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			Abstract  

			Type 2 Diabetes Mellitus (T2DM) is a major health problem with few effective therapeutic strategies. Recently, the role of microRNAs (miRNAs) in regulating the pathophysiological processes of diabetes mellitus has been increasingly recognized. Many miRNAs are known to be involved in the pathogenesis of diabetic complications, but their therapeutic potential has so far been limited by lack of effective delivery strategies. Integrating with nanoparticle-based delivery system, the use of miRNA modulators (mimics or inhibitors) offers new therapeutic opportunities to correct the pathogenic gene network caused by diabetes. In this review, we summarize recent findings of experimental miRNA treatments targeting diabetes dysregulation of angiogenesis and inflammation, key players in the pathogenesis of diabetes. We also discuss the therapeutical application of nanoparticles in delivering miRNA modulators. Though currently in pre-clinical evaluation, nanoparticle delivery of miRNAs holds significant therapeutical potential for remediation of diabetic complications.
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			Introduction

			The global surge in the prevalence of Type 2 Diabetes Mellitus (T2DM) has reached epidemic proportions. T2DM accounts for 90-95% of all diabetes cases. It is estimated that 422 million people suffer from T2DM worldwide and is predicted to reach 592 million people by 2030 [1]. Because hyperglycemia develops gradually and the classical symptoms of diabetes are not severe enough for patients to notice during pre-diabetes or early stages, T2DM remains undiagnosed and untreated for many years until the manifestation of various complications including cardiovascular disease, diabetic retinopathy, diabetic neuropathy and diabetic nephropathy [2]. The development of effective therapies for diabetes-related chronic complications is imperative but remains challenging. MicroRNAs (miRNAs) are highly conserved, small non-coding RNAs of ~22 nucleotides. MiRNAs negatively regulate gene expression by binding to the 3’ 

untranslated region of messenger RNAs (mRNAs) that degrade or translationally arrest the target mRNAs [3]. Increasingly, miRNAs are recognized as critical regulators of the biological process and pathogenesis of T2DM (Table 1) [4,5]. Several miRNAs have been proposed as biomarkers for T2DM diagnosis or predictors for the risk of associated diseases [6-9]. Given that one miRNA modulates multiple downstream mRNA targets, dysregulation of a single miRNA alters a network of gene expression which contributes to the pathogenesis of diabetic complications. The notion of restoring a pathological miRNA to its physiological state by using mimics or inhibitors, and hence, correcting the pathogenic gene network hold significant therapeutic promise. The development and application of nanotechnology is rapidly growing [10]. Nanoparticles have been used as delivery vehicles or imaging agents for diverse diseases such as acute myeloid leukemia, ovarian cancer, metastatic breast cancer, pancreatic cancer, iron deficient anemia, hepatitis A vaccine, influenza vaccine and more [11]. Since 2016, there have been over 25 Food and Drug Administration (FDA) or European Medicine Agency (EMA) approved nanomedicines. Currently, over 90 nanoparticle technologies have entered clinical trials and await approval [11]. There are two classes of nanoparticles for miRNA delivery, inorganic and organic. Inorganic nanoparticles, such as gold and mesoporous silica, are generally well tolerated by cells and have striking electrical and optical properties that are adoptable for miRNA delivery [12,13]. Alternatively, commercially available liposomal nanoparticles are one of the most common vehicles for miRNA delivery. Liposomes are spheres that are structurally characterized by an aqueous core entrapped by one or more bilayers of lipids. The negatively charged phosphate backbone of nucleic acids naturally binds to the positively charged, cationic lipid heads of liposome [14]. Because of the lipid component, cells readily uptake liposomes via endocytosis. Furthermore, the lipid composition can be modified to alter liposomal uptake, biodistribution or circulation retention time [15], tailoring the liposomal delivery for particular application. To date, nanoparticle delivery of miRNAs as a treatment strategy for diabetes has yet to enter clinical trials and remains in the pre-clinical stage. In this article, we review recent applications of nanoparticle delivery of miRNAs in diabetic complications. We focus on therapeutical miRNAs targeting diabetes dysregulation of angiogenesis and inflammation, two key players involved in the pathogenesis of diabetic complications. Moreover, we discuss potential challenges in the therapeutic application of nanoparticle-based miRNAs for diabetes.

			Table 1: miRNAs involved in diabetic complications.

			
				
					
					
				
				
					
							
							Diabetic Retinopathy

						
					

					
							
							miRNAs

						
							
							Pathogenic role

						
					

					
							
							↑miR-200b

						
							
							↑ endothelial mesenchymal transition (EMT); ↑ angiogenesis

						
					

					
							
							↓miR-126

						
							
							↑ angiogenesis

						
					

					
							
							↓miR-15a

						
							
							↑ angiogenesis; ↑ inflammation

						
					

					
							
							↓miR-150

						
							
							↑ angiogenesis

						
					

					
							
							↓miR-184

						
							
							↑ angiogenesis

						
					

					
							
							↑miR-155

						
							
							↑ angiogenesis

						
					

					
							
							↓miR-146a

						
							
							↑ inflammation; ↑ fibrosis

						
					

					
							
							↑miR-21

						
							
							↑ inflammation

						
					

					
							
							↑miR-195

						
							
							↑apoptosis

						
					

					
							
							↓miR-29b

						
							
							↑apoptosis

						
					

					
							
							Diabetic Neuropathy

						
					

					
							
							miRNAs

						
							
							Pathogenic role

						
					

					
							
							↓miR-146a

						
							
							↑ inflammation; ↑apoptosis

						
					

					
							
							↓let-7i

						
							
							↓ neurotrophism regeneration

						
					

					
							
							↓miR-29b

						
							
							↑apoptosis; ↓ regeneration

						
					

					
							
							↑miR-29c

						
							
							↓ axonal growth

						
					

					
							
							Diabetic Nephropathy

						
					

					
							
							miRNAs

						
							
							Pathogenic role

						
					

					
							
							↑miR-21

						
							
							↑ inflammation; ↑ fibrosis

						
					

					
							
							↓miR-25

						
							
							↑ oxidative stress; ↑ apoptosis, ↑fibrosis

						
					

					
							
							↓miR-26a

						
							
							↑fibrosis

						
					

					
							
							↑miR-27a

						
							
							↑fibrosis; ↑podocyte damage

						
					

					
							
							↓miR-29b

						
							
							↑ inflammation; ↑ fibrosis

						
					

					
							
							↓miR-93

						
							
							↑ VEGF; ↑podocyte damage

						
					

					
							
							↑miR-155

						
							
							↓ inflammation; ↑podocyte damage

						
					

					
							
							↓miR-130b

						
							
							↑ fibrosis; ↑ EMT

						
					

					
							
							↑miR-135a

						
							
							↑ fibrosis

						
					

					
							
							↑miR-216

						
							
							↑ fibrosis

						
					

					
							
							↑miR-377

						
							
							↑ fibrosis

						
					

					
							
							↓miR-let7a

						
							
							↑ fibrosis

						
					

					
							
							↓miR-let7/ 7b

						
							
							↑ fibrosis

						
					

				
			

			Discussion 

			Nanoparticle delivery of miRNAs targeting diabetes dysregulation of angiogenesis 

			Diabetes vasculopathy can manifest as both reduced neovascularization and excessive, pathological vessel formation due to the opposite effects of hyperglycemia on angiogenesis (Figure 1). Diabetes-mediated impairment of physiological angiogenesis debilitates neovascularization in response to ischemia. T2DM sufferers have increased risk of Cardiovascular Disease (CVD), and CVD is a major cause of morbidity and mortality in T2DM. On the other hand, hyperglycemia induction of pathological angiogenesis results in diabetic retinopathy, the leading cause of blindness among working age population in developed countries.

			Neovascularization is the physiological process of forming new blood vessels in response to ischemia. It is largely dependent on the proliferation, migration, and survival of endothelial cells in harsh hypoxic environment, as well as their ability to form tubular networks. Many miRNAs which positively or negatively modulate endothelial cell function are identified as mediators of angiogenesis (Table 2) [16]. These miRNAs have promising therapeutic potential in promoting angiogenesis and enhancing ischemia-induced neovascularization. Pro-angiogenic miRNAs or miRNA family clusters, such as the miR-17-92 cluster (miR-17, -18a, -19a, -19b-1, and 92a) regulate genes involved in the cell cycle, hypoxic survival and the activation of angiogenic pathways such as vascular endothelial growth factor (VEGF, a pro-angiogenic cytokine) signaling in endothelial cells. For example, miR-26b mimics promotes the growth and survival of endothelial cells, with increased angiogenic tubular formation in vitro. Local administration of miR-26b promoted microvascular growth in mice following hindlimb ischemia [17]. A recent study showed that the delivery of miR-126 using biodegradable polymeric nanoparticles, Poly Lactic-co-Glycolic Acid (PLGA), increased neovascularization and improved tissue perfusion post-ischemia, as indicated by the increase in capillary and arteriolar density in ischemic tissues [18]. In addition to their biocompatibility and biodegradability, PLGA nanoparticles have been approved by FDA and have a long history in clinical studies, making them a popular choice for nanoparticle delivery. Having demonstrated the therapeutic potential of the pro-angiogenic miR-126 in neovascularization, the current findings will need to be validated further in diabetic models.
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			Table 2: Pro- and anti-angiogenic miRNAs.

			
				
					
					
					
					
				
				
					
							
							Pro-Angiogenic miRNAs

						
							
							Targets

						
							
							Function

						
							
							Reference

						
					

					
							
							miR-155

						
							
							Suppressor of Cytokine Signaling-1 (SOCS-1)

						
							
							Induces pro-angiogenic cytokine production in ECs and bone marrow-derived cells

						
							
							[53]

						
					

					
							
							miR-18a, miR-19a, (part of miR-17-92 cluster)

						
							
							Thrombospondin-1 (Tsp-1); Connective Tissue Growth Factor (CTGF)

						
							
							Upregulated in hypoxic tissues, inhibit the release of anti-angiogenic molecules

						
							
							[54]

						
					

					
							
							miR-210

						
							
							Ephrin A3 (PTP-1b)

						
							
							Promotes EC survival, migration in response to hypoxia

						
							
							[55]

						
					

					
							
							miR-27b (part of miR-23-24-27 cluster) 

						
							
							Delta-like ligand 4 (Dll4)

						
							
							Promotes endothelial tip cell fate and sprouting

						
							
							[56]

						
					

					
							
							miR-106b-25 cluster

						
							
							PTEN

						
							
							Increases AKT phosphorylation in response to angiogenic factors

						
							
							[57]

						
					

					
							
							miR-126/miR-130a

						
							
							Sprouty-related protein (SPRED-1)

						
							
							Suppress negative regulators of VEGF pathway; Increase circulating angiogenic early outgrowth cells of CD34+ hemopoietic progenitor cells

						
							
							[58,59]

						
					

					
							
							miR-132-212 family

						
							
							Sprouty-related protein (SPRED-1)

						
							
							Increases growth factor induced Ras-MAPK signaling pathway in ECs

						
							
							[60]

						
					

					
							
							miR-424

						
							
							Cullin-2 (CUL2)

						
							
							Stabilizes hypoxia-inducible factor-1α (HIF-1α) in ECs

						
							
							[61]

						
					

					
							
							Anti-angiogenic miRNAs

						
							
							Targets

						
							
							Function

						
							
							Reference

						
					

					
							
							miR-16 family (miR-15, miR -16, miR -503)

						
							
							VEGF-A, VEGFR-2, basic fibroblast growth factor, (bFGF), fibroblast growth factor receptors (FGFR-1,2), platelet derived growth factor (PDGF), MCP-1, TGF-β

						
							
							Impairs the growth and survival of circulating proangiogenic cells and ECs

						
							
							[62,63,19]

						
					

					
							
							miR-329, miR-487b, miR-494, miR495

						
							
							VEGFR-2, FGFR-1,2

						
							
							Inhibit neovascularization and blood perfusion

						
							
							[64]

						
					

					
							
							miR-92a (part of miR-17-92 cluster)

						
							
							Integrin α5, αv

						
							
							Affects EC matrix interaction and inhibits vessel sprouting

						
							
							[65]

						
					

					
							
							miR-26a

						
							
							SMAD1

						
							
							Induces EC cell cycle arrest, Inhibits EC migration, sprouting angiogenesis

						
							
							[66]

						
					

					
							
							miR-100

						
							
							Serine/threonine protein kinase mammalian target of rapamycin (mTOR)

						
							
							Inhibits proliferation, tube formation and sprouting in ECs and migration of vascular smooth muscle cells

						
							
							[67]

						
					

					
							
							miR-24

						
							
							Endothelial nitric oxide synthase (eNOS)

						
							
							Inhibits proangiogenic signaling pathway in ECs

						
							
							[68]

						
					

				
			

			ECs: Endothelial Cells

			Among all angiogenic miRNAs identified, some are explicitly linked to diabetes. For instance, increased levels of miR-503 are found in the circulating blood and limb muscle tissues of diabetic patients who undergo lower limb amputation [19]. Higher levels of miR-503 have also been recently identified in diabetic patients with ischemic stroke, suggesting that miR-503 may serve as an indicator of stroke severity [20]. Caporali. showed that inhibition of miR-503 prevented the downregulation of cell cycle-related genes, CDC25 and CCNE1, in endothelial cells under high glucose conditions in vitro and promoted tissue perfusion in Streptozotocin (STZ)-induced diabetic mice post-ischemia [19]. In this study, miR-503 inhibitor was delivered using adenoviral vector, though this mode of delivery elicits concerns regarding safety and immunogenicity for clinical trial applications. To the best of our knowledge, the therapeutic potential of using nanoparticles to deliver miRNA modulators to enhance ischemia-induced neovascularization has yet to be demonstrated in diabetic models.

			Pathological hyperactivation of angiogenesis is also involved in diabetic vasculopathy. To suppress hyperglycemia-induction of angiogenesis, Mitra showed that intravitreal injection of miR-200b reduced VEGF Receptor-2 (VEGFR-2) and suppressed angiogenesis in diabetic Ins2Akita mice, a model of late-onset diabetic retinopathy [21]. The treatment of miR-200b prevented retinal neovascularization and microaneurysms in diabetic mice. Consisting of 5 members (miR-200a, -200b, -200c, -141, and -429), the miR-200 family is recognized as an anti-angiogenic factor that inhibits neovascularization by downregulating VEGF. Mounting evidence indicates that the miR-200 family is critical for cancer initiation and metastasis and may serve as biomarkers and/or tumor suppressors for multiple types of cancers [22]. Indeed, human diabetic retinas have reduced levels of miR-200b [23], supporting the therapeutic approach of miR-200b supplementation to restore vascular homeostasis in the diabetic retina. In Mitra’s study, the plasmid-encoding miR-200b was compacted into DNA nanoparticles using polyethylene glycol-substituted poly-L-lysin. DNA nanoparticles are rod shaped with a diameter of 8-11 nm and have a length proportional to the plasmid size [24,25]. It was reported that the inhibitory effect of miR-200b compacted DNA nanoparticles on ocular neovascularization remained after 3 months post-injection without repetitive administration [21]. The application of DNA nanoparticles has shown to be low in immunogenicity and tolerable by lung epithelium and retina, even with multiple dosing [26-28].

			Nanoparticle delivery of miRNAs targeting diabetes induced inflammation 

			The dysregulation of inflammation is central to diabetic pathogenesis (Figure 1). An elevated or persistent, prolonged inflammatory response triggers or aggravates the pathological process of multiple diabetic complications. For instance, the process of wound healing is orchestrated through inflammatory, proliferative, and remodeling phases. In diabetic wounds, these phases are dysregulated with significantly prolonged inflammation. In diabetic patients, an impaired wound often manifests as non-healing skin ulcers, which can lead to foot or lower limb amputation. A potential miRNA target for diabetes-associated inflammation is miR-146a. MiR-146a is one of the most characterized miRNAs and plays a critical role in regulating innate and adaptive immune response [29-32]. A clinical study found that decreased expression of miR-146a was associated with increased pro-inflammatory cytokine interleukin-8 (IL-8) in the serum of T2DM patients [33]. Furthermore, diabetic patients with single nucleotide polymorphisms of miR-146a have increased susceptibility to diabetic microvascular complications, including diabetic neuropathy, retinopathy and nephropathy [34-36]. MiR-146a represses interleukin-1 Receptor-Associated Kinase 1 (IRAK1) and tumor necrosis factor receptor-associated factor 6 (TRAF6) [37], the two key regulators of nuclear factor-kB (NF-kB). NF-kB is a redox-sensitive transcription factor that mediates inflammatory response. Activation of NF-kB upregulates the expression of pro-inflammatory genes, such as IL-1, IL-6, IL-8 and tumor necrosis factor-α (TNF-α) [38]. In diabetic wound, decreased levels of miR-146a leads to increased NF-kB activity and upregulates pro-inflammatory genes, IL-6 and IL-8 [39]. Zgheib. showed that the delivery of miR-146a mimics by cerium oxide nanoparticles restored NF-kB suppression and reduced the inflammatory response in diabetic wound. As a result, wound healing was enhanced and was accompanied by improved biomechanical properties of the healed skin in diabetic db/db mice following the treatment with miR-146a mimics [40]. This finding was also validated in a porcine model of STZ-induced diabetes in the same study. Treatment of miR-146a mimics delivered by cerium oxide nanoparticles reduced the wound size and inflammatory response, indicated by a reduction in the numbers of CD45+ immune cells, in diabetic pigs [40]. Cerium oxide nanoparticles contain auto-regenerative and radical-scavenging properties [41,42], counter-balancing the production of Reactive Oxygen Species (ROS) in diabetic wounds. It is likely that the dual effect of anti-inflammatory miR-146a mimics and antioxidative cerium oxide nanoparticles promoted wound healing in diabetic mice. Hence, as a delivery vehicle, the properties of nanoparticles can provide additional synergistic advantages to the overall therapeutic effects of miRNAs. The therapeutical potential of miR-146a has also been shown in diabetic microvascular complications, such as peripheral neuropathy and diabetic nephropathy. Liu et al. showed that liposome-based nanoparticle delivery of miR-146a mimics restored IRAK1/TRAF6 regulation and suppressed their downstream pro-inflammatory gene expression, thereby altering macrophage responses. MiR-146a suppression of diabetes-induced inflammation improved neurological function and vascular perfusion in the peripheral nerve tissue of diabetic db/db mice [43]. As a key anti-inflammatory miRNA, miR-146a is also associated with diabetic nephropathy. STZ-induced diabetic miR-146a-/- knockout mice showed exacerbated proteinuria, renal macrophage infiltration, glomerular hypertrophy, and fibrosis [44]. In a model of unilateral ureteral obstruction, the delivery of miR-146a mimics inhibited transforming growth factor-beta (TGF-β)/Smad and TRAF6/ NF-kB signaling pathways, reducing renal fibrosis in mice [45]. In this study, miR-146a mimics was delivered by Polyethylenimine (PEI) nanoparticles. PEI is a synthetic polycationic polymer that has been used for gene delivery in vitro and in vivo. It is proposed that the polymeric network of PEI acts as proton sponge that forms a stable complex with nucleic acids [46]. However, it remains unclear how PEI functions during the process of gene delivery, from endosomal escape to nuclear entry [47].

			An alternative target for diabetes dysregulation of inflammation is miR-155. It appears to be a typical multifunctional miRNA involved in haematopoiesis, inflammation and immunity [48]. In particular, miR-155 is a potent regulator of macrophage polarization. The upregulation of miR-155 favours pro-inflammatory M1 macrophages over anti-inflammatory M2 macrophages, thereby increasing inflammation [49]. Overexpression of miR-155 in diabetic mouse skin is associated with M1 polarization and reduced type I collagen deposition which in turn, negatively impacted diabetic wound healing [50]. Moura. showed that topical miR-155 inhibition reduced T cell and macrophage infiltration and reduced tissue inflammation in the wound sites. Moreover, miR-155 inhibition accelerated wound maturation by restoring the expression of fibroblast growth factor 7 and promoted collagen fiber arrangement [50]. Another study showed that gold nanoparticle delivery of miR-155 inhibitor reduced inflammation by suppressing M1 polarization, reducing IL-1 β and increasing anti-inflammatory IL-10 in cardiac tissues, thereby restoring cardiac function in STZ-induced diabetic mice [51]. Gold nanoparticles are efficiently taken up by macrophages via phagocytosis, making them a suitable delivery platform for this study. Although gold nanoparticles are biocompatible, how gold nanoparticles exit the cells and clear from the body remains unclear. On the other hand, miR-155 treatment has also been studied in diabetic peripheral neuropathy. Chen. showed that liposome-based nanoparticle delivery of miR-155 mimics suppressed NF-kB-mediated inflammation by targeting Notch 2 and TRAF2, which improved vascular perfusion in peripheral tissues, enhanced myelin thickness and nerve function in diabetic db/db mice [52]. Contrary to the beneficial effects of miR-155 inhibition in diabetic wound healing and cardiac function, delivery of miR-155 mimics provides protective effects against diabetic neuropathy, suggesting a tissue-specific, multifunctional regulatory role of miR-155.

			Considerations and limitations in nanotechnology-based miRNA therapeutics

			The discovery of miRNAs has generated enormous research interest, aiming to develop therapeutic strategies for various diseases. To date, several of miRNA therapeutics are in early phase of clinical trials to investigate the safety, tolerability and pharmacokinetics in healthy volunteers or cancer patients. Numerous challenges need to be addressed in order to develop safe and effective nanotechnology-based miRNA therapeutics for diabetes mellitus. First, the safety and tolerance of nanoparticles need to be established before using it as a delivery vehicle for miRNA therapy. A comprehensive evaluation of nanoparticle cytotoxicity and immunogenicity are required [53-68]. Furthermore, pharmacological over-inhibition or over-expression of miRNA caused by administration of miRNA inhibitors or mimics may have profound effects in determining the benefits or risks associated with the treatment. Importantly, a single miRNA can have cell- or tissue-specific regulatory roles in suppressing multiple downstream mRNA targets depending on the pathophysiological conditions. Therapeutic use of nanoparticles should be effective in delivering miRNAs to the target sites with minimal off-target side effects. A combined use of cell-specific markers for target delivery can be considered in developing a nanoparticle delivery system. Currently, the therapeutic potential of miRNAs is mostly demonstrated in experimental studies of small rodents. Diabetic models of mice or rats, indued by diet, STZ or genetic modifications (db/db or Ins2Akita mice), do not fully mirror the pathological development of diabetes mellitus in human. Large animal investigations are limited in the research field. The effects of nanoparticle-based miRNA treatment on porcine or non-human primate models will be valuable to determine safety and efficacy of the therapeutic strategy prior to the entry of clinical trials.

			Conclusion

			Our understanding of the role of miRNAs in diabetes is increasing.Growing evidence highlights the critical roles of diabetes dysregulation of miRNAs in angiogenesis and inflammation, and their involvement in the pathogenesis of diabetic complications. Such knowledge offers new therapeutic opportunities to restore and correct pathological gene networks by modulating the expression of miRNAs using mimics or inhibitors. Moreover, the rapid growth of nanotechnology provides a promising potential to develop an alternative delivery platform with improved safety, accuracy, and efficacy. The integration of nanotechnology will further support the future therapeutical application of miRNAs in diabetes.
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Figure 1: The effect of T2DM dysregulation of miRNASs on angiogenesis and inflammation. Some diabetic complications are mediated by
increased inflammation and excessive angiogenesis. Some are attributable to increased inflammation and impaired angiogenesis.
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