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Abstract
Background
Microparticles (MPs) are vesicular structures shed from endothelial or circulating blood cells, after activation or apoptosis, and can be considered markers of vascular damage. We aimed to determine the levels of circulating MPs, their content of miRNA-126-3p and 5p, and their relationship with early endothelial activation/damage, in patients with different degree of glucose tolerance.

Methods
CD62E+, CD62P+, CD142+, CD45+ circulating MPs, their apoptotic (AnnexinV+) fractions, and miRNA-126 expression were determined in 39 prediabetic (PreDM), 68 type 2 diabetic (T2DM), and 53 control (NGT) subjects, along with main anthropometric and biochemical measurements. MPs were analysed by flow cytometry. miRNA-126 was measured by quantitative real-time PCR. Plasma antioxidant capacity was determined by electronic spin resonance; ICAM-1, and VCAM-1 by ELISA.

Results
Activated endothelial cell-derived MPs (CD62E+) were significantly increased in PreDM and T2DM in comparison to NGT (p < 0.0001). AnnexinV+/CD62E+ MPs and Annexin V+ MPs were significantly increased in T2DM compared to PreDM and NGT (p < 0.001); other MPs were not significantly different among groups. Plasma antioxidant capacity was significantly decreased in PreDM and T2DM compared to NGT (p = 0.001); VCAM-1 significantly increased in PreDM and T2DM in comparison to NGT (p = 0.001). miR-126-3p expression, but not miR-126-5p, in MPs, decreased significantly and progressively from NGT, to PreDM, and T2DM (p < 0.001). In PreDM and T2DM, CD62E+ MPs level was significantly and negatively associated with plasma glucose (p = 0.004).

Conclusion
We show for the first time that circulating CD62E+ MPs level and miR-126-3p content in MPs are abnormal in subjects with pre-diabetes; the content of miR-126-3p correlates with markers of endothelial inflammation, such as VCAM-1, plasma antioxidant capacity, and microparticles, well-accepted markers of endothelial dysfunction.
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Background
Microparticles (MPs) are a heterogeneous population of vesicles, with a diameter of 100–1000 nm, released from the plasma membrane surface of various cell types, such as platelets, erythrocytes, granulocytes, monocytes, lymphocytes, dendritic, and endothelial cells. MPs express proteins specific to the cells they are derived from, thus allowing cell type identification [1].
The release of MPs is a highly controlled process driven by different stimuli such as proinflammatory cytokines, infectious agents, lipoproteins, oxidative stress, or shear stress levels [2, 3]. MPs are also detectable in the peripheral blood of healthy individuals, but they can markedly increase in pathological condition, such as atherosclerosis, and hypertension [4, 5], and can therefore be considered biomarkers of diseases. Furthermore, MPs are capable of directly stimulating intracellular signalling and eliciting cellular responses: several studies have demonstrated the ability of MPs to promote vascular inflammation, and to interfere with coagulation pathway [6, 7].
Diamant and colleagues reported that MPs number and origin were comparable between healthy subjects and well-controlled type 2 diabetic patients; however, the latter group had significantly higher tissue factor-positive MPs [8]. In the Framingham Heart Study, circulating MPs levels were associated with the presence of cardio-metabolic risk factors, particularly dyslipidemia. Intriguingly, in this study, MPs level was not significantly associated with overt diabetes, but the association between triglycerides and circulating MPs was more pronounced in diabetic patients compared to non-diabetic subjects [9].
Recently, it has been demonstrated that, in vitro, elevated glucose induces a marked release of MPs with a distinct molecular composition by endothelial cells with respect to normal glucose treatment [10]. However, the effect, in vivo, of different condition in carbohydrate metabolism on the release of MPs and on the endothelial activation or dysfunction has not been completely investigated.
MPs are one of the major transport vehicles of microRNA (miRNAs), and contribute to the transfer of microRNAs from the parent cell to various target cells by direct cell-to-cell interaction, modulating the expression of specific genes; miRNAs contained in MPs may in turn influence vascular homeostasis [11–13].
Endothelium-derived MPs promote vascular endothelial repair by delivering miR-126-3p into recipient cells; however, MPs obtained in hyperglycaemic conditions show reduced regenerative capacity both in vivo, and in vitro [14]. A reduced expression of miRNA-126 has been shown in susceptible individuals, and in patients with type 2 diabetes mellitus [15, 16]; this suggests that the vascular protection of miRNA-126 is lost in the early phases of glucose intolerance.
The precursor miRNA pre-miR-126 gives rise to two mature strands, miR-126-3p and miR-126-5p, which are the most abundant miRNA in endothelial cells [17]. Deletion of gene encoding pre-miR-126 induces the loss of vascular integrity, and impairment of ischemic neovascularization [18]. The silencing of miR-126-3p induces endothelial inflammatory activation, in vitro [19]; furthermore, transfer of miR-126-3p by MPs released from apoptotic endothelial cells limits the atherosclerotic process, indicating an essential role of miRNA-126 in the endothelial stress response [20, 21].
Glucose metabolism abnormalities are strongly associated with the development of endothelial dysfunction and atherosclerosis [22, 23]. Alterations in carbohydrate metabolism form a continuum, which progressively worsens the cardiovascular health. Early hyperglycemia through a “metabolic memory” triggers endothelial activation as the initial vascular abnormality [24]. In this context, MPs release induced by early hyperglycemia may be considered novel biomarkers of endothelial activation/dysfunction.
Several studies reported that miRNAs represent a very promising tool for diagnosis and prognostic purposes in type 2 diabetes. However, while circulating miRNAs are modulated by a wide range of factors, including sex, age, and drug treatments, miRNAs within MPs can represent a cleaner source of information, mainly due to their nature of communication between tissues, either contained in exosome [25], or extracellular vesicles [24]. Taken together, these findings suggest that circulating MP-packaged miRNAs, in addition to their role as biomarkers, could act as functional mediators in vascular and metabolic diseases.
Therefore, the aim of this study was to determine the level of circulating MPs, related to endothelial activation/dysfunction and to assess the expression of miR-126-3p and miR-126-5p in MPs, across the spectrum of glucose intolerance, in non-diabetic, pre-diabetic and type 2 diabetic patients. We also investigated the relationships among MPs, their miRNA-126 content, metabolic parameters and early endothelial activation markers.

Materials and methods
Research design
We identified 160 consecutive subjects, among those attending the outpatient clinic of the Division of Metabolic Diseases of the University of Padua: 53 with normal glucose tolerance (NGT), 39 with prediabetes (PreDM; IFG or IGT defined as impaired fasting glucose or impaired glucose tolerance) and 68 with ascertained type 2 diabetes mellitus (T2DM, >5 years duration). Exclusion criteria were type 1 diabetes, clinically relevant diseases or advanced chronic diabetes complications. NGT and PreDM were assessed by an oral glucose (75 gr) tolerance test, with frequent sampling (−10′, 0′, 20′, 30′, 60′, 90′, 120′, 150′, 180′) for the determination of plasma glucose, C-peptide and insulin concentrations to evaluate, in addition to the glucose metabolism status, the insulin sensitivity index (Si) [26], and the HOMA index [27]. PreDM was defined as IFG [fasting plasma glucose 100–125 mg/dl (5.5–6.9 mmol/l] and/or IGT [2-h plasma glucose 140–199 mg/dl (7.7–11.1 mmol/l)] according to ADA criteria.
Anthropometric and blood pressure measurements were performed in all the subjects and a blood sample in fasting condition was obtained for the determination of glucose, lipid profile, ICAM-1, VCAM-1, plasma antioxidant capacity and MPs.
This study was carried out in accordance with the International Ethical Guidelines and the principles of the Declaration of Helsinki, and was approved by the local Institutional Review Board of the University of Padua Medical Centre. Patients filled out a complete lifestyle questionnaire regarding medical history, current therapy, smoking habits, and physical activity. All subjects signed the informed consent.

Metabolic parameters, adhesion molecule determinations and antioxidant capacity of plasma
Plasma glucose, insulin, C-peptide, and lipids were determined by enzymatic methods. Plasma levels of soluble adhesion molecules, Intercellular adhesion molecule-1 (ICAM-1), and Vascular cell adhesion molecule (VCAM-1) were measured as markers of early endothelial dysfunction by using a high-sensitivity ELISA assay, according to the manufacturer’s instructions (BioVision, CA, USA). Results were expressed in ng/ml. The intra and inter-assay coefficient of variation were below 10%. All samples were coded for a blinded analysis, and each plasma sample was determined in duplicate.
The antioxidant capacity (AOC) of plasma was evaluated with Electron Spin Resonance (ESR) spectroscopy, by measuring the ESR intensity decay of the nitroxide probe 4-hydroxy-2,2,6,6-tetramethyl-piperidine-1-oxyl TEMPOL (Aldrich, USA), added to the plasma (0.25 mM). The samples were mixed with TEMPOL in quartz capillaries and rapidly inserted into the cavity of a Bruker ER200 ESR spectrometer at room temperature. ESR spectra of the nitroxide probe were recorded at 1 min interval for the first 15 min with the following experimental parameters: magnetic field sweep 60 G, microwave power 1 mW, modulation amplitude 1 G, scan time 40 s as previously described [28]. The initial ESR intensity decay rate is proportional to the antioxidant level. To convert the decay rate into an ascorbate equivalent concentration, we prepared a calibration curve with ascorbate-TEMPOL samples at known ascorbate concentration, to give antioxidant levels [29].

Microparticles assessment and characterization
Platelet-poor plasma (PPP) was prepared within 3 h of blood collection by double centrifugation (3000g for 15 min). 1 ml of PPP was centrifuged at 18,000g for 40 min at 4 °C to obtain microparticles (MPs). MPs were resuspended in 200 μl of phosphate-buffered saline (PBS, Sigma, USA) and stored at −80 °C until use. Samples, analyzed only after a single freeze–thaw cycle, were thawed by incubation for 5 min in a water bath at 37 °C immediately before assay.
All assays were performed on a Cytomics FC500 flow cytometer (Beckman Coulter, Miami Florida), as previously described [30]. The MPs gate was established using a blend of mono-dispersed fluorescent beads of three diameters (0.5, 0.9, and 3 μm) (Megamix, BioCytex, DiagnosticaStago, France) [31]. Twenty microliters (µl) of freshly thawed MPs were directly incubated for 15 min at room temperature in the dark with 2 µl of fluorescent-conjugated monoclonal antibodies against cell-type specific antigens and 2 µl of annexinV-FITC (fluorescein isothiocyanate) (Bender MedSystems GmbH, Vienna, Austria). Endothelial-derived MPs were identified usi ng CD62E-PE (phycoerythrin) and platelet-derived MPs using CD62P-PC5 (phycoerythrin-cyanin 5.1) (Beckman Coulter, Miami, Florida); leukocyte-derived MPs using CD45-PC5 (BioLegend Europe, The Netherlands) and Tissue Factor-bearing (TF + MP) with CD142-PE, (clone HTF-1, BD, Biosciences, Milan, Italy). The isotype controls used were IgG1-PC5, clone MOPC-21 (BioLegend Europe), IgG1-PE, clone MOPC-21 (BD Biosciences, Milan, Italy); mouse IgG1-FITC, clone MOPC-21 (BioLegend Europe). The samples were diluted in 500 μl of 0.22 µl filtered Annexin-V kit binding buffer (Bender MedSystems GmbH, Vienna, Austria) before analysis. A total of 20 μl of counting beads with an established concentration (Flow Count™ Fluorospheres, Beckman Coulter, Miami Florida) were added to each sample in order to calculate MPs as absolute numbers per microliter.

miRNA-126 expression in microparticles
Microparticles from plasma of all the patients were isolated, as above described. Supernatants were removed, and the pellet composed of MPs was used for the determination of the miR-126-5p and miR-126-3p expression. RNA extraction from MPs was determined using RNeasy MinElute Cleanup kit (Qiagen, Hilden, Germany). cDNA was synthesized using specific miRNA primers (Applied Biosystems, USA) for miR-126-3p and miR-126-5p in TaqMan microRNA Reverse Transcription kit (Applied Biosystems,USA). Expression of miR-126-3p and miR-126-5p were assessed by quantitative real-time RT-PCR (qPCR), using a CFX96 PCR detection system (Biorad CFX 96). The RNU48 snRNA was used as an internal control and to normalize miR-126-5p and miR-126-3p expression (Applied Biosystems, USA) [32].

Statistical analysis
Continuous variables are expressed as mean ± standard error and categorical variables as percentage. Non-normal variables at the Kolmogorov–Smirnov test were log-transformed before analysis. Comparisons between 2 or more groups were performed with the Student’s t test or ANOVA, respectively for continuous data. The Bonferroni post hoc test was applied. To determine the association between MPs type and studied variables, univariate analyses were first run and then multiple linear regression analysis was run entering MPs as dependent variable, and explanatory covariates chosen among those showing significant (post hoc p < 0.05) associations in univariate group analysis. Statistical significance was accepted at p < 0.05, and SPSS ver. 22 was used.


Results
Clinical characteristics and adhesion molecules
Main demographic and clinical characteristics of the study subjects are reported in Table 1. Subjects were divided into three categories according to their degree of glucose tolerance. T2DM and PreDM subjects showed significantly increased BMI, systolic blood pressure values, heart rate, and fasting plasma glucose levels in comparison to controls. PreDM subjects showed significantly lower plasma glucose levels and higher blood pressure values compared to T2DM. PreDM was associated with a worse insulin-resistant state, compared to NGT, as demonstrated by Si (8.2 ± 1.6 vs 16.5 ± 2.2 10−4 dl/kg/min µU/ml; p = 0.017) and HOMA index (4.0 ± 0.5 vs 1.2 ± 0.2; p < 0.001) measurements.Table 1Clinical characteristics of the study cohort


	 	NGT (n = 53)
	PreDM (n = 39)
	T2DM (n = 68)
	p value

	Sex (M/F)
	30/23
	31/8
	42/26
	0.124

	Age (years)
	57 ± 1
	60 ± 1
	60 ± 1
	0.093

	BMI (kg/h2)
	25 ± 0.4
	28 ± 0.6#
                                          
	30 ± 1.6#
                                          
	<0.0001

	SBP (mmHg)
	120 ± 2
	143 ± 4#, ¶¶
                                          
	133 ± 2¶
                                          
	<0.0001

	DBP (mmHg)
	78 ± 1
	91 ± 2#,##
                                          
	80 ± 1
	<0.0001

	HR (bpm)
	67 ± 2
	74 ± 2¶
                                          
	74 ± 2¶
                                          
	0.032

	Plasma glucose (mg/dl)
	86 ± 1
	106 ± 3§,##
                                          
	160 ± 8#
                                          
	<0.0001

	Total cholesterol (mg/dl)
	190 ± 3
	198 ± 6
	188 ± 5
	0.507

	HDL cholesterol (mg/dl)
	51 ± 2
	47 ± 2
	50 ± 2
	0.155

	LDL cholesterol (mg/dl)
	121 ± 3
	123 ± 5
	113 ± 5
	0.261

	Triglyceride (mg/dl)
	113 ± 10
	147 ± 9¶
                                          
	134 ± 13
	0.096


Data presented as Mean ± ES (p value ANOVA and Bonferroni test)

                                    NGT glucose normotolerant, PreDM pre-diabetic, T2DM type 2 diabetic mellitus, BMI Body Mass Index, SBP systolic blood pressure, DBP diastolic blood pressure, HR heart rate, bpm beats per minute, HDL high density lipoprotein, LDL low density lipoprotein

                                    #p < 0.0001 vs NGT

                                    §p < 0.01 vs NGT

                                    ¶p < 0.05 vs NGT

                                    ##p < 0.0001 vs T2DM

                                    ¶¶p < 0.05 vs T2DM



                        

Microparticles levels
We determined the levels of circulating MPs obtained from activated endothelial cells (CD62E+), tissue factor-bearing MPs (CD142+), leukocyte-derived MPs (CD45+), and activated platelet-derived (CD62P+) MPs according to degree of glucose tolerance (Table 2). The concentration of circulating CD62E+ MPs was significantly increased in PreDM and in T2DM compared to NGT subjects. T2DM patients showed significantly higher values of AnnexinV+/CD62E+ and AnnexinV+ MPs compared to NGT and PreDM. No other significant differences were observed for all the other kinds of MPs investigated. Figure 1 shows a representative scatter plot from cytometer of circulating CD62E+ MPs and the apoptotic fraction from NGT, PreDM and T2DM. PreDM and T2DM exhibited a larger population of MPs in quadrant I1 (CD62E+ MPs) than NGT, as well as T2DM showed more positive MPs in quadrant I2 and I4 (respectively AnnexinV+/CD62E+ and AnnexinV+ MPs) compared to NGT and PreDM.Table 2Circulating levels of different MPs subtypes in the study cohort


	Origin
	NGT (n = 53)
	PreDM (n = 39)
	T2DM (n = 68)
	p value

	AnnexinV+
                                          
	3445 ± 500
	4385 ± 800
	14,991 ± 1700#
                                          
	<0.001

	Endothelial cells

	 CD62E+
                                          
	168 ± 48 ± 1
	948 ± 118##
                                          
	693 ± 81##
                                          
	<0.0001

	 AnnexinV+ CD62E+
                                          
	65 ± 6
	66 ± 10
	100 ± 9#
                                          
	<0.0001

	Tissue factor

	 CD142+
                                          
	3.57 ± 0.39
	2.67 ± 0.28
	3.41 ± 0.32
	0.127

	 AnnexinV+ CD142+
                                          
	37.14 ± 2.76
	32.94 ± 2.82
	29.88 ± 1.77
	0.146

	Leukocytes

	 CD45+
                                          
	277 ± 20
	296 ± 17
	308 ± 15
	0.476

	 AnnexinV+ CD45+
                                          
	48.47 ± 5.06
	35.23 ± 4.65
	38.28 ± 3.07
	0.121

	Platelets

	 CD62P+
                                          
	220 ± 48
	207 ± 74
	135 ± 21
	0.458

	 AnnexinV+ CD62P+
                                          
	124 ± 56
	88 ± 28
	113 ± 14
	0.505


Data presented as Mean ± ES (p value ANOVA and Bonferroni test)

                                    NGT glucose normotolerant, PreDM pre-diabetic, T2DM type 2 diabetic mellitus

                                    #p < 0.0001 vs NGT and PreDM

                                    ##p < 0.0001 vs NGT



                           [image: A12933_2017_600_Fig1_HTML.gif]
Fig. 1Representative MPs profiles in plasma sample of NGT, PreDM and T2DM, flow cytometric scatter plots. I1 quadrant displays the number of CD62E-positive MPs, I2 displays AnnexinV/CD62E positive MPs, I3 displays AnnexinV/CD62E negative and I4 displays AnnexinV positive MPs




                        

Correlations between CD62E+ MPs and other variables
We then investigated possible correlations between the levels of CD62E+ MPs and the other studied parameters. Positive correlations were observed between CD62E+ MPs and plasma glucose (r = 0.23; p = 0.005), BMI (r = 0.21; p = 0.012), systolic blood pressure (r = 0.17; p = 0.042) and diastolic blood pressure (r = 0.16; p = 0.048).
At multiple linear regression analysis, entering CD62E+ MPs as dependent variable, and systolic blood pressure (Beta = 0.9; p = 0.32), diastolic blood pressure (Beta = 0.14; p = 0.10), BMI (Beta = 0.12; p = 0.2), and plasma glucose (Beta = 0,19; r = 0.037) as independent variables, plasma glucose level was the strongest independent predictor of CD62E+ MPs. AnnexinV+ MPs levels were positively associated with plasma glucose (r = 0.27; p = 0.001) while AnnexinV+/CD62E+ MPs were not significant correlated with clinical parameters.

Plasma antioxidant level and early adhesion markers
The antioxidant level in plasma from all the subjects was assessed by the measurement of the ascorbate-equivalent concentration with ESR spectroscopy. As shown in Fig. 2a, a large decrease of the antioxidant level was found in plasma from PreDM, and T2DM in comparison to NGT (1.4 ± 0.1 and 1.5 ± 0.07 vs 2.3 ± 0.1; p = 0.001). Plasma antioxidant level was negatively correlated with CD62E + MPs (r = −0.31; p = 0.001) and with plasma glucose (r = −0.26; p = 0.004) (Fig. 2b, c).[image: A12933_2017_600_Fig2_HTML.gif]
Fig. 2Plasma Antioxidant level, ICAM-1 and VCAM-1 measurements in NGT, in PreDM, and in T2DM. a Plasma antioxidant capacity (AOC) measured with ESR spectroscopy. b, c Correlations between AOC and CD62E + MPs, AOC and plasma glucose, respectively. d, e VCAM-1 and ICAM-1 plasma levels determined by ELISA, respectively. Data are expressed as Mean ± DS




                        
Then, in all the subjects, we also measured the amount of plasma VCAM-1 and ICAM-1, as early endothelial activation markers. VCAM-1 levels showed a significant increase in PreDM and T2DM in comparison to NGT, while ICAM-1 level was significantly increased in T2DM in comparison to NGT and PreDM subjects (Fig. 2d, e).

miRNA-126 expression in microparticles
Since MPs are the major carriers of miRNAs in circulation, we analysed the expression of miRNA-126, i.e. of its two strands miR-126-3p and miR-126-5p in MPs isolated from the plasma of PreDM, T2DM and control subjects. The level of miR-126-3p was significantly higher in control compared to PreDM (p < 0.001 after Bonferroni correction) and T2DM (p < 0.001) subjects, while it was comparable between PreDM and T2DM patients (Fig. 3a). On the other hand, we did not observe any significant difference for miR-126-5p concentrations among all the three groups (Fig. 3b).[image: A12933_2017_600_Fig3_HTML.gif]
Fig. 3miR-126-3p and miR-126-5p expression from circulating MPs of NGT, PreDM and T2DM patients. a, b miR-126-3p and miR-126-5p expression determined by qPCR, respectively. Data are expressed as Mean ± DS. c–e Correlations between expression of miR-126-3p and the number of circulating CD62E+ MPs, plasma glucose levels and plasma antioxidant capacity (AOC) respectively




                        

Correlations between miRNA-126 expression and other variables
We investigated the correlations between miR-126-3p and miR-126-5p and all studied parameters, in all the subjects. miR-126-3p was significantly and negatively associated with CD62E+ MPs (r = −0.2; p = 0.034) (Fig. 3c), with plasma glucose (r = −0.365; p = 0.0001) (Fig. 3d), VCAM-1 (r = −0.25; p = 0.010) and positively with antioxidant plasma level (r = 0.36; p = 0.001) (Fig. 3e).
At multiple linear regression analysis, entering miR-126-3p as dependent variable, and the variables significantly associated with miR-126-3p at simple regression analysis as independent ones, only CD62E+ MPs (Beta = −0.300; p = 0.003), and fasting plasma glucose (Beta = −0.286; p = 0.003) remained significant predictors of reduced levels of MPs miR-126-3p.
On the other hand, we did not find any significant correlation with miR-126-5p.


Discussion
The present study was designed to characterize and to define the role of several circulating levels of MPs involved in endothelial activation/dysfunction in subjects with different degrees of abnormal glucose metabolism. To this purpose, we determined: (a) CD62E+ (E-selectin) MPs that are released by the activated endothelium [33, 34]; (b) CD62P+ (P-selectin) MPs that are mainly shed by platelets in response to cell activation, and are involved in inflammation and thrombosis [7, 35, 36]; (c) CD45+ MPs that derive from lymphocytes, and have been associated with the type of subclinical atherosclerotic lesions [37]; and (d) CD142+ (tissue factor) MPs which expression is induced on the surface of damaged or activated endothelial cells [38].
MPs pattern in different degrees of glucose tolerance
We demonstrated that only circulating CD62E+ MPs levels were significantly increased in T2DM and in PreDM compared to NGT subjects, while the levels of AnnexinV+/CD62E+ MPs and AnnexinV+ MPs were higher in T2DM, but not in PreDM, suggesting only in these patients an increased apoptosis. This indicates not only that CD62E+ MPs can be considered an early marker of endothelial dysfunction in hyperglycaemic patients, but also that an early activated endothelial state is already present in the prediabetic condition.
The association between CD62E+ MPs and reduced antioxidant capacity and increased production of adhesion molecules, both established signs of endothelial dysfunction, strengthen their (pre)atherosclerotic role. The observed strong positive correlation between CD62E+ MPs and plasma glucose confirms the relationship between hyperglycemia and endothelium dysfunction. Furthermore, multivariable analyses indicate that hyperglycemia is the primary metabolic defect associated with the release of CD62E+ MPs as the correlation persisted after adjusting for BMI and blood pressure. Finally, we show that the content of miR-126-3p was markedly reduced in MPs from PreDM and T2DM in comparison to NGT, and negatively correlated with plasma glucose. These findings support the hypothesis of an important role of MPs as carriers of miRNAs, in the regulation of vascular health, which is altered by hyperglycemia, and in particular in diabetic state. To our knowledge, this is the first study reporting a detailed analysis of metabolic parameters in relation to circulating MPs levels, their miRNA content, and to markers of endothelial dysfunction, in a cohort of non-diabetic, pre-diabetic and diabetic patients.
The abnormal release of CD62E+ MPs in PreDM could represent a marker of an altered endothelial phenotype that may progressively result to an increase of the apoptotic fraction of MPs levels, as observed in type 2 diabetic patients. Therefore, while pre-diabetes and type 2 diabetes can be seen as a metabolic continuum, the persistence of hyperglycemia (T2DM) appears to be associated with a different pattern of circulating MPs, characterized by the presence of an increased apoptosis, which may reflect a change from an endothelial activation to dysfunction. Our findings back those of Tramontano et al. who showed a marked increase of apoptotic fraction of circulating endothelial MPs from T2DM in comparison to NGT [39].

MPs and markers of endothelial inflammation
We found that circulating CD62E+ MPs are inversely associated with the plasma antioxidant capacity, while there is a direct correlation with the level of VCAM-1; this suggests that the reduction of plasma antioxidant capacity may promote the release of VCAM-1 through circulating CD62E+ MPs signalling. In our study, VCAM-1 levels showed a significant increase in PreDM, and T2DM, although the significance of VCAM-1 levels in prediction of T2DM should be improved by the addition of other inflammatory markers, such as E-selectin [40]. Overall these findings support the hypothesis that the excess of CD62E+ MPs release from endothelial cells is an early abnormality of vascular disease as it can be observed in prediabetic subjects who show already higher CD62E+ MPs levels than controls.

miR-126-3p content in MPs from patients with different degrees of glucose tolerance
Several studies have described MPs as “cargos” of information in blood vessel wall under pathological situations such as hypertension, myocardial infarction, and metabolic syndrome [4]. In this context, we observe that the expression of miR-126-3p in MPs reduces progressively from PreDM to T2DM, while miR-126-5p content is similar to control subjects. miR-126-3p levels exert protective vascular effects promoting vascular endothelial growth factor (VEGF) signalling [41], and through other protective mechanisms [15]. Our results therefore provide new evidence for the existence of a link between MPs release and miRNA-126 content in hyperglycaemic conditions. Moreover, we found for the first time an inverse correlation between miR-126-3p content in MPs and fasting glucose level, indicating a strict glycemia-sensitivity of this biomarker. In accordance with our clinical data, Jansen et al. demonstrated that MP-bound miR-126 was significantly reduced in diabetic patients, and endothelial cell-derived MPs were shown to be the major source of miR-126-containing MPs. They also verified that miR-126 content in endothelial cell-derived MPs was significantly reduced in high glucose condition, in vitro, strengthening our findings [42]. Although we can not provide any direct evidence of MPs in vascular repair capacity, the negative associations between miR-126-3p and CD62E+ MPs, and between miR-126-3p and plasma VCAM-1 levels suggest a possible role of endothelial MPs as modulators of endothelial activation/dysfunction, through their miR-126-3p content. Moreover, we have also found a positive correlation between miR-126-3p and the plasma antioxidant capacity, confirming the presence of an association between a pro-oxidant and inflammatory imbalance and abnormal circulating CD62E+ MPs.
Mechanistically, we still do not know whether an increase of CD62E+ MPs from endothelial cells causes endothelial dysfunction per se or whether it represents simply a marker of endothelial activation/dysfunction in patients with altered glucose metabolism. However, several studies suggest a causal effect of hyperglycemia in altering the physical composition and molecular assessment of endothelial MPs, increasing their capacity for interaction with the vasculature, for the induction of coagulation, and oxidative stress, thus impairing vascular reactivity [10, 43, 44].

Limitations
This study has limitations: its cross-sectional nature does not allow to draw definite conclusions on MPs evolution at the single-patient level. The sample size is relatively small, but analyses of the levels of MPs are quite robust and reach statistical significance. The loss of miR-126 expression in plasma of diabetic patients has been extensively reproduced, therefore, we did not perform the same analysis in total plasma, to confirm this datum in our samples. On the other hand, a comparative study could strengthen our hypothesis, showing that this trend is mainly attributable to microparticles. Moreover, the sorting of different pattern of subpopulations of MPs may be useful in future research to understand the different epigenetic information present in MPs, particularly miRNAs. Notwithstanding these limitations, our data may have pathophysiological implications: they demonstrate that MPs expression of endothelial activation may represent a reliable tool for early detection of vascular dysfunction in prevention screening.


Conclusion
We show for the first time that circulating CD62E+ MPs level and miR-126-3p content in MPs are abnormal in subjects with different degrees of glucose tolerance; miR-126-3p correlates with markers of endothelial inflammation, such as VCAM-1, plasma antioxidant capacity, and microparticles, well-accepted markers of endothelial dysfunction.

Authors’ contributions
AG, AA, SVK, and GC participated in study conception and design. AG, CMR, and LF performed the acquisition of data. AG, SVK and GC participated in analysis and interpretation of data. AG, SVK and GC drafted the manuscript and CMR, EC, PS and AA helped in critical review of the manuscript. All authors read and approved the final manuscript.
Acknowledgements
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Availability of data and materials
The data that support the findings of this study are available from the corresponding author upon reasonable request.

Consent for publication
If the manuscript is accepted, we approve it for publication in Cardiovascular Diabetology.

Ethics approval and consent to participate
This study was conducted after the acquisition of written informed consent from the participating patients and upon the approval by the ethics committee by the local Institutional Review Board of the University of Padua Medical Centre.

Funding
Not applicable.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.


[image: Creative Commons]
                           Open AccessThis article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://​creativecommons.​org/​licenses/​by/​4.​0/​), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://​creativecommons.​org/​publicdomain/​zero/​1.​0/​) applies to the data made available in this article, unless otherwise stated.

References
1.
Barteneva NS, Fasler-Kan E, Bernimoulin M, Stern JN, Ponomarev ED, Duckett L, Vorobjev IA. Circulating microparticles: square the circle. BMC Cell Biol. 2013;14:23.CrossrefPubMedPubMedCentral

2.
Mallat Z, Benamer H, Hugel B, Benessiano J, Steg PG, Freyssinet JM, Tedgui A. Elevated levels of shed membrane microparticles with procoagulant potential in the peripheral circulating blood of patients with acute coronary syndromes. Circulation. 2000;101(8):841–3.CrossrefPubMed

3.
Lovren F, Verma S. Evolving role of microparticles in the pathophysiology of endothelial dysfunction. Clin Chem. 2013;59(8):1166–74.CrossrefPubMed

4.
Hoefer IE, Steffens S, Ala-Korpela M, Back M, Badimon L, Bochaton-Piallat ML, Boulanger CM, Caligiuri G, Dimmeler S, Egido J, Evans PC, Guzik T, Kwak BR, Landmesser U, Mayr M, Monaco C, Pasterkamp G, Tunon J, Weber C. ESC Working Group Atherosclerosis and Vascular Biology: novel methodologies for biomarker discovery in atherosclerosis. Eur Heart J. 2015;36(39):2635–42.CrossrefPubMed

5.
Schmidt DE, Manca M, Hoefer IE. Circulating endothelial cells in coronary artery disease and acute coronary syndrome. Trends Cardiovasc Med. 2015;25(7):578–87.CrossrefPubMed

6.
Martinez MC, Tual-Chalot S, Leonetti D, Andriantsitohaina R. Microparticles: targets and tools in cardiovascular disease. Trends Pharmacol Sci. 2011;32(11):659–65.CrossrefPubMed

7.
Wang ZT, Wang Z, Hu YW. Possible roles of platelet-derived microparticles in atherosclerosis. Atherosclerosis. 2016;248:10–6.CrossrefPubMed

8.
Diamant M, Nieuwland R, Pablo RF, Sturk A, Smit JW, Radder JK. Elevated numbers of tissue-factor exposing microparticles correlate with components of the metabolic syndrome in uncomplicated type 2 diabetes mellitus. Circulation. 2002;106(19):2442–7.CrossrefPubMed

9.
Amabile N, Cheng S, Renard JM, Larson MG, Ghorbani A, McCabe E, Griffin G, Guerin C, Ho JE, Shaw SY, Cohen KS, Vasan RS, Tedgui A, Boulanger CM, Wang TJ. Association of circulating endothelial microparticles with cardiometabolic risk factors in the Framingham Heart Study. Eur Heart J. 2014;35(42):2972–9.CrossrefPubMedPubMedCentral

10.
Burger D, Turner M, Xiao F, Munkonda MN, Akbari S, Burns KD. High glucose increases the formation and pro-oxidative activity of endothelial microparticles. Diabetologia. 2017. doi:10.​1007/​s00125-017-4331-2.

11.
Loyer X, Vion AC, Tedgui A, Boulanger CM. Microvesicles as cell–cell messengers in cardiovascular diseases. Circ Res. 2014;114(2):345–53.CrossrefPubMed

12.
Diehl P, Fricke A, Sander L, Stamm J, Bassler N, Htun N, Ziemann M, Helbing T, El-Osta A, Jowett JB, Peter K. Microparticles: major transport vehicles for distinct microRNAs in circulation. Cardiovasc Res. 2012;93(4):633–44.CrossrefPubMedPubMedCentral

13.
Jansen F, Yang X, Baumann K, Przybilla D, Schmitz T, Flender A, Paul K, Alhusseiny A, Nickenig G, Werner N. Endothelial microparticles reduce ICAM-1 expression in a microRNA-222-dependent mechanism. J Cell Mol Med. 2015;19(9):2202–14.PubMedPubMedCentral

14.
Jansen F, Yang X, Hoelscher M, Cattelan A, Schmitz T, Proebsting S, Wenzel D, Vosen S, Franklin BS, Fleischmann BK, Nickenig G, Werner N. Endothelial microparticle-mediated transfer of microRNA-126 promotes vascular endothelial cell repair via SPRED1 and is abrogated in glucose-damaged endothelial microparticles. Circulation. 2013;128(18):2026–38.CrossrefPubMed

15.
Zhang T, Li L, Shang Q, Lv C, Wang C, Su B. Circulating miR-126 is a potential biomarker to predict the onset of type 2 diabetes mellitus in susceptible individuals. Biochem Biophys Res Commun. 2015;463(1–2):60–3.CrossrefPubMed

16.
Zampetaki A, Kiechl S, Drozdov I, Willeit P, Mayr U, Prokopi M, Mayr A, Weger S, Oberhollenzer F, Bonora E, Shah A, Willeit J, Mayr M. Plasma microRNA profiling reveals loss of endothelial miR-126 and other microRNAs in type 2 diabetes. Circ Res. 2010;107(6):810–7.CrossrefPubMed

17.
Boon RA, Vickers KC. Intercellular transport of microRNAs. Arterioscler Thromb Vasc Biol. 2013;33(2):186–92.CrossrefPubMedPubMedCentral

18.
Schober A, Nazari-Jahantigh M, Wei Y, Bidzhekov K, Gremse F, Grommes J, Megens RT, Heyll K, Noels H, Hristov M, Wang S, Kiessling F, Olson EN, Weber C. MicroRNA-126-5p promotes endothelial proliferation and limits atherosclerosis by suppressing Dlk1. Nat Med. 2014;20(4):368–76.CrossrefPubMedPubMedCentral

19.
Harris TA, Yamakuchi M, Ferlito M, Mendell JT, Lowenstein CJ. MicroRNA-126 regulates endothelial expression of vascular cell adhesion molecule 1. Proc Natl Acad Sci USA. 2008;105(5):1516–21.CrossrefPubMedPubMedCentral

20.
Jansen F, Stumpf T, Proebsting S, Franklin BS, Wenzel D, Pfeifer P, Flender A, Schmitz T, Yang X, Fleischmann BK, Nickenig G, Werner N. Intercellular transfer of miR-126-3p by endothelial microparticles reduces vascular smooth muscle cell proliferation and limits neointima formation by inhibiting LRP6. J Mol Cell Cardiol. 2017;104:43–52.CrossrefPubMed

21.
Zernecke A, Bidzhekov K, Noels H, Shagdarsuren E, Gan L, Denecke B, Hristov M, Koppel T, Jahantigh MN, Lutgens E, Wang S, Olson EN, Schober A, Weber C. Delivery of microRNA-126 by apoptotic bodies induces CXCL12-dependent vascular protection. Sci Signal. 2009;2(100):ra81.CrossrefPubMed

22.
Hanefeld M, Koehler C, Fuecker K, Henkel E, Schaper F, Temelkova-Kurktschiev T. Impaired Glucose Tolerance for Atherosclerosis and Diabetes study: insulin secretion and insulin sensitivity pattern is different in isolated impaired glucose tolerance and impaired fasting glucose: the risk factor in Impaired Glucose Tolerance for Atherosclerosis and Diabetes study. Diabetes Care. 2003;26(3):868–74.CrossrefPubMed

23.
Hadi HA, Suwaidi JA. Endothelial dysfunction in diabetes mellitus. Vasc Health Risk Manag. 2007;3(6):853–76.PubMedPubMedCentral

24.
Prattichizzo F, Giuliani A, De Nigris V, Pujadas G, Ceka A, La Sala L, Genovese S, Testa R, Procopio AD, Olivieri F, Ceriello A. Extracellular microRNAs and endothelial hyperglycaemic memory: a therapeutic opportunity? Diabetes Obes Metab. 2016;18(9):855–67.CrossrefPubMedPubMedCentral

25.
Sahoo S, Emanueli C. Exosomes in diabetic cardiomyopathy: the next-generation therapeutic targets? Diabetes. 2016;65(10):2829–31.CrossrefPubMed

26.
de Kreutzenberg SV, Fadini GP, Boscari F, Rossi E, Guerra S, Sparacino G, Cobelli C, Ceolotto G, Bottero M, Avogaro A. Impaired hemodynamic response to meal intake in insulin-resistant subjects: an impedance cardiography approach. Am J Clin Nutr. 2011;93(5):926–33.Crossref

27.
Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner RC. Homeostasis model assessment: insulin resistance and beta-cell function from fasting plasma glucose and insulin concentrations in man. Diabetologia. 1985;28(7):412–9.CrossrefPubMed

28.
Papparella I, Ceolotto G, Berto L, Cavalli M, Bova S, Cargnelli G, Ruga E, Milanesi O, Franco L, Mazzoni M, Petrelli L, Nussdorfer GG, Semplicini A. Vitamin C prevents zidovudine-induced NAD(P)H oxidase activation and hypertension in the rat. Cardiovasc Res. 2007;73(2):432–8.CrossrefPubMed

29.
Piehl LL, Facorro GB, Huarte MG, Desimone MF, Copello GJ, Diaz LE, de Celis ER. Plasmatic antioxidant capacity due to ascorbate using TEMPO scavenging and electron spin resonance. Clin Chim Acta. 2005;359(1–2):78–88.CrossrefPubMed

30.
Campello E, Zabeo E, Radu CM, Spiezia L, Gavasso S, Fadin M, Woodhams B, Vettor R, Simioni P. Hypercoagulability in overweight and obese subjects who are asymptomatic for thrombotic events. Thromb Haemost. 2015;113(1):85–96.CrossrefPubMed

31.
Campello E, Radu CM, Duner E, Lombardi AM, Spiezia L, Bendo R, Ferrari S, Simioni P, Fabris F. Activated platelet-derived and leukocyte-derived circulating microparticles and the risk of thrombosis in heparin-induced thrombocytopenia: a role for pf4-bearing microparticles? Cytometry B Clin Cytom. 2017. doi:10.​1002/​cyto.​b.​21507.PubMed

32.
Ceolotto G, Papparella I, Bortoluzzi A, Strapazzon G, Ragazzo F, Bratti P, Fabricio AS, Squarcina E, Gion M, Palatini P, Semplicini A. Interplay between miR-155, AT1R A1166C polymorphism, and AT1R expression in young untreated hypertensives. Am J Hypertens. 2011;24(2):241–6.CrossrefPubMed

33.
Jimenez JJ, Jy W, Mauro LM, Soderland C, Horstman LL, Ahn YS. Endothelial cells release phenotypically and quantitatively distinct microparticles in activation and apoptosis. Thromb Res. 2003;109(4):175–80.CrossrefPubMed

34.
Abid Hussein MN, Meesters EW, Osmanovic N, Romijn FP, Nieuwland R, Sturk A. Antigenic characterization of endothelial cell-derived microparticles and their detection ex vivo. J Thromb Haemost. 2003;1(11):2434–43.CrossrefPubMed

35.
Campello E, Spiezia L, Radu CM, Simioni P. Microparticles as biomarkers of venous thromboembolic events. Biomark Med. 2016;10(7):743–55.CrossrefPubMed

36.
Omoto S, Nomura S, Shouzu A, Hayakawa T, Shimizu H, Miyake Y, Yonemoto T, Nishikawa M, Fukuhara S, Inada M. Significance of platelet-derived microparticles and activated platelets in diabetic nephropathy. Nephron. 1999;81(3):271–7.CrossrefPubMed

37.
Suades R, Padro T, Alonso R, Lopez-Miranda J, Mata P, Badimon L. Circulating CD45+/CD3+ lymphocyte-derived microparticles map lipid-rich atherosclerotic plaques in familial hypercholesterolaemia patients. Thromb Haemost. 2014;111(1):111–21.CrossrefPubMed

38.
Suades R, Padro T, Alonso R, Mata P, Badimon L. High levels of TSP1+/CD142+ platelet-derived microparticles characterise young patients with high cardiovascular risk and subclinical atherosclerosis. Thromb Haemost. 2015;114(6):1310–21.CrossrefPubMed

39.
Tramontano AF, Lyubarova R, Tsiakos J, Palaia T, Deleon JR, Ragolia L. Circulating endothelial microparticles in diabetes mellitus. Mediat Inflamm. 2010;2010:250476.Crossref

40.
Odegaard AO, Jacobs DR Jr, Sanchez OA, Goff DC Jr, Reiner AP, Gross MD. Oxidative stress, inflammation, endothelial dysfunction and incidence of type 2 diabetes. Cardiovasc Diabetol. 2016;15:6.Crossref

41.
Olivieri F, Bonafe M, Spazzafumo L, Gobbi M, Prattichizzo F, Recchioni R, Marcheselli F, La Sala L, Galeazzi R, Rippo MR, Fulgenzi G, Angelini S, Lazzarini R, Bonfigli AR, Bruge F, Tiano L, Genovese S, Ceriello A, Boemi M, Franceschi C, Procopio AD, Testa R. Age- and glycemia-related miR-126-3p levels in plasma and endothelial cells. Aging (Albany NY). 2014;6(9):771–87.Crossref

42.
Jansen F, Wang H, Przybilla D, Franklin BS, Dolf A, Pfeifer P, Schmitz T, Flender A, Endl E, Nickenig G, Werner N. Vascular endothelial microparticles-incorporated microRNAs are altered in patients with diabetes mellitus. Cardiovasc Diabetol. 2016;15:8.Crossref

43.
Sabatier F, Camoin-Jau L, Anfosso F, Sampol J, Dignat-George F. Circulating endothelial cells, microparticles and progenitors: key players towards the definition of vascular competence. J Cell Mol Med. 2009;13(3):454–71.CrossrefPubMed

44.
Sabatier F, Darmon P, Hugel B, Combes V, Sanmarco M, Velut JG, Arnoux D, Charpiot P, Freyssinet JM, Oliver C, Sampol J, Dignat-George F. Type 1 and type 2 diabetic patients display different patterns of cellular microparticles. Diabetes. 2002;51(9):2840–5.CrossrefPubMed




OEBPS/sidebar.gif





OEBPS/cc-by.png
() _®





OEBPS/A12933_2017_600_Fig2_HTML.gif
®

AOC (umol)

CDB2E+ MPs+ count &

400

300

200

Plasma Glucose (mg/dl) ©

0.004
=026

NGT

VCAM-1 (ng/ml) @

§

H

§

H

H

NGT

PreDM

T20M

AOC (umol)

20

100

ICAM-1 (ng/ml) @

NGT

PreDM

T20M





OEBPS/contact.gif





OEBPS/A12933_2017_600_Fig3_HTML.gif
o

‘CD62E+ MPs+ count

miR-126-3p

25

20

15

10

os

00

<0001

NGT

PreDM

20
o
8
[
E
os
o0
T2DM B
o
p-0.001
- 365

3

100

Plasma Glucose (mg/dl) o

PreDM T20M

e
s

AOC (umol)

T 1s
miR-126-3p

©s 1o 1s 20 2
miR-126-3p

a0 os 1o 15 2o 25
miR-126-3p





OEBPS/A12933_2017_600_Fig1_HTML.gif
NGT PreDM

2

3

3
2

FL2 Log CD62E PE
3

FL2 Log CD62E PE
2

3
FL2 Log CD62E PE

e e e w W w1
FL1 Log Annexin V FL1 Log Annexin V. FL1 Log Annexin V





