in Autoimmune Polyendocrinopathy-Candidiasis-Ectodermal Dystrophy
Syndrome (APECED): A “Rare” Manifestation in a “Rare” Disease. Int. ]. Mol. Sci. 2016, 17, E1106. [CrossRef]
[PubMed]

Bluestone, ].A.; Herold, K.; Eisenbarth, G. Genetics, pathogenesis and clinical interventions in type 1 diabetes.
Nature 2010, 464, 1293-1300. [CrossRef] [PubMed]

Reihner, T. Type 2 diabetes mellitus in children and adolescents. World ]. Diabetes 2013, 4, 270-281. [CrossRef]
[PubMed]

Marin-Pefialver, J.J.; Martin-Timon, I; Sevillano-Collantes, C.; del Cafiizo-Gémez, FJ. Update on
the treatment of type 2 diabetes mellitus. World J. Diabetes 2016, 7, 354-395. [CrossRef] [PubMed]

Valeri, C.; Pozzilli, P; Leslie, D. Glucose control in diabetes. Diabetes Metab. Res. Rev. 2004, 20, S1-S8.
[CrossRef] [PubMed]

Creager, M.A.; Lusher, T.E; Cosentino, F.; Beckman, J.A. Diabetes and vascular disease: Pathophysiology,
clinical consequences and medical therapy: Part I. Circulation 2003, 108, 1527-1532. [CrossRef] [PubMed]
Daneman, D. Type 1 Diabetes. Lancet 2006, 367, 847-858. [CrossRef]

Capellini, VK.; Celotto, A.C.; Baldo, C.E; Olivon, V.C.; Viaro, E; Rodrigues, A.].; Evora, P.R.B. Diabetes and
vascular disease: Basic concept of Nitric Oxide physiology, endothelial dysfunction, oxidative stress and
therapeutic possibilities. Curr. Vasc. Pharmacol. 2010, 8, 526-544. [CrossRef] [PubMed]

Omoto, S.; Nomura, S.; Shouzu, A.; Hayakawa, T.; Shimizu, H.; Miyake, Y.; Yonemoto, T.; Nishikawa, M.;
Fukubhara, S.; Inada, M. Significance of platelet-derived microparticles and activated platelets in diabetic
nephropathy. Nephron 1999, 81, 271-277. [CrossRef] [PubMed]

Lakthter, A.J.; Sims, E.K. Minireview: Emerging roles for Extracellular Vescicles in Diabetes and related
Metabolic Disorders. Mol. Endocrinol. 2015, 29, 1535-1548. [CrossRef] [PubMed]

Sun, H.; Yao, W.; Tang, Y.; Zhuang, W.; Wu, D.; Huang, S.; Sheng, H. Urinary exosomes as a novel biomarker
for evaluation of «-lipoic acid’s protective effect in early diabetic nephropathy. J. Clin. Lab. Anal. 2017, 22129.
[CrossRef] [PubMed]

Barutta, F; Bruno, G.; Matullo, G.; Chaturvedi, N.; Grimaldi, S.; Schalkwjk, C.; Stehower, C.D.; Fuller, ] H.;
Gruden, G. MicroRNA-126 and micro-/macrovascular complications of type 1 diabetes in the EURODIAB
Prospective Complications Study. Acta Diabetol. 2016, 54, 133-139. [CrossRef] [PubMed]

Zampetaki, A.; Kiechl, S.; Drozdov, I.; Willeit, P.; Mayr, U.; Prokopi, M.; Mayr, A.; Weger, S.; Oberhollenzer, E.;
Bonora, E.; et al. Plasma MicroRNA profiling reveals loss of endothelial miR-126 and other microRNAs in
Type 2 Diabetes. Circ. Res. 2010, 107, 810-817. [CrossRef] [PubMed]

Olivieri, F; Spazzafumo, L.; Bonafe, M.; Recchioni, R.; Prattichizzo, F.; Marcheselli, F.; Micolucci, L.; Mensa, E.;
Giuliani, A.; Santini, G.; et al. MiR-21-5p and miR-126a-3p levels in plasma and circulating angiogenic cells:
Relationship with type 2 diabetes complications. Oncotarget 2015, 6, 35372-35382. [CrossRef] [PubMed]
Jansen, E.; Wang, H.; Przybilla, D.; Franklin, B.S.; Dolf, A.; Pfeifer, P.; Schmitz, T.; Flender, A.; Endl, E,;
Nickenig, G.; et al. Vascular endothelial microparticles-incorporated microRNAs are altered in patients with
diabetes mellitus. Cardiovasc. Diabetol. 2016, 15, 49. [CrossRef] [PubMed]

Osipova, ].; Fischer, D.C.; Dangwal, S.; Volkmann, I.; Widera, C.; Schwarz, K.; Lorenzen, ].M.; Schreiver, C.;
Jacoby, U.; Heimhalt, M.; et al. Diabetes-associated microRNAs in pediatric patients with type 1 diabetes
mellitus: A cross-sectional cohort study. J. Clin. Endocrinol. Metab. 2014, 99, E1661-E1665. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.bbacli.2016.11.003
http://www.ncbi.nlm.nih.gov/pubmed/28053878
http://dx.doi.org/10.1177/107602960401000302
http://www.ncbi.nlm.nih.gov/pubmed/15247977
http://dx.doi.org/10.1160/TH10-11-0712
http://www.ncbi.nlm.nih.gov/pubmed/21713319
http://dx.doi.org/10.1002/dmrr.1165
http://www.ncbi.nlm.nih.gov/pubmed/21309048
http://dx.doi.org/10.3390/ijms17071106
http://www.ncbi.nlm.nih.gov/pubmed/27420045
http://dx.doi.org/10.1038/nature08933
http://www.ncbi.nlm.nih.gov/pubmed/20432533
http://dx.doi.org/10.4239/wjd.v4.i6.270
http://www.ncbi.nlm.nih.gov/pubmed/24379917
http://dx.doi.org/10.4239/wjd.v7.i17.354
http://www.ncbi.nlm.nih.gov/pubmed/27660695
http://dx.doi.org/10.1002/dmrr.512
http://www.ncbi.nlm.nih.gov/pubmed/15551299
http://dx.doi.org/10.1161/01.CIR.0000091257.27563.32
http://www.ncbi.nlm.nih.gov/pubmed/14504252
http://dx.doi.org/10.1016/S0140-6736(06)68341-4
http://dx.doi.org/10.2174/157016110791330834
http://www.ncbi.nlm.nih.gov/pubmed/19485895
http://dx.doi.org/10.1159/000045292
http://www.ncbi.nlm.nih.gov/pubmed/10050080
http://dx.doi.org/10.1210/me.2015-1206
http://www.ncbi.nlm.nih.gov/pubmed/26393296
http://dx.doi.org/10.1002/jcla.22129
http://www.ncbi.nlm.nih.gov/pubmed/28116765
http://dx.doi.org/10.1007/s00592-016-0915-4
http://www.ncbi.nlm.nih.gov/pubmed/27696070
http://dx.doi.org/10.1161/CIRCRESAHA.110.226357
http://www.ncbi.nlm.nih.gov/pubmed/20651284
http://dx.doi.org/10.18632/oncotarget.6164
http://www.ncbi.nlm.nih.gov/pubmed/26498351
http://dx.doi.org/10.1186/s12933-016-0367-8
http://www.ncbi.nlm.nih.gov/pubmed/27005938
http://dx.doi.org/10.1210/jc.2013-3868
http://www.ncbi.nlm.nih.gov/pubmed/24937532

Int. ]. Mol. Sci. 2017, 18, 1974 16 of 17

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Nielsen, L.B.; Wang, C.; Serensen, K.; Bang-Berthelsen, C.H.; Hansen, L.; Andersen, M.L.; Hougaard, P.;
Juul, A.; Zhang, C.Y.; Pociot, F; et al. Circulating levels of microRNA from children with newly diagnosed
type 1 diabetes and healthy controls: Evidence that miR-25 associates to residual beta-cell function and
glycaemic control during disease progression. Exp. Diabetes Res. 2012, 2012, 896362. [CrossRef] [PubMed]
Kong, L.; Zhu, J.; Han, W,; Jiang, X.; Xu, M.; Zhao, Y.; Dong, Q.; Pang, Z.; Guan, Q.; Gao, L.; et al. Significance
of serum microRNAs in pre-diabetes and newly diagnosed type 2 diabetes: A clinical study. Acta Diabetol.
2011, 48, 61-69. [CrossRef] [PubMed]

Karolina, D.S.; Tavintharan, S.; Armugam, A.; Sepramaniam, S.; Pek, S.L.; Wong, M.T.; Lim, S.C.; Sum, C.F;
Jeyaseelan, K. Circulating miRNA Profiles in Patients with Metabolic Syndrome. J. Clin. Endocrinol. Metab.
2012, 97, E2271-E2276. [CrossRef] [PubMed]

Zampetaki, A.; Willeit, P,; Burr, S.; Yin, X.; Langley, S.R.; Kiechl, S.; Klein, R.; Rossing, P.; Chaturvedi, N.;
Mayr, M. Angiogenic microRNAs Linked to Incidence and Progression of Diabetic Retinopathy in Type 1
Diabetes. Diabetes 2016, 65, 216-227. [CrossRef] [PubMed]

Deng, X.; Liu, Y.; Luo, M.; Wu, J.; Ma, R.; Wan, Q.; Wu, J. Circulating miRNA-24 and its target YKL-40 as
potential biomarkers in patients with coronary heart disease and type 2 diabetes mellitus. Oncotarget 2017.
[CrossRef]

Thum, T; Gross, C.; Fiedler, ].; Fischer, T.; Kissler, S.; Bussen, M.; Galuppo, P; Just, S.; Rottbauer, W.; Frantz, S.;
et al. MicroRNA-21 contributes to myocardial disease by stimulating MAP kinase signalling in fibroblasts.
Nature 2008, 456, 980-984. [CrossRef] [PubMed]

Chau, B.N,; Xin, C.; Hartner, J.; Ren, S.; Castano, A.P; Linn, G.; Li, J.; Tran, P.T.; Kaimal, V.; Huang, X,; et al.
MicroRNA-21 promotes fibrosis of the kidney by silencing metabolic pathways. Sci. Transl. Med. 2012,
4,121ral8. [CrossRef] [PubMed]

Kumarswamy, R.; Volkmann, I.; Jazbutyte, V.; Dangwal, S.; Park, D.H.; Thum, T. Transforming growth
factor-p-induced endothelial-to-mesenchymal transition is partly mediated by microRNA-2. Arterioscler.
Thromb. Vasc. Biol. 2012, 32, 361-369. [CrossRef] [PubMed]

He, Y.; Huang, C.; Lin, X,; Li, J. MicroRNA-29 family, a crucial therapeutic target for fibrosis diseases.
Biochimie 2013, 95, 1355-1359. [CrossRef] [PubMed]

Long, J.; Wang, Y.; Wang, W.; Chang, B.H.; Danesh, ER. MicroRNA-29c is a signature microRNA under
high glucose conditions that targets Sprouty homolog 1, and its in vivo knockdown prevents progression of
diabetic nephropathy. J. Biol. Chemn. 2011, 286, 11837-11848. [CrossRef] [PubMed]

Wang, B.; Komers, R.; Carew, R.; Winbanks, C.E.; Xu, B.; Herman-Edelstein, M.; Koh, P.; Thomas, M.;
Jandeleit-Dahm, K.; Gregorevic, P; et al. Suppression of microRNA-29 expression by TGF-betal promotes
collagen expression and renal fibrosis. J. Am. Soc. Nephrol. 2012, 23, 252-265. [CrossRef] [PubMed]
Rask-Madsen, C.; King, G.L. Vascular complications of diabetes: Mechanisms of injury and protective factors.
Cell Metab. 2013, 17, 20-33. [CrossRef] [PubMed]

Roggli, E.; Gattesco, S.; Caille, D.; Briet, C.; Boitard, C.; Meda, P; Regazzi, R. Changes in microRNA
expression contribute to pancreatic 3-cell dysfunction in prediabetic NOD mice. Diabetes 2012, 61, 1742-1751.
[CrossRef] [PubMed]

Dangwal, S.; Stratmann, B.; Bang, C.; Lorenzen, ].M.; Kumarswamy, R.; Fiedler, J.; Falk, C.S.; Scholz, C.J.;
Thum, T.; Tschoepe, D. Impairment of Wound Healing in Patients with Type 2 Diabetes Mellitus Influences
Circulating MicroRNA Patterns via Inflammatory Cytokines. Arterioscler. Thromb. Vasc. Biol. 2015, 35,
1480-1488. [CrossRef] [PubMed]

Pescador, N.; Pérez-Barba, M.; Ibarra, ].M.; Corbatdn, A.; Martinez-Larrad, M.T.; Serrano-Rios, M. Serum
circulating microRNA profiling for identification of potential type 2 diabetes and obesity biomarkers.
PLoS ONE 2013, 8, €77251. [CrossRef] [PubMed]

Baldedn, R.L.; Weigelt, K.; de Wit, H.; Ozcan, B.; van Oudenaren, A.; Sempértegui, F; Sijbrands, E.; Grosse, L.;
Freire, W.; Drexhage, H.A_; et al. Decreased serum level of miR-146a as sign of chronic inflammation in
type 2 diabetic patients. PLoS ONE 2014, 9, e115209. [CrossRef] [PubMed]

Santovito, D.; De Nardis, V.; Marcantonio, P.; Mandolini, C.; Paganelli, C.; Vitale, E.; Buttitta, F.; Bucci, M.;
Mezzetti, A.; Consoli, A.; et al. Plasma exosome microRNA profiling unravels a new potential modulator of
adiponectin pathway in diabetes: Effect of glycemic control. J. Clin. Endocrinol. Metab. 2014, 99, E1681-E1685.
[CrossRef] [PubMed]


http://dx.doi.org/10.1155/2012/896362
http://www.ncbi.nlm.nih.gov/pubmed/22829805
http://dx.doi.org/10.1007/s00592-010-0226-0
http://www.ncbi.nlm.nih.gov/pubmed/20857148
http://dx.doi.org/10.1210/jc.2012-1996
http://www.ncbi.nlm.nih.gov/pubmed/23032062
http://dx.doi.org/10.2337/db15-0389
http://www.ncbi.nlm.nih.gov/pubmed/26395742
http://dx.doi.org/10.18632/oncotarget.18593
http://dx.doi.org/10.1038/nature07511
http://www.ncbi.nlm.nih.gov/pubmed/19043405
http://dx.doi.org/10.1126/scitranslmed.3003205
http://www.ncbi.nlm.nih.gov/pubmed/22344686
http://dx.doi.org/10.1161/ATVBAHA.111.234286
http://www.ncbi.nlm.nih.gov/pubmed/22095988
http://dx.doi.org/10.1016/j.biochi.2013.03.010
http://www.ncbi.nlm.nih.gov/pubmed/23542596
http://dx.doi.org/10.1074/jbc.M110.194969
http://www.ncbi.nlm.nih.gov/pubmed/21310958
http://dx.doi.org/10.1681/ASN.2011010055
http://www.ncbi.nlm.nih.gov/pubmed/22095944
http://dx.doi.org/10.1016/j.cmet.2012.11.012
http://www.ncbi.nlm.nih.gov/pubmed/23312281
http://dx.doi.org/10.2337/db11-1086
http://www.ncbi.nlm.nih.gov/pubmed/22537941
http://dx.doi.org/10.1161/ATVBAHA.114.305048
http://www.ncbi.nlm.nih.gov/pubmed/25814674
http://dx.doi.org/10.1371/journal.pone.0077251
http://www.ncbi.nlm.nih.gov/pubmed/24204780
http://dx.doi.org/10.1371/journal.pone.0115209
http://www.ncbi.nlm.nih.gov/pubmed/25500583
http://dx.doi.org/10.1210/jc.2013-3843
http://www.ncbi.nlm.nih.gov/pubmed/24937531

Int. ]. Mol. Sci. 2017, 18, 1974 17 of 17

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Luo, M,; Li, R;; Deng, X.; Ren, M.; Chen, N.; Zeng, M.; Yan, K; Xia, J.; Liu, F.; Ma, W.; et al. Platelet-derived
miR-103b as a novel biomarker for the early diagnosis of type 2 diabetes. Acta Diabetol. 2015, 52, 943-949.
[CrossRef] [PubMed]

Wang, S.S.; Li, Y.Q.; Liang, Y.Z.; Dong, ].; He, Y.; Zhang, L.; Yan, Y.X. Expression of miR-18a and miR-34c in
circulating monocytes associated with vulnerability to type 2 diabetes mellitus and insulin resistance. J. Cell.
Mol. Med. 2017. [CrossRef] [PubMed]

Erener, S.; Marwaha, A.; Tan, R.; Panagiotopoulos, C.; Kieffer, T.J. Profiling of circulating microRNAs in
children with recent onset of type 1 diabetes. JCI Insight 2017, 2, e89656. [CrossRef] [PubMed]

Guo, J; Li, ].; Zhao, J.; Yang, S.; Wang, L.; Cheng, G.; Liu, D.; Xiao, J.; Liu, Z.; Zhao, Z. MiRNA-29c regulates
the expression of inflammatory cytokines in diabetic nephropathy by targeting tristetraprolin. Sci. Rep. 2017,
7,2314. [CrossRef] [PubMed]

Jha, V.; Garcia-Garcia, G.; Iseki, K.; Li, Z.; Naicker, S.; Plattner, B.; Saran, R.; Wang, A.Y.; Yang, C.W. Chronic
kidney disease: Global dimension and perspectives. Lancet 2013, 382, 260-272. [CrossRef]

Campion, C.G.; Sanchez-Ferras, O.; Batchu, S.N. Potential Role of Serum and Urinary Biomarkers in
Diagnosis and Prognosis of Diabetic Nephropathy. Can. |. Kidney Health Dis. 2017, 4. [CrossRef] [PubMed]
Cardenas-Gonzalez, M.; Srivastava, A.; Pavkovic, M.; Bijol, V.; Rennke, H.G.; Stillman, LE.; Zhang, X;
Parikh, S.; Rovin, B.H.; Afkarian, M.; et al. Identification, Confirmation, and Replication of Novel Urinary
MicroRNA Biomarkers in Lupus Nephritis and Diabetic Nephropathy. Clin. Chem. 2017, 63, 1515-1526.
[CrossRef] [PubMed]

Szeto, C.C.; Ching-Ha, K.B.; Ka-Bik, L.; Mac-Moune, L.F,; Cheung-Lung, C.P; Gang, W.; Kai-Ming, C.;
Kam-Tao, L.P. Micro-RNA expression in the urinary sediment of patients with chronic kidney diseases.
Dis. Markers 2012, 33, 137-144. [CrossRef] [PubMed]

Wang, G.; Kwan, B.C.; Lai, EM.; Chow, K.M; Li, PK.; Szeto, C.C. Urinary sediment miRNA levels in adult
nephrotic syndrome. Clin. Chim. Acta 2013, 418, 5-11. [CrossRef] [PubMed]

Barutta, F.; Tricarico, M.; Corbelli, A.; Annaratone, L.; Pinach, S.; Grimaldi, S.; Bruno, G.; Cimino, D.;
Taverna, D.; Deregibus, M.C.; et al. Urinary exosomal microRNAs in incipient diabetic nephropathy.
PLoS ONE 2013, 8, €73798. [CrossRef] [PubMed]

Peng, H.; Zhong, M.; Zhao, W.; Wang, C.; Zhang, ].; Liu, X.; Li, Y.; Paudel, S.D.; Wang, Q.; Lou, T. Urinary
miR-29 correlates with albuminuria and carotid intima-media thickness in type 2 diabetes patients. PLoS ONE
2013, 8, €82607. [CrossRef] [PubMed]

Fish, J.E.; Santoro, M.M.; Morton, S.U.; Yu, S.; Yeh, R.F,; Wythe, ].D.; Ivey, K.N.; Bruneau, B.G.; Stainier, D.Y;
Srivastava, D. MiR-126 regulates angiogenic signaling and vascular integrity. Dev. Cell 2008, 15, 272-284.
[CrossRef] [PubMed]

Argyropoulos, C.; Wang, K.; McClarty, S.; Huang, D.; Bernardo, J.; Ellis, D.; Orchard, T.; Galas, D.; Johnson, J.
Urinary microRNA profiling in the nephropathy of type 1 diabetes. PLoS ONE 2013, 8, e54662. [CrossRef]
Delic, D.; Eisele, C.; Schmid, R.; Baum, P; Wiech, E; Gerl, M.; Zimdahl, H.; Pullen, S.S.; Urquhart, R.
Urinary exosomal miRNA signature in Type II diabetic nephropathy patients. PLoS ONE 2016, 11, e0150154.
[CrossRef] [PubMed]

Shao, R.; Hamel, K.; Petersen, L.; Cao, Q.; Arenas, R.B.; Bigelow, C.; Bentley, B.; Yan, W. YKL-40, a secreted
glycoprotein, promotes tumor angiogenesis. Oncogene 2009, 28, 4456—4468. [CrossRef] [PubMed]

Eissa, S.; Matboli, M.; Bekhet, M.M. Clinical verification of a novel urinary microRNA panel: 133b, -342
and -30 as biomarkers for diabetic nephropathy identified by bioinformatics analysis. Biomed. Pharmacother.
2016, 83, 92-99. [CrossRef] [PubMed]

Jia, Y,; Guan, M.; Zheng, Z.; Zhang, Q.; Tang, C.; Xu, W.; Xiao, Z.; Wang, L.; Xue, Y. miRNAs in Urine
Extracellular Vesicles as Predictors of Early-Stage Diabetic Nephropathy. J. Diabetes Res. 2016, 2016, 7932765.
[CrossRef] [PubMed]

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s00592-015-0733-0
http://www.ncbi.nlm.nih.gov/pubmed/25820527
http://dx.doi.org/10.1111/jcmm.13240
http://www.ncbi.nlm.nih.gov/pubmed/28661068
http://dx.doi.org/10.1172/jci.insight.89656
http://www.ncbi.nlm.nih.gov/pubmed/28239651
http://dx.doi.org/10.1038/s41598-017-01027-5
http://www.ncbi.nlm.nih.gov/pubmed/28539664
http://dx.doi.org/10.1016/S0140-6736(13)60687-X
http://dx.doi.org/10.1177/2054358117705371
http://www.ncbi.nlm.nih.gov/pubmed/28616250
http://dx.doi.org/10.1373/clinchem.2017.274175
http://www.ncbi.nlm.nih.gov/pubmed/28667184
http://dx.doi.org/10.1155/2012/842764
http://www.ncbi.nlm.nih.gov/pubmed/22960330
http://dx.doi.org/10.1016/j.cca.2012.12.011
http://www.ncbi.nlm.nih.gov/pubmed/23313053
http://dx.doi.org/10.1371/journal.pone.0073798
http://www.ncbi.nlm.nih.gov/pubmed/24223694
http://dx.doi.org/10.1371/journal.pone.0082607
http://www.ncbi.nlm.nih.gov/pubmed/24349318
http://dx.doi.org/10.1016/j.devcel.2008.07.008
http://www.ncbi.nlm.nih.gov/pubmed/18694566
http://dx.doi.org/10.1371/annotation/37e647d5-1781-4edf-86a8-e3b533c32ad9
http://dx.doi.org/10.1371/journal.pone.0150154
http://www.ncbi.nlm.nih.gov/pubmed/26930277
http://dx.doi.org/10.1038/onc.2009.292
http://www.ncbi.nlm.nih.gov/pubmed/19767768
http://dx.doi.org/10.1016/j.biopha.2016.06.018
http://www.ncbi.nlm.nih.gov/pubmed/27470555
http://dx.doi.org/10.1155/2016/7932765
http://www.ncbi.nlm.nih.gov/pubmed/26942205
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	An Overview on Microvesicles Biology 
	EVs Diagnostic Potential 
	Relevance of EMPs and PMPs 
	EVs and EVs-Associated mRNAs Diagnostic Potential in Diabetes and Its Complications 
	Potential Role of EVs and their MiRNAs Profiles in the Prediction of Diabetic Renal Complications 
	Conclusions and Future Perspectives 

