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ABBREVIATIONS:
A1	A1 Adenosine Receptor
A2A	A2A Adenosine Receptor
A2B	A2B Adenosine Receptor
A3	A3 Adenosine Receptor
ADP:	Adenosine Diphosphate 
AMP:	Adenosine Monophosphate
AR:	Adenosine Receptor 
ATP:	Adenosine 5′-Triphosphate
BzATP:	Benzoylbenzoyl ATP 
eATP:	Extracellular ATP
FFA:	Free Fatty Acid
HFD:	High Fat Diet
IL:	Interleukin
NF-κB:	nuclear factor-κB 
P2XR:	Ionotropic Purinergic Receptor
P2YR:	Metabotropic Purinergic Receptor
TNF-α:	Tumor Necrosis Factor-α
T1D:	Type 1 Diabetes
T2D:	Type 2 Diabetes 
UDP:	Uridine Diphosphate

ABSTRACT
Background: Purinergic signaling accounts for a complex network of receptors and extracellular enzymes responsible for the generation, recognition and degradation of extracellular ATP and adenosine. The main actors of this system include P2X, P2Y and Adenosine Receptors, ectonucleotidases CD39 and CD73 and Adenosine Deaminase. The purinergic network recently emerged as a central player in several physiopathological conditions particularly those linked to immune system regulation including type 1 and type 2 diabetes.
Methods: Here we give an overview of recent findings linking purinergic signaling with diabetes pathogenesis, including purines roles in altered glucose homeostasis, impaired metabolic control, and immune system-mediated pancreatic β cells destruction. We particularly focused our attention on established preclinical experimental models of diabetes development and therapy including NOD mice, streptozotocin-induced β islets degeneration, and islet transplantation.
Results: The summarized studies delineate a central role of purines, their receptors and degrading enzymes in diabetes by demonstrating that manipulation of the purinergic axis at different levels can prevent or exacerbate the insurgency and evolution of both type 1 and type 2 diabetes. 
Conclusions: The reported preclinical data and the availability of several effective compounds targeting the different steps of the purinergic response strongly suggest that P2 and Adenosine Receptors or ecto-nucleotidases will be feasible therapeutic targets for the treatment of diabetes. 
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INTRODUCTION
Adenosine 5’-triphosphate (ATP, Figure 1), despite being the main energy currency of the cell, is also a known extracellular messenger triggering a complex range of physiopathological responses via interaction with its receptors or following degradation to adenosine (Figure 2) by ectonucleotidases. ATP is present at high concentration inside the cell (5-10 mM) while it is virtually absent in the extracellular milieu where it could be released following cell membrane damage but also via vesicular release, transporters or ion channels [1]. Once in the extracellular space, ATP is sensed by ionotropic (P2X) or metabotropic (P2Y) purinergic receptors, which are expressed by virtually whole cells [2]. Inotropic P2X receptors include seven ion channels, which, upon binding with their preferential ligand ATP, activate cellular influx of Na+ and Ca2+ and K+ efflux. Among the eight P2Y receptors ATP is the preferred ligand only for P2Y2 and P2Y11 while the natural agonists of the other proteins of the family include ADP, UTP, UDP or UDP-glucose [3, 4]. Extracellular ATP (eATP) was attributed an important role in inflammatory reactions including regulation of both innate and cell-mediated immune responses via activation of P2Y and P2X receptors [5, 6]. Besides interacting with P2 receptor eATP is also rapidly cleared by plasma membrane ectonucleotidases (E-NTPDases). Four plasma membrane-bound E-NTPDases with distinct localization and biological properties have been described (NTPDase 1, 2, 3 and 8). NTPDase1 (CD39) hydrolyzing ATP and ADP generates adenosine monophosphate (AMP) that is further hydrolyzed to adenosine by ecto-5’-nucleotidase (CD73) [7, 8]. Under specific physiopathological conditions, CD39 and CD73 expression may change. For instance, hypoxia upregulates both ectonucleotidases: CD39 through Sp1-dependent pathways [9] and CD73 through binding of hypoxia-inducible factor (HIF)-1α [10]. The activity of CD39 is reversible, while the activity of CD73 is virtually irreversible, representing an important step in the conversion of eATP into adenosine which is a potent immunosuppressive molecule. Once released or produced via ATP degradation, adenosine signals through four different subtypes of G protein-coupled receptors classified as A1, A2A, A2B and A3 [11, 12]. Activation of A1 and A3 Adenosine Receptors (ARs) decreases intracellular levels of cAMP while stimulation of A2A and A2B causes an increase of cAMP levels. A1 and A2A are high-affinity receptors, whereas the A2B and A3 receptors show lower adenosine affinity. The final key component of the adenosine pathway is Adenosine Deaminase (ADA) that is present in two isoforms ADA1 and ADA2, catalyzing the irreversible deamination of adenosine into inosine. The result of ADA activity is depletion of adenosine in the local microenvironment, limiting its immunomodulatory effects. 
Early reports linking purinergic signaling with diabetes [13-15] were further confirmed by a wealth of studies associating diabetes to the modulation of eATP levels and its degradation into adenosine [4, 16]. Diabetes is a growing worldwide disease that can be classified into two main groups: type 1 diabetes (T1D) and type 2 diabetes (T2D). T1D is the result of the progressive attack of the insulin-producing beta (β) cells from the immune system [17]. The etiology of T1D remains elusive. It has been recognized that in genetically predisposed subjects loss of β cell function and mass results from an immune-mediated destruction. 
T2D is characterized by insulin resistance/insulin sensitivity and β cell dysfunction. Unlike T1D, a chronic low-grade inflammation process plays a critical role in the pathogenesis of metabolic syndrome, obesity-induced insulin resistance and T2D [18]. In fact, macrophages together with other immune cells infiltrate liver, muscle, pancreas and adipose tissue promoting a pro-inflammatory phenotype. Pro-inflammatory cytokines such as tumor necrosis factor (TNF)-α, interleukin (IL)-1β and IL-6, are increased in obese and T2D patients and these markers positively correlate with insulin resistance and features of the metabolic syndrome. In both types of diabetes hyperglycemia (high blood glucose levels) is the common feature that leads to long-term complications classified as microvascular (i.e. retinopathy, neuropathy and nephropathy) and macrovascular (i.e. cardiovascular disease) responsible for the morbidity and mortality associated with the disease. Reaching a stable metabolic control helps to delay or prevent diabetic complications and over the recent years many improvements have been reported thank to new drug delivery and monitoring devices. Here we will give an overview on the role of purinergic signaling in the pathogenesis of T1D and T2D, focusing on the pro-inflammatory versus the suppressive role of the different members of the purine system.

P2X, P2Y and T1D
ATP affects insulin secretion by intracellular mechanisms and activating extracellular P2 receptors on the cell surface of the pancreatic β cell [19] and this effect is dependent on blood glucose concentrations [20, 21] (Figure 3). Indeed, expression of P2X and P2Y receptors were found in human islets, in mouse and rat β cells and pancreas [22-27]. In the rat insulinoma (INS-1) cell line the activation of P2X3 receptor caused a decrease in insulin secretion regardless of glucose concentrations [28]. Notably, in human islets, ATP co-released with insulin from β cells stimulate P2X3 receptors resulting in increased intracellular Ca2+ concentrations and amplification of insulin release [26]. These findings suggest a positive autocrine signal mediated by ATP for insulin release in human β cells. Moreover, it has been shown that activation of P2Y receptors may have a role in the regulation of insulin secretion. Activation of the P2Y4 receptor was shown to stimulate insulin secretion independently of blood glucose levels [28]. On the contrary, under high glucose levels, insulin release was inhibited upon stimulation of P2Y1 and P2Y6 [29]. Interestingly, other studies showed that activation of P2Y1 and P2Y6 receptors stimulate insulin secretion when glucose levels are low [30]. 
Transplantation of pancreatic islets is an appealing therapeutic option for the restoration and preservation of β cell function in patients with unstable T1D [31, 32]. Involvement of the ATP/P2X system in T cell activation and Th1/Th17 polarization has been demonstrated in a mouse model of islet transplantation [33, 34] (Figure 3). Higher mRNA expression of P2X1 was observed in syngeneic and allogeneic islets graft whereas P2X7 expression was significantly higher specifically in the allogeneic graft [35]. In vivo treatment with oxidized ATP (oATP, Figure 1), an inhibitor of P2X7, in a model of islets allotransplantation was able to promote long-term graft survival and this was associated with a Th1 reduction and reduced CD4+ T effector and Th17 cells [35]. Moreover, expression of P2X7 within CD4+ T cell appeared to be upregulated in peripheral blood mononuclear cells (PBMC) from T1D and long-term islet-transplanted patients, suggesting a link between activation of the immune system and expression of P2X7 [35-37]. Importantly, ATP released from activated T cells acts as a proliferative autocrine signal through P2X7 receptor [38-40]. Inhibition of this pathway by using oATP in vitro resulted in decreased levels of IL-2 and lower T cell proliferation and associated in vivo with reduced T cell-mediated inflammation in T1D mouse models [38, 41]. 
Streptozotocin (STZ)-induced T1D in rodents has been very helpful in understanding the pathogenic mechanism of diabetes [42]. In a recent study, it was observed that P2X7-/- mice treated for 5 consecutive days with STZ were resistant to T1D development presenting lower blood glucose levels compared to WT mice [43]. In the pancreas of those mice, proinflammatory cytokines such as IL-1β and IFN-γ were not increased. Furthermore, a reduction in immune cell infiltration was observed in the pancreatic lymph nodes of P2X7-/- mice [43]. Accordingly, treatment in vivo with a P2X7 antagonist prevented STZ-induced diabetes suggesting that P2X7 could be a good pharmacological target for the prevention or treatment of T1D. The role of purinergic receptors has been also explored in the non-obese diabetic (NOD) mouse that has been considered a valuable surrogate in vivo ‘preclinical’ model of T1D [44, 45]. In this model, a T cell-based autoimmune process results in the progressive destruction of pancreatic islets in 60-80% of the females and 20-30% of the males starting after 12 weeks of age [44]. A study from Coutinho-Silva R. and collaborators analyzed the expression of P2X7 receptors in the pancreatic islets and spleen of the NOD mouse using flow cytometry [46]. In non-diabetic NOD mice, the expression of P2X7 receptors was observed in glucagon-producing alpha (α) cells at the periphery of the islets. In prediabetic NOD mice (12 weeks of age) a migration of P2X7+ cells was observed from the periphery to the center of the islets and in 34 weeks old NOD mice P2X7+ cells and α cells were no longer expressed in the islets [46]. Stimulation of P2X7 receptor in NOD lymphocyte mice results in shedding of the lymphocyte homing receptor CD62L and MHC class I [47]. In any case, genetic ablation of the P2X7 in the NOD did not alter T1D incidence either male or female mice [48]. Recently, in the NOD mouse model, two P2Y receptors (P2Y2 and P2Y6) were found to be present in previously defined insulin-dependent diabetes (Idd) regions [49]. In addition, analysis of the presence of single nucleotide polymorphisms (SNPs) for P2X and P2Y receptors in NOD mice displayed different polymorphism in the UTR regions, in exons and in the intron regions [49]. Nevertheless, more studies in the NOD mouse model as well as in humans will help to elucidate the role of purinergic receptors in the pathophysiology of T1D. 

P2X, P2Y and T2D
The P2X7 receptor is possibly the best-known component of the purinergic system which is involved in immune reactions, mainly due to its role in the maturation and secretion of IL-1β [50, 51]. IL-1β expression and release were shown to be increased in islets of T2D subjects [52] and it is known its contribution to the development of the disease. Blockade of IL-1β by the synthetic interleukin-1 receptor antagonist (IL-1Ra) showed improvement in glucose levels and β cell function as well as reduced inflammation in individuals with T2D [53-57]. An interesting study by Glas et al., showed that islets exposed in vitro to elevated glucose, palmitic acid or BzATP (a P2X agonist, Figure 1) levels for 30 min resulted in increased expression of P2X7 and induced IL-1Ra and insulin secretion [58]. This is not surprising as together with IL1-β maturation and release P2X7 was also shown to be involved in the consequent production of IL-1Ra [59]. Accordingly, in WT mice fed a high-fat diet (HFD) serum levels of IL-1β and IL-1Ra were unchanged, instead P2X7-/- mice showed significantly lower levels of both IL-1β and IL-1Ra during 16 weeks follow up correlating with changes in β cell mass [58]. The β cells of human pancreatic sections from obese non-diabetic patients showed high levels of P2X7 while the expression was barely detectable in pancreatic sections from diabetic subjects [58]. Moreover, P2X7-/- mice fed with HFD exhibited hyperglycemia, hyperinsulinemia and impaired β cell function associated with increased β cell apoptosis when compared to wild-type (WT) mice [58]. These results suggest that P2X7 may be involved in the compensatory mechanism of β cell to increase insulin demand. However, when analyzing the role of P2X7 in T2D we should not underestimate the pro-inflammatory role of the receptor, which was indeed implicated in renal phlogosis consequent to HFD intake via activation of the NLRP3 inflammasome axis [60]. Evidence of reduced renal inflammation and functional alterations was retrieved in P2X7-/- mice, while the kidneys of T2D subjects with documented renal disease showed increased P2X7 and inflammasome expression [60]. Accordingly, in T2D patients P2X7 was involved in the increase of inflammatory mediators such as C-reactive protein, TNF-α, and IL-1β accompanied by a decrease in IL-10 [61]. Furthermore, patients with deficient metabolic control together with elevated circulating low-density lipoprotein (LDL) show an increased P2X7 expression in macrophage, T, and B cells [62]. Therefore, current literature is far to be conclusive on the role exerted by P2X7 in T2D etiopathology and further studies will be required to fully explore the potential of the receptor as a therapeutic target for this condition. 
Recent genetic studies have identified an association between gene variants of the purinergic signaling and T2D risk. P2rx3, P2rx4 and P2rx5 gene variants located in intronic regions were found to be significantly associated with increased diabetes risk and higher fasting glucose levels. Also, P2RY1 gene polymorphisms were associated with glucose homeostasis [63] and a previous study with P2RY1-null mice demonstrate impaired glucose homeostasis associated with increased insulin release [64]. However, further investigations will be required to strengthen the role of P2 receptors as possible T2D biomarkers.
CD39/CD73 and T1D
Expression of CD39 has been demonstrated in human β cells (Figure 3) [65] and its inhibition (i.e., using the antagonist ARL 67156, Figure 1) caused an increase in insulin secretion from islet cells under low glucose concentrations [26] suggesting that ATP released by human islet is degraded by active ectonucleotidases. In fact, exogenously added CD39 does not show a reduction in insulin secretion in low glucose [26]. On the contrary, CD73 was found to be expressed only in rat islet cells [66] but absent in human and mouse endocrine cells. However, CD73 is largely expressed on leukocytes and plays an important role in leukocyte trafficking. 
CD4+ regulatory T cells (Tregs) are important for the maintenance of immune homeostasis and a low number of these cells has been reported in NOD mice [67] and human patients with T1D [68]. CD39 is expressed on both murine [7, 69] and human [70] CD4+ Tregs and is necessary for the suppressive activity of these cells while CD73 is expressed on CD4+ Tregs in mice but absent in humans [7, 71]. In mice, Tregs use both CD39 and CD73 to degrade ATP converting it in adenosine to exert suppression of other T cells [7, 69]. Furthermore, overexpression of CD39 in C57BL/6 mice causes protection from multiple low dose streptozotocin (MLDS)-induced diabetes, while CD39-/- mice have faster and higher rates of diabetes in this model [72]. Instead, CD73-/- mice are resistant to MLDS-induced diabetes, probably as a consequence of impaired leukocyte trafficking [73]. Recently, in children with T1D, it has been shown a lower mean fluorescence intensity (MFI) of Treg cells (CD4+CD25hi) compared to healthy controls with low expression of CD39 and CD45RA within the Treg population indicating a possible loss of suppressive function [74]. 

CD39/CD73 and T2D
Expression of CD39+ and CD39+CD19+ cells was shown to be increased in PBMC of T2D patients with impaired metabolic control compared to healthy controls paralleled by an increase of CD39 enzyme activity [62]. Importantly, a significant correlation between the percentage of CD39+ cells or CD39+CD19+ cells and fasting plasma glucose levels and the percentage of HbA1c was observed. In addition, IL-17 levels were found to be low in the serum of T2D patients compared to controls. These data indicate a role for CD39+ cells in regulating inflammation in T2D patients [62]. In a cohort of African Americans subjects, a common CD39 two SNPs haplotype was associated with an increased risk for end-stage renal disease (ESRD) secondary to T2D [75]. 
Analysis of the CD39 and CD73 activities in platelets from T2D and T2D/hypertensive patients showed a significant increase when compared to healthy controls. Probably, such alterations are involved in compensatory physiological responses to these diseases and are related to important mechanisms of thromboregulation [76].
In a recent study, increased expression of CD39+ cells followed by a decreased proportion of CD73+ cells within CD4+ T cells was found in patients with T2D and obesity compared to the control group. A positive correlation between CD39 expression and body mass index (BMI) and age was also observed, while CD73 negatively correlates with different parameters such as BMI, HbA1c, cholesterol, and triglycerides suggesting a possible role for CD39 and CD73 in the inflammation observed in patients with T2D [77]. Furthermore, Cortez-Espinoza N et al., showed in T2D patients a lower percentage of CD39+ Treg cells negatively correlating with weight and BMI [78]. At the same time, they showed lower levels of CD4+IL-17+ cells in obese T2D patients and a positive correlation of those cells with glucose and HbA1c. CD39 expression was observed in a subpopulation of Th17 cells that correlate with glucose and HbA1c suggesting that CD39 may be involved in modulating the effector capacity of Th17 cells [78]. 
Adenosine, Adenosine receptors and T1D
AR mRNAs were found to be expressed in mouse pancreatic islets as well as in rodent insulinoma cell lines (rat INS-1 and mouse β-TC6 cells) indicating an involvement of adenosine in the regulation of β-cell function. Activation of A1 receptor-induced inhibition of insulin release in INS-1 cells and in mouse and rat pancreatic islets [79]. In addition, it was shown that adenosine increased insulin secretion by islets in the presence of normal (5.5 mM) or high levels of glucose (20 mM). Under high glucose concentrations, insulin secretion was blocked by pretreating the islets with an A2A antagonist but not by A2B and A3 antagonists while this effect was potentiated using an A1 antagonist [80]. Adenosine has an important role in regulating β cell proliferation and survival [80, 81]. In fact, β-TC6 cells treated with the A3 receptor agonist Cl-IB-MECA, (Figure 2) markedly reduced proliferation [80] and this effect was in part antagonized by pre-treating cells with the selective A3 receptor antagonist VUF5574 (Figure 3) [80].
It has been shown that adenosine and its receptors are involved in regulating the interactions between β cells and immune cells in T1D. Recent data indicate that conditions of stress, such as treatment with MLDS in C57BL/6 mice, is associated with decreased islet mRNA expression of A1 that is paralleled by an increase of A2A and, more significantly, A2B [72]. A2A agonists were shown to protect syngeneic islets exposed to lymphocyte co-cultures and to improve engraftment of marginal islet mass in diabetic recipients [82]. A key involvement for A2B has been described in organ ischemia-reperfusion injury that is ameliorated by agonistic treatment [83]; however, this has not been yet confirmed in islet cells. Treatment with the nonselective AR agonist NECA (Figure 2) ameliorates diabetes development in both MLDS model in CD1 mice and in cyclophosphamide-induced T1D in NOD mice [84]. While individually administered selective agonists of A1, A2A and A3 ARs (CCPA, CGS21680, and IBMECA, respectively, Figure 2) did not show protection, NECA ameliorated MLDS-induced hyperglycemia in both wild-type and A2A-/- mice, and its effects were reverted by A2B receptor antagonist MRS 1754 (Figure 2) [84].
In islets from C57BL/6 mice overexpressing CD39, which are protected from MLDS-induced diabetes, basal mRNA expression of A2B was constitutively higher when compared to WT controls and it does not change following MLDS [72]. Progressive decrease in mRNA expression of Adora1 paralleled by increased expression of Adora2a have been described in NOD mouse islets obtained by laser capture microscopy (LCM) at 12 and 20 weeks of age, when compared to the congenic, non-diabetes prone NOD.B10 strain [85]. Expression of A1 was detected by immunofluorescence in sections of NOD and human pancreata and co-localized primarily with α cells and few β cells, but disappeared with the progression of T1D in NOD mice (i.e., 20 weeks of age), and in high risk (namely, autoantibody-positive, AA+) and human subjects with T1D on pancreatic specimens obtained from the nPOD (Network for Pancreatic Organ Donors with Diabetes) [85, 86].

Adenosine, Adenosine receptors and T2D
Many studies have linked adenosine signaling with the regulation of glucose homeostasis and the pathophysiology of T2D [16, 87, 88]. In T2D, an important role is played by adipose tissue and its dysfunction consisting of impaired storage of triglyceride, increased lipolysis and increased levels of circulating free fatty acids (FFAs) may cause secondary insulin resistance in other tissues such as skeletal muscle and liver [89]. In the visceral fat of WT and A2B-/- mice fed on HFD for 16 weeks an increased expression of A2B AR was observed and this was related to the development of features of metabolic syndrome and T2D [90]. In addition, adipose tissue obtained from HFD-treated A2B-/- mice had higher levels of tumor necrosis factor (TNF)-α and monocyte chemotactic protein-1 (MCP-1) than control mice. In patients with obesity A2B receptor expression in subcutaneous fat positively associated with BMI and insulin receptor substrate 2 (IRS-2) mRNA expression, which suggests that this AR subtype is involved in adipose tissue metabolism in humans [90]. 
Classically activated macrophages have a proinflammatory action and contribute to the pathogenesis of obesity-induced insulin resistance while alternatively activated macrophages are less inflammatory and protect against insulin resistance [91]. In vitro studies have shown a stimulatory effect of A2B receptor on alternative macrophage activation [92, 93]. Furthermore, knockout mice for the A2B receptor have decreased levels of markers of alternatively activated macrophages in the stromal vascular fraction of adipose tissue [92]. Figler RA et al., showed an increase in IL-6 production in macrophages and endothelial cells (ECs) of diabetic mice when A2B receptor was activated and a significant association between SNPs in the A2B receptor and markers of inflammation such as IL-6 and CRP was observed in patients with T2D [94]. A very recent study showed mRNA expression of AR in sorted macrophages F4/80+ from isolated islets, with Adora1 being highly expressed (10.5 fold) in the F4/80- population, in addition to P2X (P2rx4, P2rx7) and P2Y (P2ry2, P2ry6, P2ry14) receptors [95]. 
Adenosine released from fat cells may play an opposing role in the regulation of adipocyte function [96]. In fact, it has been shown in a murine osteoblast precursor cell line (7F2) that A1 AR agonist-induced adipocyte differentiation and this was confirmed by increased mRNA expression of adipocyte markers. By contrast, stimulation of A2B ARs inhibited adipogenesis and stimulated the differentiation of these cells toward an osteoblastic phenotype [97]. Transgenic mice overexpressing A1 AR in the adipose tissue showed lower levels of FFAs and did not develop insulin resistance [98]. Pancreas perfusion in A1-/- mice showed an increase in the second phase of insulin secretion indicating that those receptors are involved in the regulation of pancreatic islets function [99]. 
In a more recent study, it has been observed that T2D patients had an increased percentage of A2A+ cells within CD8+, CD19+, and CD14+ cells compared to healthy control [77]. Cells activated in vitro with Concanavalin A (ConA) and treated with a selective A2A agonist (GS21680) showed a decrease in the proportion of apoptosis in CD8+ T cells and in total lymphocytes in T2D patients [77].
Although many studies have analyzed the role of A2B receptor demonstrating that activation of this receptor could be a potential target for the treatment of T2D, the role of the A3 receptor is still unknown. In conclusion, targeting A1 and A2B receptors may be considered as a treatment for obesity, but definitely further studies are needed to provide a deeper understanding of the adenosine signaling in the pathophysiology of T2D.

Adenosine deaminase and T1D
Adenosine Deaminase (ADA) is present in two isoforms ADA1 and ADA2, expressed and catalyzing the irreversible deamination of adenosine into inosine. ADA1 has been described in myelomonocytic lineage cells. ADA2 is the predominant isoform present in the serum of normal subjects. ADA2 serum levels were shown to significantly increase in immune-mediated conditions, including in patients with T1D and T2D, when compared to healthy controls [100]. Inhibition of ADA with EHNA (Figure 2) was shown to improve the engraftment and survival of islet allografts in mice [101]. High levels of ADA are expressed in the dendritic cells from NOD mice [102]. Conversely, dendritic cells from a NOD.ADA-/- fail to efficiently trigger autoimmune diabetes, suggesting the important role of ADA for dendritic cell-mediated T cell activation [102]. It remains to be determined whether high levels of ADA are constitutively expressed in diabetes-prone individuals, for instance on islet cells (particularly on the β cells) and/or on immune cell subsets. Elevated ADA activity in islet cells would result in faster degradation of adenosine, reducing its ability to modulate immunity in the local microenvironment. This aspect could be relevant to the physiopathology of T1D, possibly representing a susceptibility candidate marker. Interestingly, it has been recently reported that pre-diabetic NOD mice display an altered metabolic signature characterized by high plasma levels of inosine starting at 5 weeks of age when compared to age-matched C57BL/6 mice [49]. Collectively, these observations suggest that ADA may play an important role in the development and amplification of islet immunity, which deserves further elucidations.
Adenosine Deaminase and T2D
Early studies showed that ADA is widely distributed in human tissues with the highest activity present in lymphoid and fat tissues, in the liver, heart and skeletal muscle [103-105]. ADA activity was shown to be increased in patients with T2D compared to controls [106, 107] and more recently, the activity of the ADA2 isoform in T2D patients with poor glycaemic control was found to be significantly higher when compared to patients with low values of HbA1c [108]. Moreover, serum ADA levels were found to be significantly higher in non-obese T2D subjects and a strong positive correlation with fasting plasma glucose was observed [109] suggesting an association between ADA and non-obese T2D subjects. 
In T2D patients the activity of ADA2 directly correlates with HbA1C levels [100]. Following studies suggested that a low proportion of the ADA*2 allele was present in an Italian cohort of T2D subjects with a BMI of 25 kg/m2 while a high proportion was observed in subjects with a BMI higher than 34 kg/m2 [110]. Also, high acid phosphatase locus 1 (ACP1) activity/low ADA activity joint genotype positively associated with high glycaemic levels and with high BMI and low ACP1 activity/high ADA activity joint genotype positively associated with dyslipidemia [111]. Further mechanistic studies are required to better define the role of ADA in T2D. 
Conclusions
Diabetes is an emerging global health problem still lacking an efficacious treatment. Increasing evidence appraised in this review strongly suggest a central role for purinergic signaling in the etiology of both β cells malfunction and immune/inflammatory reactions leading to diabetes development. Several drugs targeting purinergic signaling have been developed in time and some of them are currently in advanced stage clinical trials for different pathologies being generally well tolerated [50, 112-116] and making them easily available also for trials in selected cohorts of diabetic patients. Among purinergic receptors and transforming enzymes, CD39, CD73, P2X7, P2X3 and adenosine deaminase are possibly the best therapeutic candidates to target T1D while P2X7, A2B, and A1 emerge as druggable receptors for the cure of T2D. 
Although further preclinical studies will be required to better understand the involvement of the purinergic system in the pathology, we strongly believe that the purinergic network including ligands, receptors and transforming enzymes will be a sure source of single or combined therapeutic options for the treatment of diabetes.
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Figure legends
Figure 1. P2X and CD39 ligands. Examples of P2X and CD39 ligands: ATP (adenosine-5'-triphosphate), oATP (adenosine-5′-triphosphate-2′,3′-dialdehyde), BzATP (2'(3')-O-(4-Benzoylbenzoyl)adenosine-5'-triphosphate), and ARL 67156 (6-N,N-Diethyl-β-γ-dibromomethyleneadenosine-5′-triphosphate).
Figure 2. ARs and ADA ligands. Examples of ARs and ADA ligands: Adenosine, NECA (adenosine-5′-N-ethyluronamide), IB-MECA and Cl-IBMECA (N6-(3-iodobenzyl)-adenosine-5′-N-methyluronamide and 2-chloro-N6-(3-iodobenzyl)-adenosine-5′-N-methyluronamide, respectively), CCPA (2-chloro-N6-cyclopentyladenosine), CGS21680 (2-(4-(2-Carboxyethyl)phenethylaminoadenosine-5′-N-ethyluronamide)), VUF5574 (3-(2-methoxyphenyl)-1-(2-pyridin-3-yl-quinazolin-4-yl)urea), MRS 1754 (N-(4-cyanophenyl)-2-[4-(2,3,6,7-tetrahydro-2,6-dioxo-1,3-dipropyl-1H-purin-8-yl)phenoxy]-acetamide), and EHNA (erythro-9-(2-hydroxy-3-nonyl)­adenine).
Figure 3. Role of Purinergic Signaling in pancreatic β cells. ATP secreted in the extracellular space through P2X and P2Y receptors and hydrolyzed into Adenosine by CD39 and CD73 may contribute to the regulation of insulin secretion.
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