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Abstract

:

Fabry disease (FD) is a lysosomal storage disorder (LSD) characterized by lysosomal accumulation of glycosphingolipids in a wide variety of cytotypes, including endothelial cells (ECs). FD patients experience a significantly reduced life expectancy compared to the general population; therefore, the association with a premature aging process would be plausible. To assess this hypothesis, miR-126-3p, a senescence-associated microRNA (SA-miRNAs), was considered as an aging biomarker. The levels of miR-126-3p contained in small extracellular vesicles (sEVs), with about 130 nm of diameter, were measured in FD patients and healthy subjects divided into age classes, in vitro, in human umbilical vein endothelial cells (HUVECs) “young” and undergoing replicative senescence, through a quantitative polymerase chain reaction (qPCR) approach. We confirmed that, in vivo, circulating miR-126 levels physiologically increase with age. In vitro, miR-126 augments in HUVECs underwent replicative senescence. We observed that FD patients are characterized by higher miR-126-3p levels in sEVs, compared to age-matched healthy subjects. We also explored, in vitro, the effect on ECs of glycosphingolipids that are typically accumulated in FD patients. We observed that FD storage substances induced in HUVECs premature senescence and increased of miR-126-3p levels. This study reinforces the hypothesis that FD may aggravate the normal aging process.
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1. Introduction


The syndromes of accelerated aging have been proposed as models to simplify the analysis of the aging process, by restricting the focus to a more definable area [1]. In humans, premature aging syndromes represent the conditions in which multiple tissues and organs show features of accelerated aging with early onset of deleterious changes, impairment of physiologic functions, and increased risk of disease and death [2,3,4]. Fabry disease (FD) is an inherited error of glycosphingolipid catabolism caused by an insufficient activity of α-galactosidase A [5], a progressive storage of intracellular globotriaosylceramide (Gb3) in vasculature, and the accumulation in extracellular space of lyso-Gb3 [6], a deacetylated soluble form of Gb3 [7]. In FD, the vascular complications are responsible for most symptoms, such as ischemic stroke, cardiac abnormalities, and progressive renal failure [8]. The cellular homeostasis alteration, caused by lysosomal engulfment, is the mechanism underlying FD, but other processes, such as inflammation and oxidative stress that affects mainly the vascular endothelium, are potentially involved in FD pathophysiology [9]. Nowadays, FD pathophysiology is not completely known. Recently, dysregulation of some aging hallmarks, such as telomere attrition and DNA damage, has been observed in FD patients, as compared to age-matched controls [10]. These data suggest that FD may be another disease associated with premature aging [11]. Cellular senescence is considered to be a cellular counterpart to aging of tissues and organisms. Senescence causes cell cycle arrest, leading to permanent proliferative block and loss of the cell’s capability to proliferate in response to growth factors or mitogens [12]. Although senescence plays a physiological role in development and maintenance of tissue homeostasis, this process is also a stress response triggered by insults associated with aging, such as oxidative stress, glycation, telomere shortening, side reactions, mutations, and aggregation of proteins [13]. Several recent evidences demonstrate that senescent cells are a source of circulating microRNAs (miRNAs) [14].



MiRNAs, are single-stranded and non-coding RNA molecules of 21–23 nucleotides that negatively regulate gene expression and are involved in broad spectrum of physiological and pathological conditions [15,16,17]. In addition to their intracellular functions, several evidences have demonstrated that some miRNAs are selectively packaged into cells derived extracellular vesicles (EVs) [18,19]. EVs contain a plethora of bioactive cargoes, including proteins, lipids, and nucleic acids; the lipid bilayer of EVs protects their contents from enzymatic degradation [20,21,22]. EVs have a key role in intercellular communication, regulating several cellular processes through autocrine and paracrine interactions [23,24]. The two major populations of EVs described are microvesicles and exosomes. Microvesicles are large membrane vesicles with their diameter size ranging between 150 to 1000 nm, budding directly from plasma membrane. Exosomes are small vesicles, ranging from 30 to 150 nm in diameter [25,26,27]. In this paper, we use the generic term of extracellular vesicles; considering the diameter size (about 130 nm), we indicate EVs as small extracellular vesicles (sEVs) [28]. MiRNAs contained in EVs, are able to influence the phenotype and biological functions of target cells [29,30]. Recently, it was also reported that EVs shuttled miRNAs associated with aging and aging-related disorders and can be useful as aging molecular markers [31,32]. Specific miRNAs, widely known as senescence-associated miRNAs (SA-miRNAs), regulate the expression of genes involved in pathways of longevity that act as cell cycle regulators [33]. MiR-126-3p, one of the most described SA-miRNAs, has a key role in cellular aging [30,34,35]. It is considered an endothelial cell-specific miRNA that governs vascular integrity and angiogenesis targeting specific mRNAs, such as C-X-C motif chemokine (CXCL12) [36], Vascular cell adhesion protein 1 (VCAM-1) [37], Sprouty-related EVH1 domain-containing protein1 (SPRED-1), and Phosphoinositide-3-Kinase Regulatory Subunit 2 (PIK3R2) [38,39]. In endothelial cells, miR-126-3p promotes angiogenesis by inhibiting endogenous VEGF repressors SPRED1 and PIK3R2 [40]. Several reports suggest that circulating miR-126-3p, released by ECs, exerts protective mechanism against vascular endothelial dysfunction [41]. Alterated plasmatic levels of miR-126-3p have been associated with vascular injury in several diseases, like diabetes [42], coronary artery disease, chronic kidney disease [43,44], and sepsis [45]. In FD patients, vascular impairment has been documented [46]. Moreover, it has been suggested that Gb3 accumulation in endothelium is able to dysregulate the activity of endothelial NO synthase (eNOS) [47]. Gb3 storage may alter caveolar stability and the downstream signal transduction of caveolar proteins, such as eNOS [48]. Moreover, eNOS deregulation, which reduces NO production, might increase the production of ROS [49]. In our previous work, we also found a significant alteration of miR-126-3p plasmatic levels in FD patients, compared to healthy subjects [50]. The aims of this study are to explore the hypothesis that FD patients could experience premature aging and to establish a potential link with FD pathogenic mechanism.




2. Materials and Methods


2.1. Patients Characteristics


A total of 90 subjects were recruited: 30 treatment-naïve Fabry patients and 60 healthy volunteers with normal enzyme activity and no mutations in GLA gene. The age and gender of patients were selected to be heterogeneous, while healthy control subjects with no history of cardiovascular disease were selected to provide an age range and gender distribution similar to the FD group (Table 1). The clinical diagnosis of FD was confirmed by mutation analysis in all patients. The patients were considered naïve if they harbor an FD causative mutation, according to Fabry Database (http://fabry-database.org), before starting the therapy. Affected patients showed classical symptoms of FD, including acroparasthesias, cornea verticillata, and angiokeratomas, in association with low or absent GLA activity and high levels of plasma lyso-Gb3 (Table 1). The study was carried out in accordance with the Declaration of Helsinki (2000) of the World Medical Association. The Ethical Committee of the University of Palermo approved the study protocol, and informed consent was obtained from all the subjects. Age, gender, and clinical data of the patients were reviewed and recorded (Table 1).




2.2. Plasma Sample Acquisition and RNA Isolation


Blood samples were drawn, using an 18-Gauge needle, to avoid hemolysis, and collected into EDTA Tubes-Plasma (Cat# 367863). The samples were processed within one hour from the collection to minimize degradation. Plasma was extracted by firstly centrifugation of whole blood at 1900× g, for 10 min, at 4 °C, and successive centrifugation at 16,000× g, for 10 min, at 4 °C. All plasma samples were stored at −80 °C, until sEVs’ isolation and miRNA extraction, to minimize the effect of thawing. Total RNA was extracted and purified from plasma sEVs enriched fractions, using miRNeasy® Mini kit (Qiagen, cat. No. 217004), according to standard protocol. RNA concentration was assessed, using RNA Nano 6000 Assay Kit of the Agilent Bio-analyzer 2100 System (Agilent Technologies, CA, USA). RNA quality was assessed with Eppendorf biophotometer D30. For this study, we used only RNA, with a ratio of A260/280 from 1.9 to 2.




2.3. GLA Gene Analysis


A genetic test of the α-Gal A gene was performed in all patients and controls (CTRs). DNA samples were extracted from whole blood, using a chromatography method (Gene lute Blood Genomic DNA Kit, Miniprep, Sigma-Aldrich, St. Louis, MO, USA), and, after the determination of concentrations by spectrophotometer, the amplification of GLA exons was performed. PCR products were purified and sequenced, using an automated DNA sequencer at Eurofins Genomics (Ebersberg, Germany).




2.4. sEVs’ Isolation from Plasma


In total, 2 mL of plasma was centrifuged at 1500× g, for 10 min, to eliminate cells; and at 3000× g, for 30 min, to discard dead cells and debris. The supernatant was centrifuged at 10,000× g, for 30 min, to eliminate the large EVs, and then used to purify the sEVs fraction by ultracentrifugation at 100,000× g, for 1 h 45min, at 4 °C, using a previously described procedure [50]. The final pellets containing the sEVs fractions were diluted in sterile PBS, for characterization, or stored at −80 °C.




2.5. Nanoparticle Tracking Analysis (NTA)


The sEVs’ size distribution analysis was performed by using a NanoSight LM10 (NanoSight Ltd., Minton Park UK). The particles of the samples were illuminated, using a laser light source, and the scattered light was captured by camera and analyzed, using Nanoparticle Tracking Analysis (NTA). NTA automatically tracked and sized particles according to Brownian motion and the diffusion coefficient (Dt). Results were displayed as a frequency size distribution graph and outputted to a spreadsheet.




2.6. TaqMan RT-qPCR miRNA Assays


The isolated miRNAs were retrotranscripted, using miScript Single Cell qPCR kit (Qiagen, Germany), according to the manufacturer’s protocol. The expression levels of miRNAs were evaluated with a SYBR green-based real-time quantitative PCR (RT-qPCR), using the Step one plus (Applied Biosystem, Waltham, MA, USA). For the amplification, we used miScript SYBR green PCR kit (Qiagen, Germany) according to the manufacturer’s protocol. The 20 µL PCR mixture included 2 µL reverse transcription product, 10 µL QuantiTect SYBR Green PCR Master Mix, 2 µL miScript Universal Primer, 2 µL miScript Primer Assay (specific for miR-126-3p, purchased from Qiagen, Hilden, Germany catalog No.-MS00003430), and 4 µL RNase-free water. The reaction mixtures were incubated at 95 °C for 15 min, followed by 40 amplification cycles of 94 °C for 15 s, 55 °C for 30 s, and 70 °C for 30 s. Triplicate samples and inter-assay controls were used. Therefore, for the normalization of RT-qPCR data, using the 2-ΔCT method, we used miR-30a for microRNAs extracted from EVs and RNU6b for microRNAs extracted from cells. Linear fold changes were calculated and plotted on scatter plots, using Prism (GraphPad Prism Software, San Diego, CA, USA).




2.7. Cell Culture and Treatments


Human umbilical vein endothelial cells (HUVEC ATCC® CRL-1730™) were grown in Medium 200 (GIBCO) supplemented with hydrocortisone (1 µg/mL), human epidermal growth factor (10 ng/mL), basic fibroblast growth factor (3 ng/mL), heparin (10 µg/mL), gentamicin (10 µg/mL), amphotericin (0.25 µg/mL), and fetal bovine serum (2% v/v), at 37 °C, in a 5% CO2 atmosphere, at 95% humidity. For cell-replicative senescence, first passage cryopreserved HUVECs were grown and serially passaged until they reached senescence, as described previously. The number of population doublings (PDs) was calculated by using the following formula: PD = (ln [number of cells harvested]–ln [number of cells seeded])/ln2. For the experiments, cells were used at different cumulative population doublings (CPDs), that is, the sum of all PD. Cells studied in early passage (CPD < 20) were regarded as young cells, whereas those passaged more times were regarded as intermediate-age (CPD < 32) or senescent (CPD > 56) endothelial cells. For treatments, Globotriaosylsphingosine (Lyso-Gb3) and Globotriaosylceramide (Gb3) were prepared as described by Biancini et al., 2017, aliquoted, and stored at −20 °C. Before use, an aliquot of Gb3 or Lyso-Gb3 was added to the same amount of bovine serum albumin in phosphate buffered saline (PBS), and the resulting solution was diluted in culture medium. HUVECs were untreated or treated with 10 Gb3 or 25 nM Lyso-Gb3 for 24 h. Tert-butyl hydroperoxide (TBH), an oxidative stress inducer, was used at 60 µM concentration and kept in the same conditions. The optimum concentration of each reagent was selected according to the results of preliminary experiments performed to establish the cytotoxicity and the intracellular ROS induction of a large range of concentrations.




2.8. Intracellular and HUVECs-Derived sEVs RNA Extraction


HUVECs (2 × 106), in the young, intermediate age, or senescence phase, were grown in 100 mm culture dish for 24 h, at 37 °C, in 5% CO2. Next, the medium was removed, and cells were washed twice with PBS. Culture medium was replaced with fresh medium supplemented with EV-depleted fetal bovine serum (GIBCO Exosome Depleted FBS), 10 µM Gb3, or 25 nM Lyso-Gb3, or 60 µM (TBH), and cells were cultured for 24 h. Next, conditioned medium (CM) was collected for exosome isolation, as above described. In brief, CM was centrifuged at 300× g for 10 min, then at 2000× g for 20 min, and finally at 10,000× g for 30 min. The supernatant was ultracentrifuged, using a SW 28 Swinging-Bucket Rotor (Beckman Coulter, Brea, CA, USA) at 110,000× g, for 70 min. The sEVs pellet was washed in phosphate-buffered saline (PBS), to eliminate contaminating proteins, and centrifuged again at 110,000× g, for 70 min. The final pellets containing the sEVs were re-suspended in PBS, and RNA extraction was carried out with miRNeasy® Mini kit (Qiagen, cat. No. 217004), according to standard protocol. After removing the CM, adherent cells were washed twice with PBS and detached with trypsin-EDTA. Then, 1 × 106 cells were collected and processed for intracellular RNA extraction with an miRNeasy® Mini kit (Qiagen, cat. No. 217004), according to standard protocol.




2.9. Senescence-Associated β-Galactosidase Staining


HUVECs in young, intermediate age, or senescence phase were grown in a 4-well chamber slide (Nunc™ Lab-Tek™ II), at a density of 6 × 104 cells/well, in 500 µL of culture medium, for 24 h. After treatments, HUVECs were fixed and stained for β -galactosidase activity, using a Senescence Cell Staining kit, following the manufacturer’s instructions (Sigma-Aldrich). The percentage of senescence-associate β-gal positive cells was determined by counting the number of blue cells within a sample, using a Zeiss Axioskop microscope (Carl Zeiss, Göttingen, Germany) with an X20 lens. Ten random fields were photographed for each passage, and the percentage of SA-β-gal-positive cells was calculated. RNA quality and concentration were assessed with RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 System. For this study, we used RNA samples with RNA integrity number (RIN) > 7.5




2.10. Determination of Intracellular ROS Content by DCFH-DA assay


Intracellular ROS levels were evaluated by using 2′, 7′-Dichlorofluorescin diacetate (DCFH-DA), a cell-permeable ROS indicator (Wang and Josef, 1999). Inside cells, DCFH-DA is deacetylated by cellular esterases and oxidized to highly fluorescent 2′, 7′-Dichlorofluorescin (DCF) by intracellular ROS. HUVECs in the young phase were grown for 24 h, in a 96-well black plate, at a density of 104 cells/well, in 100 µL of phenol red-free culture medium, at 37 °C, in 5% CO2, and then treated or not with Gb3, Lyso-Gb3, or TBH for 24 h. Next, HUVECs were washed and incubated with 100 µM DCFH-DA in phenol red- and serum-free medium, for 1 h, at 37 °C, in 5% CO2, in the dark. After incubation, the cells were washed three times with PBS, and the fluorescence resulting from the production of intracellular ROS was measured in the Fluoroskan Ascent FL Thermo Scientific microplate reader (excitation and emission wavelengths at 485 and 528 nm, respectively).




2.11. MTS Assay


Cell viability was evaluated by using CellTiter 96 Aqueous One Solution Cell Proliferation Assay (Promega, Madison, WI, USA), a colorimetric method for determining the number of viable cells in proliferation, according to manufacturer instructions.




2.12. Statistical Analyses


All calculations were made by using GraphPad Prism (GraphPad PrismSoftware, San Diego, CA, USA). Data from analysis of patients and controls were expressed as median ± standard deviation. Data from in vitro experiments were expressed as mean ± standard error of the mean from at least three independent experiments. Correlations between parameters were calculated by using Pearson correlation coefficient. Data in normal distribution and homogeneity of variance were analyzed by independent sample t-test between two groups. Comparison among multiple groups was analyzed by one-way analysis of variance (ANOVA), followed by Bonferroni’s correction. Statistical significance was assumed when p < 0.01.





3. Results


3.1. EVs miR-126-3p Levels in Healthy Age Classes


EVs were collected from plasma of healthy subjects (CTRs) and FD patients by age group (Table 1). Briefly, EVs were isolated from 2 mL of plasma by ultracentrifugation, as described in the Methods section. EVs were characterized by nanoparticle tracking analysis (NTA). As shown in Figure 1, EVs collected had a diameter with mean of 139 +/− 2 nm and mode of 112 +/− 4 nm. These results demonstrated that differences of EVs’ average size of controls and FD patients, by age group, were not statistically significant. Considering the vesicles’ diameter-size observed, here we refer to this vesicle population as small extracellular vesicles (sEVs). In order to evaluate age-related changes, sEVs-miR-126-3p levels were measured in healthy subjects of different age classes. Plasma samples of 60 CTRs subjects were grouped into three age classes: young (24–44 years, n = 20), adult (53–68 years, n = 20), and old (81–96 years, n = 20). After RNA isolation, miR-126 levels were measured by RT-qPCR, and U6 small nuclear RNA (RNU6B) was used as endogenous control for normalizing miR-126-3p cycle threshold (CT) [51]. Since there is no unanimous consensus for the best control to normalize circulating miRNAs values, we also normalized the data by using CT of miR-30a, as previously described [50]. However, both normalization methods yielded similar results. We found that mean levels of miR-126-3p, carried in sEVs, isolated from 2 mL of plasma, increase progressively with age (correlation coefficient R = 0.411, p = 0.001) (Figure 2a), showing significant differences between the old and young groups, and the old group compared to adult. MiR-126-3p mean levels are expressed as folds, with respect to lowest value registered; in particular, we observed 5 ± 4, 5 ± 4 and 10 ± 5, respectively in young, adult and old group. ANOVA, followed by Bonferroni’s post hoc test, showed a p-value of p < 0.01 for young vs. old and adult vs. old (Figure 2b). This result confirmed that miR-126-3p contained in sEVs could be considered a premature aging biomarker.




3.2. sEVs miR-126-3p Levels in FD Patients of Different Ages


MiR-126-3p levels were investigated in sEVs purified from FD patients’ plasma. FD patients were divided into young (18–46 years, n = 10) adult (58–70 years, n = 10) and old (75–82 years, n = 10) groups. We observed (Figure 3a) that sEVs-miR-126-3p levels were not age-related in FD patients (correlation coefficient R = 0.05). ANOVA, followed by Bonferroni’s post hoc test, showed significant differences in young FD patients, as compared to the adult group (Figure 3b). Furthermore, we compared sEVs-miR-126-3p levels between FD patients and CTRs matched for age. Overall, sEVs-miR-126-3p mean levels resulted in being significantly higher in FD patients (ratio FD vs. CTR: 1.6 folds), with respect to CTRs (Figure 4a). In particular, MiR-126-3p levels of FD patients were higher in young and adult groups (ratio young FD vs. young CTRs: 1.6 folds; ratio adult FD vs. adult CTRs: 2 folds), compared to CTRs (Figure 4b). Overall, in FD patients, sEVs-miR-126-3p levels were higher than the correspondent healthy age class and comparable to older healthy subjects. Therefore, we hypothesized that these data could explain the premature aging phenomena.




3.3. miR-126-3p Levels in HUVECs Undergoing Replicative Senescence


MiR-126-3p is an endothelial cell-specific miRNA, and endothelial cells senescence is known to be involved in aging process. We hypothesized that alterations of sEVs-miR-126-3p levels in aging could be linked to ECs senescence. Since it is difficult to study ECs’ senescence state in vivo, an in vitro model to investigate age-related changes of miR-126-3p in HUVECs and sEVs was used. In cultured HUVECs undergoing replicative senescence, intracellular and sEVs’ contained miR-126-3p levels were measured. Cell senescence was defined based on cumulative population doubling (CPD). We considered CPD > 56 for senescent cells, CPD < 32 for intermediate age cells, and CPD < 20 for young cells. Senescence status was estimated by SA-β-gal activity (Figure 5a) and measured as percentage of positive cells (40 ± 10 in senescent, 10 ± 4 in intermediate age and 2 ± 1 in young cells) (Figure 5b). Senescent and intermediate age ECs showed higher levels of miR-126-3p with respect to young cells (senescent vs. young ratio: 4 folds, and intermediate age vs. young ratio: 4.7 folds) (Figure 6b). MiR-126-3p was packaged in sEVs at progressively higher levels, with increasing senescence process (senescent vs young ratio: 4.5 folds and intermediate age vs. young ratio: 1.6 folds (Figure 6a). These results indicate that in vitro sEVs-miR-126-3p levels correlate with replicative senescent state and suggest that age-related variations of miR-126-3p in sEVs observed in vivo could be linked to endothelial cells’ senescence process.




3.4. ROS Production and Senescence in HUVECs Treated with Gb3 AND Lyso-Gb3


In order to investigate on the roles of ECs senescence in FD, we evaluated the effects of Gb-3 and Lyso-Gb3, the most abundant substances accumulated in FD patients, into the cells and in extracellular space, respectively. Since the effects of Gb-3 and Lyso-Gb3 on ECs in vivo are extremely difficult to be investigated, we treated HUVECs with the two substrates to mimic FD pathogenic process. As oxidative stress is a major stimulus for senescence induction in ECs, we evaluated the effect of these substrates on oxygen reactive species (ROS) production. We analyzed ROS intracellular induction by using DCFH-DA assay in HUVECs treated with Gb3 and Lyso-Gb3 at concentrations comparable to those found in FD patients [5,13]. ROS levels induced by Gb3 and Lyso-Gb3 and Tert-Butyl Hydroperoxide (TBH), an exogenous inducer of oxidative stress, were comparable. In HUVECs treated with Gb3 and lyso-Gb3, ROS levels are similar to TBH treatment and higher than untreated cells. The fluorescence (evaluated as au: arbitrary units) of untreated cells is 0.5 au, and in HUVECs treated with TBH 60 µM, it is 0.7 au; in Lyso-Gb3 25 nM, it is 0.8 au; and in Gb3 10 µM, it is 0.8 au. (Figure 7a). These treatments did not cause cytotoxicity, as evaluated with MTS assay, in Figure 7b. In HUVECs, both Gb3 and Lyso-Gb3 treatments increased intracellular ROS production. Furthermore, since ROS can induce senescence in ECs, we evaluated HUVECs’ senescence state after treatment with the two substrates. Young HUVECs, with CPD < 20, were incubated with TBH (60 µM), Lyso-Gb3 (25 nM), and Gb3 (10 µM). SA-β-gal activity increased in treated HUVECs with respect of untreated cells. SA-β-gal activity is 5% in untreated cells, and in HUVECs treated with Gb3, it is 20%; in Lyso-Gb3, it is 80%; and in TBH, is 60%. SA-β-gal activity in HUVECs treated with Lyso-Gb3 was higher than TBH treatment (Figure 8a,b). Furthermore, we verified if HUVECs senescence induced by Gb3 and Lyso-Gb3 affected intracellular and sEVs miR-126-3p levels. We observed a significant increase of intracellular and sEVs miR-126-3p mean levels in HUVECs treated with Gb3 and Lyso-Gb3, as compared to untreated cells. Instead, the treatment of HUVECs with TBH increased EVs-miR-126-3p but did not affect intracellular miR-126-3p levels. In particular, we observed that EVs’ miR-126-3p is higher than control after treatment with TBH (4 ± 2 folds), Gb3 (15 ± 3 folds), and Lyso-Gb3 (6 ± 2 folds). The difference of treated HUVECs intracellular miR-126-3p levels were not significant with respect to controls (Figure 9a,b). Notably, we found that treatments of HUVECs with Gb3 and lyso-Gb3 caused oxidative stress and premature senescence, inducing miR-126-3p levels in sEVs and parental cells. These results identified a possible link between ECs senescence and the pathogenic mechanism of FD.





4. Discussion


In this work we explored the hypothesis that FD is a pathology associated with premature aging such as chronic kidney disease and chronic obstructive pulmonary disease [52]. Beyond the evidence that FD is associated with a significantly reduced life expectancy compared to the general population, other data support the link between FD and aging. Recent studies demonstrated the dysregulation of some aging hallmarks, like telomere attrition and DNA damage in FD patients or in experimental models [53]. To confirm these preliminary reports, we investigated on miRNAs as aging biomarker [54]; among the age-related miRNAs, we focused on miR-126-3p [55]. In our previous study, we found that miR-126-3p plasmatic levels were altered in FD patients [50]. The alterations of circulating miR-126-3p levels, associated with aging and aging related disease, has been observed in different studies, even if, with contrasting results [41,42]. Since senescent cells release more miRNAs contained in sEVs, with respect to normal cells, and miRNAs composition of sEVs is modified by senescence [56], we measured miR-126-3p age-related changes in sEVs. We found that miR-126-3p levels carried in sEVs increase progressively with age.



As miR-126-3p is endothelial cell-specific, we assumed the age-related miR-126-3p variations could be linked to ECs senescence. Based on the evidence that in vitro replicative senescence of ECs mimics the progressive age-related changes of endothelial function described in vivo, we used HUVECs undergoing replicative senescence as in vitro model [57]. We observed that HUVECs release EVs-miR-126-3p in progressively higher levels with increasing senescence process. Noteworthy, in FD patients miR-126-3p age-related trend was different with respect to healthy subjects.



FD patients experience a progressive decline of glomerular filtration rate caused by renal injury. It is known that kidney function influence circulating miRNAs, plasmatic miR-126 levels have been found significantly and positively correlated with eGFR [58,59]. In this study, although eGFR decrease with age also in healthy subjects, FD patients showed, on average, lower levels of eGFR with respect CTR, as expected. This point could be considered a limit of the study, but surprisingly, our data showed higher levels of circulating miR-126 in FD patients compared to CTR groups. These observations would suggest that specific damages caused by Fabry disease, induce higher miR-126 plasmatic levels than kidney status.



The levels of sEVs-miR-126-3p in FD patients were higher than age matched CTRs. Our data indicate that FD patients are characterized by an accelerated ECs senescence and an altered age-related trend of miR-126-3p contained in sEVs. Moreover, in HUVECs, the treatments with Gb3 and Lyso-Gb3, simulating FD pathophysiology, induced senescence and increase of miR-126-3p release. Interesting, in HUVECs treated with Gb3 and Lyso-Gb3 also increased ROS production. These results indicate a potential link between ECs senescence and pathogenic mechanism of FD. Furthermore, according to free-radical theory, the highly reactive ROS are responsible for senescence [60]. When the redox balance is disturbed, the cells shift into an oxidative stress state, which subsequently leads to premature senescence [61,62]. Oxidative stress caused by GB-3 and Lyso-Gb3 is the probable cause of high levels of miR-126-3p in sEVs released from ECs. It was also reported that oxidative stress could affect extracellular miRNA profiles [63] and some transported miRNAs could exert cytotoxic or cytoprotective effects in recipient cells [63,64,65].



Moreover, the role of miR-126-3p targets suggest that increased levels of circulating miR-126-3p in FD patients could represent a protective mechanism against cell dysfunctions, consequent to premature senescence. One of miR-126-3p targets is SPRED-1 protein Spred-1 is an inhibitor of Ras/ERK signaling pathway, which is involved in the regulation of several cellular process including differentiation, survival, motility, and cell cycle. Delivery of MiR-126-3p via EVs could enhances cell survival through reduction of SPRED-1 and consequent activation of Ras/ERK/VEGF and PI3K/Akt/eNOS signaling pathways [38]. Another protective mechanism played by miR-126-3p could be linked to telomere homeostasis. A prominent molecular process underlying aging is the progressive shortening of telomeres which eventually triggers DNA damage response (DDR) [66]. DDR activation leads to increased levels of the transcription factor TP53 (p53), which is involved in DNA repair, cell cycle arrest, and apoptosis. Some evidence indicates that miR-126-3p controls the DDR by repressing ATM protein kinase activity in endothelial cells [67]. Interestingly, a rise in miR-126 abundance delays the senescence of human glomerular mesangial cells induced by high glucose. While high glucose leads to shortened telomeres, miR-126 upregulation is associated with extended telomeres and decreased expression of DDR and senescence markers TP53 and p21. Another study reported that deletion of miR-126a promotes hepatic aging in mice and induced age-associated telomere shortening [68]. Counteracting telomere shortening, miR-126-3p could limit senescence deleterious effects such as secretion of proinflammatory cytokines.



Our data suggest that sEVs collected from plasma of FD patients are released by senescent ECs and sEVs -miR-126-3p is useful as aging biomarker. Although the role of miR-126-3p in oxidative stress response and senescence was already known, in this study, for the first time, we described the link between senescence caused by oxidative stress, miR-126-3p release and lyso-Gb3 effects on endothelial cells. Future research could shed more light on the systemic nature of FD, clarifying the mechanisms directly related to substrate storage and investigating on new patterns potentially involved in FD. Further and more detailed studies are needed to discover new targets to prevent premature aging in FD as support to the conventional therapeutic strategies.
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Figure 1. Representative Nanoparticle Tracking Analysis (NTA) analysis of small extracellular vesicles (sEVs) collected by ultracentrifugation method; sEVs isolated from plasma of different age classes of CTRs and FD EVs had a mean diameter of 138.9 +/− 1.9 nm and mode of 111.8 +/− 4.5 nm, here called small extracellular vesicles (sEVs). 
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Figure 2. MiR-126-3p levels in sEVs of CTRs are modulated by aging. Scatterplots showing relative miR-126-3p expression according to age in CTRs (a). Box and Whiskers indicate median, minimum and maximum levels of miR-126-3p in sEVs from plasma of healthy CTRs divided in age class (24–44 years, n = 20), adult (53–68 years, n = 20) and old (81–96 years, n = 20) (b). CTs (cycle thresholds) resulting from qRT-PCR analysis were normalized with mir-30a; levels were calculated with 2-ΔCT method and expressed as folds, with respect to lowest value registered. Comparison among multiple groups was analyzed by one-way analysis of variance, followed by Bonferroni’s post hoc test. * p < 0.01. 
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Figure 3. MiR-126-3p levels in sEVs of FD patients are not modulated by aging. Scatterplots showing relative miR-126-3p expression according to age in FD patients (a); miR-126-3p levels variation in sEVs of FD patients grouped in age class. Box and Whiskers indicate median, minimum, and maximum levels of miR-126-3p in sEVs from different age class of FD patients (30) (b). Data were calculated by qRT-PCR and represent mean ± SD of three different experiments analyzed in triplicate. CTs (cycle thresholds) resulting from qRT-PCR analysis were normalized with mir-30a; levels were calculated with 2-ΔCT method and expressed as folds, with respect to lowest value registered. Comparison among multiple groups was analyzed by one-way analysis of variance, followed by Bonferroni’s post hoc test. 






Figure 3. MiR-126-3p levels in sEVs of FD patients are not modulated by aging. Scatterplots showing relative miR-126-3p expression according to age in FD patients (a); miR-126-3p levels variation in sEVs of FD patients grouped in age class. Box and Whiskers indicate median, minimum, and maximum levels of miR-126-3p in sEVs from different age class of FD patients (30) (b). Data were calculated by qRT-PCR and represent mean ± SD of three different experiments analyzed in triplicate. CTs (cycle thresholds) resulting from qRT-PCR analysis were normalized with mir-30a; levels were calculated with 2-ΔCT method and expressed as folds, with respect to lowest value registered. Comparison among multiple groups was analyzed by one-way analysis of variance, followed by Bonferroni’s post hoc test.



[image: Cells 10 00356 g003]







[image: Cells 10 00356 g004 550] 





Figure 4. Comparisons of miR-126-3p levels among CTRs and FD patients. Box and Whiskers indicate median, minimum, and maximum levels of miR-126-3p in sEVs from plasma of all FD patients (30) and all CTRs (60) (a). Comparisons of miR-126-3p levels among CTRLs and FD patients subdivided into three age classes: young, adult, and old (b). CTs (cycle thresholds) resulting from qRT-PCR analysis were normalized with miR-30a; levels were calculated with 2-ΔCT method and expressed as folds with respect to lowest value registered. * p from t-test < 0.01. 
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Figure 5. Human umbilical vein endothelial cells (HUVECs) senescence status. Senescence status was estimated by SA-β-Gal assay in different passage numbers; images are representative of three independent experiments (a). Replicative senescence. Data are expressed as % of SA-β-Gal positive cells and are the means ± SD (b). Comparison among multiple groups was analyzed by one-way analysis of variance, followed by Bonferroni’s post hoc test. * p < 0.01. 
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Figure 6. MiR-126a-3p levels variation in HUVECs undergoing senescence. Bar charts show sEVs (a) and intracellular (b) miR-126-3p levels in young, intermediate, and senescent HUVECs. Data were calculated by qRT-PCR and represent mean ± SD of three different experiments analyzed in triplicate. CTs (cycle thresholds) resulting from qRT-PCR analysis were normalized with miR-30a (EVs) and RNU6b (intracellular); levels were calculated with 2-ΔCT method and expressed as folds, with respect to lowest value registered. Comparison among multiple groups was analyzed by one-way analysis of variance, followed by Bonferroni’s post hoc test. * p < 0.01. 






Figure 6. MiR-126a-3p levels variation in HUVECs undergoing senescence. Bar charts show sEVs (a) and intracellular (b) miR-126-3p levels in young, intermediate, and senescent HUVECs. Data were calculated by qRT-PCR and represent mean ± SD of three different experiments analyzed in triplicate. CTs (cycle thresholds) resulting from qRT-PCR analysis were normalized with miR-30a (EVs) and RNU6b (intracellular); levels were calculated with 2-ΔCT method and expressed as folds, with respect to lowest value registered. Comparison among multiple groups was analyzed by one-way analysis of variance, followed by Bonferroni’s post hoc test. * p < 0.01.



[image: Cells 10 00356 g006]







[image: Cells 10 00356 g007 550] 





Figure 7. Lyso-Gb3 and Gb3 effect on HUVECs. Intracellular ROS levels and cell viability were assayed in HUVECs treated with TBH 60 µM, Lyso-Gb3 25 nM, and Gb3 10 µM. Intracellular ROS were measured as fluorescence intensity, using a DCFH-DA probe. The results, in arbitrary units (au), are presented as mean ± SD of three different experiments analyzed in triplicate (a). Cell viability was evaluated with MTS assay. The results presented as mean % of viable cells ± SD of three different experiments analyzed in triplicate (b). Comparison among multiple groups was analyzed by one-way analysis of variance, followed by Bonferroni’s post hoc test. * p < 0.01. 
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Figure 8. Lyso-Gb3 and GB3 effect on HUVECs senescence. Senescence status was estimated by SA-β-Gal assay in HUVECs treated with TBH 60 µM, Lyso-Gb3 25 nM, and Gb3 10 µM. Images are representative of ten random fields (a). Data are expressed as % of SA-b-Gal positive cells and are the means ± SD (b). Comparison among multiple groups was analyzed by one-way analysis of variance, followed by Bonferroni’s post hoc test. * p < 0.01. 
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Figure 9. Variation in miR-126a-3p levels in HUVEC treated with TBH 60 µM, Lyso-Gb3 25 nM, and Gb3 10 µM. Bar charts show intracellular (a) and sEVs miR-126-3p levels (b). Data were calculated by qRT-PCR and represent mean ± SD of three different experiments analyzed in triplicate. CTs (cycle thresholds) resulting from qRT-PCR analysis were normalized with miR-30a (EVs) and RNU6b (intracellular); miR-126a-3p levels were calculated with 2-ΔCT method and expressed as folds, with respect to lowest value registered. Comparison among multiple groups was analyzed by one-way analysis of variance, followed by Bonferroni’s post hoc test. * p < 0.01. 
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Table 1. Characteristics of Fabry Disease (FD) patients and controls (CTRs).
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FD Patients 30 N° (%) (Mean) (Range)

	
CTRs 60 N° (%) (Mean) (Range)






	
Males N°

	
12

	

	

	
35

	

	




	
Age

	

	

	

	

	

	




	
Young N° (range)

	
10 (18–46)

	

	

	
20 (24–44)

	

	




	
Adult N° (range)

	
10 (58–70)

	

	

	
20 (53–68)

	

	




	
Old N°(range)

	
10 (75–82)

	

	

	
20 (81–96)

	

	




	
GLA MUTATION

	

	

	

	

	

	




	
Missense N°

	
21

	

	

	
0

	

	




	
Nonsense N°

	
3

	

	

	
0

	

	




	
Frame shift N°

	
5

	

	

	
0

	

	




	
Splicing site N°

	
1

	

	

	
0

	

	




	
AGal activity (range)

	
(0.1–4.7)

	

	

	
ND

	

	




	
LysoGb3 (range)

	
(4.8–43.8)

	

	

	
ND

	

	




	
Classical symptoms

	

	

	

	

	

	




	
Acroparesthesia N°

	
12

	

	

	
ND

	

	




	
Cornea verticillata N°

	
5

	

	

	
ND

	

	




	
Angiokeratoma N°

	
7

	

	

	
ND

	

	




	
Organ involvment

	
Young

	
Adult

	
old

	
Young

	
Adult

	
Old




	
eGFR Male (mean)

	
118

	
93

	
45

	
133

	
97

	
56




	
eGFR Woman (mean)

	
91

	
63

	
26

	
99

	
88

	
36




	
LVH

	
0

	
3

	
2

	
0

	
0

	
0




	
Stroke/TIA

	
1

	
2

	
0

	
0

	
0

	
0




	
Myocardial infarct

	
0

	
0

	
0

	
0

	
0

	
0




	
Cardiovascular risk factors

	
Young

	
Adult

	
old

	
Young

	
Adult

	
Old




	
Diabete mellitus (%)

	
0

	
0

	
0

	
0

	
0

	
0




	
Hypertension (%)

	
0

	
40

	
10

	
0

	
21

	
17




	
Dislipidemia (%)

	
0

	
0

	
0

	
3

	
42

	
17




	
Smoking (%)

	
0

	
17

	
0

	
33

	
29

	
10




	
Obesity (%)

	
0

	
0

	
0

	
3

	
18

	
11








Abbreviations: GLA, alpha-galactosidase A; eGFR, estimated glomerular filtration rate; LVH, left ventricular hypertrophy; TIA, transient ischemic attack; ND, not determined. Enzyme activity was measured in nmol/mL/h; normal values > 3 nmol/mL/h. LysoGb3 is measured in nmol/L, normal values 0.08–1.13 nmol/L.
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