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Diabetic retinopathy (DR) is a highly tissue-specific neurovascular complication of type 1 and type 2 diabetes mellitus and is among the leading causes of blindness worldwide. Pathophysiological changes in DR encompass neurodegeneration, inflammation, and oxidative stress. Current treatments for DR, including anti-vascular endothelial growth factor, steroids, laser photocoagulation, and vitrectomy have limitations and adverse reactions, necessitating the exploration of novel treatment strategies. This review aims to summarize the current pathophysiology, therapeutic approaches, and available drug-delivery methods for treating DR, and discuss their respective development potentials. Recent research indicates the efficacy of novel receptor inhibitors and agonists, such as aldose reductase inhibitors, angiotensin-converting enzyme inhibitors, peroxisome proliferator-activated receptor alpha agonists, and novel drugs in delaying DR. Furthermore, with continuous advancements in nanotechnology, a new form of drug delivery has been developed that can address certain limitations of clinical drug therapy, such as low solubility and poor penetration. This review serves as a theoretical foundation for future research on DR treatment. While highlighting promising therapeutic targets, it underscores the need for continuous exploration to enhance our understanding of DR pathogenesis. The limitations of current treatments and the potential for future advancements emphasize the importance of ongoing research in this field.
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1 Introduction

Diabetic retinopathy (DR) is a serious complication of diabetes mellitus (DM) that affects almost 103.12 million people worldwide (1). Its prevalence is increasing with the aging global population. According to a 2020 meta-analysis, DR is one of the leading causes of irreversible blindness in people aged over 50 years (2). Between 1990 and 2015, the number of people blinded due to DR increased from 2 million to 4 million, and the number of people with visual impairment due to DR increased from 1.4 million to 2.6 million (3). DR continues to be a prominent cause of vision loss in many developed and developing countries, incurring a substantial socioeconomic cost to the healthcare system, with a considerable increase in healthcare costs with progressing illness from the early to late stages (4).

However, research on DR is still limited to microangiopathy, neovascularization, and neurodegeneration under hypoxic and inflammatory conditions. Further, its specific pathology and pathogenesis have not been fully elucidated. Panretinal photocoagulation is the first-line treatment to prevent visual loss in patients with DR, but the destructive nature of the laser can bring a series of ocular complications, such as: visual acuity, visual field damage. Other treatments have varying degrees of limitations and adverse effects, for example, intravitreal injections of anti-vascular endothelial growth factor (VEGF) drugs not only fail to completely inhibit the progression of DR, but frequent injections lead to an increased incidence of endophthalmitis (5). New therapies, such as novel laser photocoagulation combined with small incision vitrectomy and nanotherapy, are less destructive to the retina than older therapies, and may be useful in patients who respond poorly to conventional treatments (6). It is worth mentioning that nanotechnology and artificial intelligence have rapidly developed recently, providing new ideas in drug-delivery methods, early monitoring, and remote monitoring to treat DR (7–9).

In this review, we summarize the current pathophysiology, therapeutic approaches, and drug-delivery methods for treating DR, and discuss their respective development potentials.




2 Pathophysiology of DR

DR is a highly tissue-specific neurovascular complication of DM (10). In the retina, various cells communicate and collaborate to maintain a healthy retinal environment and function. Among them, neurons, glial cells, and blood vessels form the neurovascular unit (NVU), which gets subjected to primary pathological change in early DR (11).

According to international clinical grading criteria, DR can be divided into six stages belonging to two categories. The first category, non-proliferative diabetic retinopathy (NPDR), includes microangiomas and small blebs (stage 1), hard exudates (stage 2), and cotton-like soft exudates (stage 3). The second category, proliferative diabetic retinopathy (PDR), includes neovascularization and vitreous hemorrhage (stage 4), proliferation of fibrovascular and vitreous tissue (stage 5), and retinal detachment and stretching resulting in blindness (stage 6) (12).

NPDR is the initial stage and the most common form of DR. Hyperglycemia leads to increased vascular permeability and pericyte death (13). Loss of pericytes may further result in the destruction of endothelium-pericyte crosstalk and basement membrane thinning (14). Loss of pericytes and endothelial cells can lead to microaneurysms and capillary obstruction, resulting in retinal ischemia and hypoxia (15). Subsequently, elevated levels of intravitreal angiopoietin and VEGF induce pathological neovascularization, progressing to PDR (16) (Figure 1). PDR is characterized by the abnormal formation of new vessels on the retinal or optic disc surface and subsequent fibrosis. Owing to frequent hemorrhage from neovascularization, contractible fibrovascular retinal adventitia is formed, leading to serious complications such as tractional retinal detachment and blindness.




Figure 1 | Pathophysiological process of DR. In the retina, neurons, Müller cells, astrocytes, microglia, endothelial cells, and pericytes join together to form neurovascular units. The pathology of DR is mainly characterized by high glucose–induced inflammatory response, leading to microangiopathy and neurodegenerative lesions.



Loss of retinal ganglion cells (RGCs) and reduction in retinal thickness have been observed before the appearance of microangiopathy, indicating that DR is microangiopathy characterized by neurodegenerative degeneration (17). Neuronal cell death and axonal degeneration abnormalities are irreversible and directly related to vision loss in patients with diabetes. In the early and chronic stages of DR, elevated levels of various inflammatory cytokines and chemokines can be monitored in patients’ serum as well as in vitreous and atrial fluid (18). Many studies have shown that microglia in diabetic patients shift from an anti-inflammatory to a pro-inflammatory state and secrete pro-angiogenic factors (19). Consequently, the massive chronic inflammatory response exacerbates cell death and axonal degeneration of DR retinal neurons, which subsequently leads to vision loss in patients (20). Some neurotrophic factors, such as neurotrophin-4 (NT-4), brain-derived neurotrophic factor, taurodeoxycholic acid, and cytarabine, can exhibit neuroprotective and regenerative effects in the retina exposed to diabetic stress (21–24).

Elevated levels of DNA methylation have received increasing attention in the pathogenesis of DR (25). Chronic hyperglycemia can lead to the overproduction of intracellular advanced glycosylation end products (AGEs) and activation of protein kinase C (PKC), polyol, and hexosamine pathways, and disruption of antioxidant defenses all contribute to the production of large amounts of reactive oxygen species (ROS) in the retina, resulting in increased oxidative stress (26) (Figure 1). Mitochondria are both a major source of ROS and a major target site for ROS oxidative damage (27). Overproduction of ROS causes elevated methylation of retinal mitochondrial DNA (mtDNA), affects mitochondrial gene expression, impairs the function of the electron transport chain, leads to a decrease in the membrane potential of mitochondria resulting in mitochondrial dysfunction, and induces apoptosis, which contributes to the development of DR (27). At the same time, the impaired function of the electron transport chain affects ATP production, which further leads to an increase in free oxygen radicals (ROS), thus creating a “vicious circle”.

Clustered ROS affects the expression of the Bcl-2 family of mitochondrial apoptosis-related proteins. Increased ROS in the mitochondria or cytoplasm activates MMPs, a family of extracellular matrix-degrading proteins associated with angiogenesis, vascular remodeling, and apoptosis. MMPs are translocated from the cytoplasm to the mitochondria with the help of heat shock proteins (Hsp70), and impair the integrity of the mitochondria by regulating the expression of Hsp60 and gap junction proteins, leading to leakage of cytochrome C into the cytoplasm and initiating the apoptotic mechanism. As an important intracellular signaling molecule, excessive accumulation of ROS can also gradually activate the NF-κB and MAPK cascade response to promote the release of inflammatory factors, inducing an inflammatory response and further exacerbating the progression of DR disease.

While classic risk factors for DR (hyperglycemia, hypertension, dyslipidemia, and others) help stratify the possibility of a patient for progressing DR, numerous DM without these factors progress DR; additionally, there exist long-duration DM patients who progress DR by no means. The occurrence and progress of microvascular complications could be reduced by rigorous glycemic control to some extent, viz. hemoglobin A1c (HbA1c) holds some value for DR progression. However, HbA1c accounts for only 6.6% in the variation of the DR risk. Thus, the identification of novel and impactful biomarkers for DR remains urgent (28). A large number of research data suggest that in the control and treatment of DR, stabilization of the mitochondrial structure, inhibition of related inflammation, modification of target genes, and prevention of oxidative stress are feasible, and the complex interactions between multiple mechanisms deserve in-depth study (29). Mounting evidence demonstrates that inflammation is a key mechanism driving diabetes-associated retinal disturbance, yet the pathophysiological process and molecular mechanisms of inflammation underlying diabetic retinopathy are not fully understood. Cytokines, chemokines, and adhesion molecules interact with each other to form a complex molecular network that propagates the inflammatory and pathological cascade of diabetic retinopathy (30). Three types of molecules perform their own functions, while an increase in the level of one type of molecule also induces the expression of another type of molecule in an inflammatory state. In the future, the immune inflammation mechanism of DR can be further studied to provide insight into the biological function of DR and related targeted therapies.




3 Treatment of DR



3.1 Laser treatment

Laser photocoagulation has been widely used to prevent the progression from severe NPDR to PDR. Photocoagulation in non-perfused retinal areas reduces retinal neovascularization and lowers vascular growth factor and VEGF levels in retinal tissues (31). Clinical data have shown that laser treatment can considerably reduce the risk of severe vision loss in DR patients (32). However, the exact mechanism by which retinal laser treatment leads to effective treatment and improvement in retinal vascular disease is not fully understood.

Long-term studies have revealed that conventional laser photocoagulation has some notable side effects, such as permanent retinal scars, macular edema due to excessive burns, choroidal detachment, peripheral visual field loss, delayed dark adaptation, and atrophic creep (33). Most modern laser treatments have focused on innovations that vary laser pulse duration, wavelength, and spot size to address these issues. For example, the semi-automated pattern-scanning retinal photocoagulation system (PASCAL®, PAttern SCAn Laser) can quickly apply numerous spots in a defined pattern, thereby improving the accuracy of the treatment using a scanning laser with short pulse duration (34). Thus, PASCAL can reduce treatment time and increase patient comfort while reducing tissue damage to the inner retina (35). Clinical trials have demonstrated that the laser beam is safe and effective, as its wavelength and spatial and temporal modulation can be continuously optimized (36). The pattern-scanning laser can reduce lateral branch tissue damage and fade similar retinal lesions, unlike conventional laser treatment. Furthermore, it considerably reduced the treatment time and pain endured by the patient (37). In clinical practice, a pattern-scanning laser is commonly used to the treat diabetic macular edema.

The pulse duration of selective retinal therapy is shorter than the diffusion time of generated heat. Therefore, high temperature is mainly confined to melanosomes within the retinal pigment epithelium (RPE) cells, thus allowing the selective treatment of RPE cells without the involvement of other cells (38). Multiple clinical trials have validated the safety and efficacy of selective retinal therapy. The subthreshold diode micropulse laser is a new nondestructive form of thermal laser that utilizes a near-infrared diode laser and a sub-microsecond pulse train to provide selective therapeutic targeting of RPE while preserving the neurosensory retina (39). Subthreshold diode micropulse may alter the metabolic activity of the RPE, leading to the release of VEGF and modulation of angiogenesis and vascular leakage without causing any associated retinal damage (40).

In recent years, several clinical laser and delivery platforms have emerged in response to rapid technological advances. For example, endpoint management algorithms have been designed to precisely control laser energy relative to titration levels, which can titrate laser power to the power required to produce nearly invisible retinal burns (41). Image-guided laser treatments, such as “navigational lasers,” use fundus imaging and treatment devices for specific, targeted retinal laser photocoagulation in a predetermined and highly precise manner and are known to play a role in managing diabetic macular edema (42). Light-mediated ultrasound therapy has also been described and used to treat clinically relevant animal models of retinal neovascularization (43). In another clinical trial, researchers successfully developed a noninvasive intelligent wireless far-red/near-infrared luminescent contact lens that reduced retinal vascular hyperpermeability to a statistically significant level by wearing 120 µW light for 15 min three times a week for 8 weeks in a rabbit DR model (44).

However, laser photocoagulation is not effective for all patients, and if not treated properly, it can cause different degrees of adverse reactions such as visual acuity and visual field damage. Although laser therapy can rapidly treat areas of DR lesions, the laser works by increasing vascular permeability, inducing more inflammation and increasing the severity of DME. This adverse effect can be clinically mitigated by pre-laser vitreous cavity injection of anti-VEGF drugs. Conventional laser pulse duration is long (100-200ms), and there is adjacent tissue damage after treatment, causing increased retinal scarring and subretinal fibrosis, leading to some degree of visual field damage and decreased night vision (45). Conventional laser induced transient upregulation of VEGF expression in the retinal neuroepithelium, retinal pigment epithelium and choroid of mice, leading to choroidal neovascularization and DME formation (46). Total retinal photocoagulation does not control optic nerve damage alone, so it is necessary to treat patients with a combination of clinical medications to control their condition and symptoms and further provide protection for their vision. On the whole, laser therapy can reduce the required injections and provide highly effective and long-lasting therapeutic benefits, overcoming many real-life limitations (47). Therefore, research on the mechanisms of laser therapy and the development of new laser treatments with fewer side effects are necessary.




3.2 Surgical treatment

Vitrectomy is performed in patients with advanced DR presenting with intravitreal hemorrhage and retinal detachment of retractive or porous origin to prevent vision loss and visual field defects. This surgical technique aims to clear away vitreous body, remove fibrovascular membrane, relieve retinal traction, and inhibit the occurrence and development of vitreoretinal proliferation. Owing to advances in minimally invasive techniques, the original conventional 20G vitrectomy has been upgraded to 23/25/27G+3D minimally invasive vitrectomy that is characterized by smaller surgical incisions and more efficient cutting (48, 49). The use of small-incision vitrectomy and wide-angle viewing systems (e.g., Resight®) has led to less invasive and safer vitreoretinal surgery (50). For complex PDR, preoperative intravitreal pretreatment with anti-vascular endothelial growth factor drugs has been shown to reduce the probability of intraoperative and postoperative bleeding, reduce the use rate of electrocoagulation, shorten the operation time, and reduce postoperative complications (51). Vitrectomy is gradually becoming minimally invasive, but there are still some patients with poor visual recovery after surgery, and the process of stripping the proliferating membrane will bleed and may even cause retinal damage. According to clinical data, small-incision vitrectomy can reduce the occurrence of adverse reactions, but some adverse reactions still occur after surgery, such as: paracentral acute middle macular degeneration, postoperative intraocular inflammation, secondary neovascular glaucoma, and postoperative vitreous rebleeding. Vitrectomy combined with intravitreal injection of anti-VEGF drugs or steroids may improve perioperative conditions and reduce the risk of postoperative retinal hyperplasia and complications (52–54).




3.3 Drug treatment



3.3.1 anti-VEGF drugs

Vascular endothelial growth factor also plays a key role in angiogenesis and vascular permeability (55). The VEGF protein family includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, and VEGF-E, and the placental growth factor (56). VEGF-A is a crucial regulator of ocular angiogenesis and vascular permeability. VEGF-A mediates angiogenesis by promoting endothelial cell migration, proliferation, and survival and has inflammatory properties through its ability to regulate microvascular permeability and increase leukocyte adhesion (57). Studies have shown that anti-VEGF drugs reduce retinal neovascularization mainly by inhibiting VEGF.

Bevacizumab is a full-length recombinant humanized monoclonal antibody with a high affinity for all VEGF-A isoforms, and its safety and efficacy have been demonstrated in several clinical trials (58). This antibody reduced neovascularization and effectively alleviated vitreous hemorrhage after vitrectomy in patients with PDR (59). Ranibizumab is an affinity-enhancing antibody fragment isolated from bevacizumab with specificity for all subtypes of VEGF-A (58). It reduced the severity of DR and halted its progression, and patients were less likely to experience visual impairment diabetic macular edema and visual field loss compared with PRP (60, 61). Aflibercept is a recombinant fusion protein with a higher affinity for binding to all VEGF-A isoforms than bevacizumab and ranibizumab. It is superior to other anti-VEGF agents in improving baseline visual acuity in patients with PDR (58) (Table 1).


Table 1 | Basic properties and functions of main anti-VEGF drugs.



In these pivotal trials, most of the functional and anatomic outcomes favored the 0.5 mg dose of ranibizumab compared with the 0.3 mg dose (67). The phase III, double-masked, multicenter, randomized, Active treatment-controlled study of the efficacy and safety of 0.5 mg and 2.0 mg Ranibizumab administered monthly or on an as-needed Basis (PRN) in patients with subfoveal neovascular age-related macular degeneration (HARBOR) study confirmed that ranibizumab 0.5 mg dosed monthly provides optimum results in patients with wet AMD (68). There was no statistically significant difference in the mean number of letters gained between the 0.5 and 2.0 mg RBZ groups through month 6 and 24. In this diabetic macular edema study population, high-dose RBZ does not appear to provide additional benefit over 0.5 mg RBZ (69, 70). To slow disease progression and to maintain visual acuity, in most cases repeated intravitreal injections have to be applied and frequent visits in ophthalmological centers are necessary (71). Generally, to some extent, increasing the dose can improve the efficacy, prolong the action time, and increase the injection interval. However, after reaching a certain degree, increasing the dose may not benefit much and may lead to safety problems. Therefore, it is important to explore the optimal dose of drug.

However, anti-VEGF drugs have a short half-life and require frequent intravitreal injections to ensure efficacy, and interruption of injections may lead to further deterioration of retinopathy in patients (72). To address these problems, novel anti-VEGF drugs, such as brolucizumab, which has a smaller molecular weight, higher unit concentration, longer half-life, and better therapeutic efficacy, have been investigated (73). In addition, AKB-9778 reduced vascular permeability and DR incidence by blocking the activation of Tie-2 via the vascular endothelial protein tyrosine phosphatase, thus activating the Tie-2 tyrosine kinase receptor and leading to the enhancement of connexins and stabilization of the vascular system to limit permeability (74, 75) (Table 1).

Traditional treatments of DR often fail to halt disease progression, necessitating multiple intraocular injections. Retreatment depends on disease activity defined based on changes of best corrected visual acuity and lesions detectable in optical coherence tomography (OCT) images. Patients’ compliance and adherence to therapy is crucial for success of treatment, but the unpredictable frequency of visits and administration of IVIs impose a considerable burden on patients. An IVI can be stressful and can generate apprehension of pain and anxiety (71).

Anti-VEGF drugs affect the renal status of patients with DR, leading to new kidney damage or progression of pre-existing kidney disease. Intravitreal injection of anti-VEGF drugs increases the risk of dialysis, by up to 85% compared with untreated patients (76). In the injection of anti-VEGF drugs in patients with DR, it is important to closely monitor the patients’ renal function, urinary protein and creatinine, especially in patients who have multiple injections of the drug in a short period of time. Some PDR patients with intravitreal anti-VEGF therapy progress to detached retina, which is usually characterized by a sudden loss of vision in the affected eye 1 to 6 weeks after intravitreal anti-VEGF injection. However, it has been reported that three patients with PDR had their original detachment of the pulling retina reduced and retinal reset occurred after anti-VEGF treatment (77).

To date, intravitreal anti-angiogenic agents used in clinical practice are based on limited activity against factors belonging to the VEGF family, including ranibizumab, bevacizumab, brolucizumab, as well as aflibercept (78). Angiopoietin-2 (Ang2) plays a critical role in physiologic and pathologic angiogenesis (79). Ang2 is involved in pericyte recruitment, and modulates intraretinal, and preretinal vessel formation in the eye under physiological and pathological conditions (80). Ang-2 and VEGF-A synergistically drive vascular leakage, neovascularization and inflammation, key components of retinal vascular diseases (81). Faricimab, as the first bispecific monoclonal antibody, which simultaneous inhibits of Ang-2 and VEGF-A (82). It demonstrated statistically superior visual acuity gains versus ranibizumab at week 24 in treatment-naïve patients (83). In addition, Faricimab , as revealed in two phase 3 trials over one year, demonstrated robust vision gains and anatomical improvements. The adjustable dosing extending up to every 16 weeks, demonstrating the potential for faricimab to extend the durability of treatment for patients with diabetic macular oedema compared with aflibercept (84, 85). Faricimab T&E exhibited superior retinal drying and fewer injections compared to other treatments with flexible dosing regimens, demonstrating better visual acuity outcomes compared to ranibizumab and bevacizumab (86). Due to its dual mode of action, faricimab may offer therapeutic benefits for patients unresponsive to existing intravitreal therapy. Treatment with faricimab every 8 weeks also demonstrated benefits across various end points, supporting the proportion of participants gaining vision, reduction in visual acuity loss, and anatomical improvements in CNV lesions and CST, supporting the potential of simultaneous Ang-2 and VEGF-A neutralization to reduce treatment frequency.

In addition, treatment with anti-VEGF in patients with PDR with notable fibrosis may increase the risk of developing detached retinal detachment, possibly owing to elevated levels of pro-fibrotic unconjugated connective tissue growth factor (CTGF) resulting from VEGF downregulation. Vascular endothelial growth factor upregulates CTGF. Furthermore, the effects of CTGF were inhibited by the formation of VEGF-CTGF complexes (84). When CTGF levels reach a threshold and trigger a fibrotic response, fibrotic conversion occurs (87). In the future, mutual inhibition of CTGF and VEGF may be a new direction for research and treatment (88)




3.3.2 Steroid drugs

Glucocorticoids have a strong anti-inflammatory effect, which can not only affect the leakage and production of blood vessels, but also block the production of inflammatory cytokines and inhibit VEGF-A-induced leukocyte adhesion. Glucocorticoids can also directly down-regulate VEGF-A expression, increase tight junction protein production and reduce its phosphorylation. In addition it has been shown to be neuroprotective. However, glucocorticoids are extremely anti-inflammatory, but systemic administration has the physiologic effect of increasing blood glucose. Topical glucocorticosteroids are also prone to cataract formation and glucocorticoid-induced glaucoma, so their use in clinical practice is severely limited. (89).

Triamcinolone acetonide (TA) is a water-soluble glucocorticoid antibacterial drug, which is characterized by high efficiency and long-acting properties, and binding to receptors can inhibit the release of inflammatory mediators, slow down neovascularization, and reduce vascular permeability, while it can improve lysosomal membrane stability, block cells from participating in inflammatory responses, and repair inflammatory tissue damage, and is currently the most effective steroid drug for the treatment of PDR. Clinical trials have shown that intravitreal injection of TA after vitrectomy for PDR can improve postoperative visual outcomes (90, 91). A clinical trial showed that TA combined with aminoguanidine inhibits inflammation and oxidative stress, improves vascular endothelial function and retinal function, and reduces VEGF expression in patients with DR (92). In addition, a study found that dendrimer-conjugated TA was more effective than free TA in terms of anti-inflammatory effects and had the key benefit of reducing side effects (93). Further, dendrimer-conjugated TA inhibited inflammatory cytokine production, microglia activation, and pre-retinal neovascularization in oxygen-induced retinopathy (OIR) and improved neuroretinal and visual dysfunction caused by OIR (94).




3.3.3 Senolytics drugs

During DR progression, pericytes and endothelial cells undergo continuous apoptosis owing to the accumulation of various inflammatory and growth factors. The pathological vascular system of the DR retina can work together with the cell cycle inhibitory protein p16 INK4A and the anti-apoptotic protein BCL-xL to limit the retina’s ability to clear senescent retinal cells (95). To make matters worse, senescent cells release products that cause inflammation and death of non-senescent cells, known as senescence-associated secretory phenotypes, thus increasing the risk of DR progression (96).

Senolytic drugs eliminates senescent cells (cells that resist apoptosis and do not divide but remain metabolically active) from various tissues in the body without damaging or destroying healthy tissues. Senolytic drugs currently in clinical trials include the drug combination dasatinib and quercetin, Fisetin, and UBX-1325, an inhibitor of the pro-apoptotic protein BCL-xL, specifically designed to combat age-related ocular diseases such as PDR, age-related macular degeneration, and other diseases involving ocular vascular dysfunction (97). UBX-1325 also improved the retinal vascular system in animal models of OIR and streptozotocin-induced diabetes (98). Although senolytic and anti-aging drugs may have severe unknown side effects, they have great potential in combatting age-related diseases (99). In a diabetic mouse model, D + Q reduced the occurrence of diabetic complications. the number of hepatic senescent cells and renal senescent cells was significantly decreased in D + Q mice, and the incidence of cirrhosis and proteinuria was reduced (100, 101). In addition, D+Q ameliorated and reduced neuroinflammation and minimized nerve damage in diabetic mice. Thus, the anti-aging drug not only restores peripheral insulin responsiveness in diabetic mice, but also attenuates diabetic complications for which there is currently no effective mechanism for treatment.

Another way to enhance immune clearance of senescent cells is to enhance the activity and increase the accumulation of immune cells responsible for surveillance of senescent cells. A more subtle stimulation of the immune system using specific cytokines that enhance NK cells may be a viable approach. The cytokines IL-21 and IL-15 are thought to significantly enhance NK cell-mediated antitumor immunity. However, the role of these cytokines on immune surveillance of senescent cells has not been elucidated, and their effectiveness as inhibitors of senescence needs to be tested in disease models (102).

As our research into the characterization of senescent cells in vitro and in vivo continues to deepen, many challenges remain for anti-aging drugs. For example, there is a very high degree of heterogeneity in the senescence state of different cells upon stimulation, and cellular senescence is a dynamic process that evolves over time, yet we have not yet clarified the cell-loaded “senescence phenotype” in vivo. We need universal senescence markers or specific markers to clearly isolate and characterize senescent cells. At the same time, we need to clarify the similarities and differences between cellular differentiation and senescence-regulated processes, as well as the strong paracrine effects of senescent cells on non-senescent cells, so that anti-aging drugs can specifically identify and target specific subpopulations of senescent cells that are the most deleterious to tissue function, and thus minimize the deleterious effects. For the time being, a single-cell transcriptomics approach, including spatial transcriptomics, is the only solution to this dilemma, but it requires a great deal of work.

Most of the current studies on senescent cells are limited to animal models, and it is not possible to systematically assess whether the elimination of senescent cells under prolonged action of anti-aging drugs will have long-term toxic effects or negative consequences. The safety and efficacy of anti-aging drugs in humans are still not fully proven, and their long-term effects on the human immune system require further research. In addition, utilizing the intrinsic surveillance ability of the autoimmune system to target senescent cells may be a promising therapeutic modality. Therefore, treating DR with senolytics may be a promising research direction.




3.3.4 Retinal ganglion cell injury and regeneration-related drugs

Elevated oxidative stress in the retina plays a crucial role in causing RGC injury. ROS and reactive nitrogen species produced during oxidative stress can activate multiple metabolic pathways, including increased fluxes of the polyol and amino sugar pathways, leading to excessive activation of protein kinase C isoforms, accumulation of AGEs, and acceleration of RGC injury (103). Conversely, reducing oxidative stress by inhibiting ROS levels in the retina can considerably improve RGC function. The nuclear factor erythroid 2-related factor 2 not only regulates the inflammatory response by regulating the expression of NF-κβ and cyclooxygenase-2 but also prevents ROS accumulation by inhibiting the activation of NAD(P) oxidase 2. It also plays a crucial role in mitochondrial homeostasis (104). In a model of OIR, nuclear factor erythroid 2-related factor 2 can promote restorative angiogenesis in late diabetic stages by regulating NAD(P) oxidase 2 (105).

Epigallocatechin-3-gallate has strong antioxidant properties and downregulates ROS/thioredoxin Interaction protein/NOD-like receptor protein 3 inflammasome axis activity, alleviates oxidative stress, and inhibits the production of pro-angiogenic factors (106). In addition, it reduces reactive gliosis in Müller cells and retinal damage, with potential neuroprotective effects (107). Curcumin can exert antioxidant effects and alleviate diabetic retinal damage by inhibiting the AGE-RAGE signaling pathway and extracellular matrix receptor interactions in the diabetic retina (108). Resveratrol can activate the AMPK/SIRT1/PGC-1α pathway, scavenge high glucose-induced intracellular ROS, reduce AGE levels, exert antioxidant effects, and reduce retinal inflammation and damage (109). Resveratrol also inhibits diabetes-induced Müller cell apoptosis through the MicroRNA-29b/specific protein 1 pathway (110). Luteolin has powerful antioxidant effects and can effectively inhibit oxidative stress-induced apoptosis of retinal ganglion and pigment epithelial cells (111, 112). Supplementation with various vitamins in the diet can improve oxidative stress in the retina caused by hyperglycemia and inhibit the progression of DR (113).

Aldose reductase (AR) is a rate-limiting enzyme in the polyol metabolic pathway. Sustained high glucose levels lead to AR production and accumulation, followed by activation of the polyol metabolic pathway, resulting in intercellular sorbitol accumulation, generation of AGEs, and hypoxia (114). In addition, AR promotes neovascularization by increasing the expression of inflammatory cytokines and VEGF through the activation of nuclear factor κβ (NF-κβ) (115). This may be involved in the process of RGC damage in DR. Aldose reductase inhibitors (ARIs) can attenuate RGC damage by inhibiting extracellular signal-regulated kinase 1/2 phosphorylation and NF-κβ and VEGF expression (116). Several studies have demonstrated that ARIs exhibit neuroprotective effects in the retina and inhibit retinal capillary basement membrane thickening (117). However, owing to the non-specific binding of ARIs to the members of the aldo-ketoreductase protein family, which have a high structural similarity to AR, ARIs have many adverse side effects. Therefore, developing specific ARIs may be a new and effective way to prevent and treat RGC injury.

Pituitary adenylate cyclase-activating polypeptide is a neuroprotective neuropeptide that protects retinal cells from ischemia-induced oxidative stress and has antioxidant, anti-apoptotic, and retinal-protective effects (118). It is expected to be a new approach to DR treatment. Neurotrophic factors include brain-derived neurotrophic factor, nerve growth factor, NT-3, NT-4, taurodeoxycholic acid, and glial cell line-derived neurotrophic factor and have potential protective effects on the survival of RGCs in animal models of DR (119, 120). However, their clinical application faces potential difficulties, such as the administration of neurotrophic agents, source and extraction techniques, storage, and possible side effects, thus requiring further research.

Recent advancements in exosome and stem cell transplantation techniques show promise in regenerating RGCs after injury. In conclusion, the protective therapy of RGCs is an effective way to prevent the progression of DR. Furthermore, identifying the mechanism of RGCs injury and finding breakthrough targets are essential to achieve the purpose of effectively protecting RGCs.




3.3.5 Other drugs

Fenofibrate is a peroxisome proliferator-activated receptor alpha (PPARα) agonist. Numerous experimental studies have confirmed the beneficial effects of fenofibrate in improving retinal vascular leakage and leukoplakia, downregulating the expression of VEGF, and reducing endothelial and pericyte loss (121). Fenofibrate exhibited positive effects in several experimental animal models of DR (122). Some novel PPARα agonists, such as pemafibrate and 7-chloro-8-methyl-2-phenylquinoline-4-carboxylic acid (Y-0452), have shown satisfactory effects in animal models (123). Therefore, the use of PPARα agonists may be a promising therapeutic approach for preventing the development and progression of DR.

Long-term follow-up studies have shown that intensive glycemic control in patients with diabetes can slow the progression of microvascular complications, including retinopathy, nephropathy, and neuropathy. Several clinical trials have reported that sodium-glucose cotransporter-2 (SGLT2) inhibitors can reduce the incidence of macrovascular and microvascular complications in diabetes through revascularization (124). SGLT2 inhibitors in DR model mice considerably inhibited oxidative stress, apoptosis, and restoration of tight junctions in the retina, downregulated inflammatory and angiogenic factors, and improved DR symptoms (125). Furthermore, peripapillary cells express SGLT2, therefore, SGLT2 inhibitors may directly protect against peripapillary cell swelling and loss and prevent retinal hyperperfusion under high glucose conditions (126). However, the long-term efficacy of SGLT2 inhibitors requires further study.

In addition, angiotensin-converting enzyme inhibitors or angiotensin II type 1 or type 2 receptor antagonists can reduce the expression of VEGF and its receptors in the retina. Drugs for microcirculatory disorders can improve retinal blood flow and correct hypoxia with satisfactory efficacy in NPDR. Vascular endothelial protective drugs can inhibit oxidative stress and inflammation, reduce blood-retinal barrier (BRB) injury, and improve vascular permeability and leakage. Hypoxia-inducible factor-1 reduced the expression of interleukin 6 and tumor necrosis factor α in DR, as well as that of miR-125b-5p and miR-146a-5p in the retina, and upregulated the expression of VEGF (127). Thus, targeting hypoxia-inducible factor-1 antagonists in hypoxic tissues may be an excellent approach to preventing DR.





3.4 Gene treatment

In the last few decades, gene therapy has made substantial progress, especially in the field of ophthalmology. Eyes are more easily immunologically privileged by injection than other organs due to the BRB. A growing body of data from clinical studies has demonstrated the efficacy and safety of gene therapy in treating inherited eye diseases (128). These results prompted an increasing number of investigators to explore the use of gene therapy in the treatment of non-genetic eye diseases, such as glaucoma, neovascular age-related macular degeneration, and DR (129).

Anti-angiogenic proteins or non-coding RNA interference effector molecules delivered via viral or non-viral vectors effectively inhibit the progression of DR. A study showed that retinal neovascularization was considerably reduced in an animal model of DR after injection of adeno-associated virus (AAV)-mediated anti-VEGF endoreceptor Flt23k (130). Similarly, sFlt-1, a soluble splice variant of VEGF receptor 1, is a potent potential target (131). The introduction of AAV-mediated endogenous angiogenesis inhibitors, such as pigment epithelium-derived factor, angiogestin, endostatin, and calreticulin anti-angiogenic domain in OIR mouse models, can effectively inhibit neovascularization (132). Neovascularization can also be considerably inhibited by the injection of siRNA expression plasmids targeting VEGF in animal models of DR (133). Gene therapy can also protect the retinal vasculature and neurons from damage in the early stages of DR before the appearance of an obvious clinicopathology. An in vivo study using AAV vectors encoding small hairpin RNAs targeting early growth response 1, an artificial RNA molecule that can be used to silence the expression of target genes by RNA interference, showed that retinal transduction of these vectors considerably reduced apoptosis in cells located in the inner and outer nuclear layers (134).

Although gene therapy has made great progress in recent years and provided new means for DR treatment, it still faces many challenges. Viral vectors may produce problems such as immune response, off-target effects, inflammation and insertional mutagenesis, and non-viral vectors are safer than viral vectors, but gene transfection efficiency is relatively low. Moreover, gene therapy has potential genotoxicity and requires further long-term monitoring after treatment to assess the safety of this vector. If a new vector with safer, more effective, strong targeting and less toxicity can be developed, gene therapy will usher in a new round of development opportunities and obtain a broader application space.





4 Drug-delivery system

A variety of absorption barriers exist in the eye, mainly including the corneal barrier, conjunctival barrier, blood-atrial barrier (BAB), vitreous, BRB, blood-optic nerve barrier, and tear clearance (135) (Figure 2).




Figure 2 | Main routes of administration for diabetic retinopathy. In the early stage of DR, oral hypoglycemic drugs and lipid-lowering drugs are mainly used to reduce the chronic damage of hyperglycemia and hyperlipidemia to the retina. However, this does not completely stop the progress of the disease. For DEM patients, anti-VEGF drugs can be injected into the eye to relieve macular edema and prevent visual impairment. For patients with advanced PDR, combined use of steroid drugs can better improve tissue damage. At the same time, the appropriate amount of senolytics drugs can be used to eliminate senescent cells and their related products. For patients with visual impairment, drugs related to RGC injury and regeneration can be used to promote optic nerve regeneration.



Topical drug delivery, such as eye drops, ointment, gel, etc., although can achieve some effect, but due to the influence of the corneal barrier, blood-atrial barrier (BAB), and tear clearance, the bioavailability of the drug is usually <5%, so that topical drug delivery is nearly ineffective for the posterior segment of the eye in diseases such as DR.

Intraocular injections (including intravitreal, subretinal, and suprachoroidal injections) are used to deliver drugs to the posterior segment of the eye in DR patients. While intraocular injections effectively bypass the absorption barrier in the anterior segment of the eye, allowing the drug to reach the eye directly. However, intravitreal injection is a highly invasive method of drug delivery, which not only requires a high level of drug delivery technique, but also is prone to complications such as ocular hemorrhage, pain, increased intraocular pressure, retinal detachment, cataract, endophthalmitis, etc., and frequent injections lead to poor patient compliance (136).

Vitreous cavity injection is relatively safe and simple, but limited by the inner boundary membrane, the drug can diffuse and accumulate in the entire anterior and posterior segment of the eye tissues, and it is difficult to achieve a certain concentration of drug delivery in the outer retina and the RPE, so patients often need multiple injections, which reduces patient compliance and increases the risk of intraocular complications, such as intraocular inflammation, increased intraocular pressure, retinal detachment, and so on.

Subretinal injections are much smaller in dose and the drug can directly contact the photoreceptor cells and the RPE, which is theoretically a safer method of injection due to the enclosed space, immunity, and so on. However, there are often many complications due to the difficulty of the procedure. If the needle is inserted too deeply, it can lead to damage to the RPE, suprachoroidal lumen administration, suprachoroidal lumen hemorrhage, and needle tip obstruction (which is a greater risk of occurring in those with retinal atrophy). If the needle is too shallow, it can lead to intraretinal hydration and retinal belly splitting. Improper manipulation may also result in the formation of subretinal blisters, leading to limited retinal neurosensory damage, extended retinotomy, and postoperative susceptibility to macular tear, persistent retinal detachment, choroidal neovascularization, increased intraocular pressure, cataracts, retinal hemorrhage, endophthalmitis, thinning of the outer nuclear layer, reduced concentration of the drug in the subretinal caused by the reflux of carrier suspension into the vitreous cavity, immune reactions, and decreased visual acuity.

The main modes of drug delivery in the suprachoroidal space include catheter delivery, subcutaneous needle delivery, surgical implant delivery, and microinjector delivery. Catheterized drug delivery is operated under a microscope, which allows for more accurate localization, but it is more difficult to operate and is prone to damage to ocular tissues. Hypodermic needle administration is less invasive and does not require a scleral incision, but requires a high degree of surgical precision and carries the risk of inadvertent injection into the vitreous humor, subretinal space, or subconjunctival space. Surgical implantation requires a large scleral incision, which is invasive and carries a higher risk of repeated administration. Microsyringe administration is simple and less invasive, but there are inter-individual differences between patients, with varying scleral thicknesses that are not easily adjusted.

Periocular administration is less invasive than IVT, but the diffusion of the drug in the sclera is passive, and the amount of drug absorbed into the posterior segment is limited by the nature of the sclera and the nature of the drug.

Systemic administration of the drug is affected by the blood-retinal barrier, making it difficult for the drug to penetrate into the eye, and the bioavailability is extremely low, with only 1% to 2% of the drug reaching the vitreous. Large doses must be given to ensure that the drug entering the eye reaches the therapeutic concentration, and there is a potential risk of systemic adverse effects.

In recent years, researchers have developed nanocarrier drug delivery platforms designed to enhance their permeability, extend their retention time at target sites, and provide sustained release with low toxicity and high efficacy (9). Drug-loaded nanoparticles have many advantages over traditional delivery systems, leveraging nanotechnology’s benefits, including small diameter and good biocompatibility. Nanomaterials can also cross the retina more easily by modulating the physicochemical properties, structure, or affinity groups on the surface of the nanomaterials BRB. Including the drug inside or attached to the nanoparticle surface, the use of nanoparticles can bind to specific receptors on the RPE, so that the drug can pass through the BRB in a targeted manner and reach the epithelial cells, thus achieving the goal of DR treatment. In addition, a nanomaterial can contain multiple drugs, which can deliver two or more drugs to the retina in an optimal ratio, thus obtaining a better combined therapeutic effect. At the same time, the biochemical properties and degradation time of nanoparticles are used to control drug release and provide targeted delivery to specific cells or tissues, thereby prolonging drug half-life, reducing adverse effects, and increasing the route of water-soluble and macromolecular drugs into tissues (137). Nanotechnology can also integrate the physical characteristics of nanomaterials into therapeutic approaches, which is not possible with small molecule drugs. For example, using graphene’s electrical conductivity to treat optic nerve injury models reduces the death of RGCs and directs the growth of RGCs’ axons in the direction of the nanofibers, which opens up a new pathway for the growth of RGCs and the regeneration of optic nerves (138).



4.1 Nanoliposomes

Nanoliposomes are small vesicles composed of single or multiple lipid bilayers with an aqueous core in the center and are used as drug-delivery vehicles for both lipophilic (loaded in the bilayer) and hydrophilic (loaded in the core) drugs (139) (Table 2). Compared to drugs alone, drug-loaded nanoliposomes are smaller and more biocompatible, which helps the drug reach the target site with a longer residence time, drug half-life, and contact time with the target site (145). Numerous studies have shown that they function well in the eye (146). In a study, intravenous injection of cyclosporine A-loaded lipid nanocapsules into DR mice broke the inflammatory cycle, reduced microglial activation and macrophage recruitment, and inhibited pro-inflammatory cytokine release (147). Nevertheless, despite their great potential as drug-delivery carriers targeting the retina, the use of nanoliposomes has revealed some drawbacks, such as blurred vision, induction of inflammation during cationic liposome delivery, and the tendency to aggregate in vivo owing to poor colloidal stability.


Table 2 | Advantages and structural schematics of the main nano-delivery carriers.






4.2 Nanoparticles

Nanoparticles (NPs) are mainly classified as polymeric or lipid NPs (Table 2). They are approved by the US FDA for clinical use owing to the biocompatibility, biodegradability, and non-toxicity of the degradation products of poly-lactic-co-glycolic acid (140). Surface-modified poly-lactic-co-glycolic acid-NPs loaded with pioglitazone can deliver drugs to the posterior segment of the eye after intraocular topical administration in diabetic rats, and VEGF levels in suspension were notably reduced (148). A novel insulin delivery system, chitosan nanoparticles/poly-lactide-co-hydroxyacetic acid-poly-ethylene glycol-poly-lactide-co-hydroxyacetic acid hydrogel was developed. This system exhibited adequate neuroprotective effects on the retina of DR rats via subconjunctival injection, facilitating controlled insulin delivery (149). Human serum albumin is a major endogenous soluble protein that serves as a reservoir for the transport of many different compounds, and showed increased solubility, reduced toxicity, antioxidant protection, and prolonged half-life in vivo. Human serum albumin-nanoparticles combined with polyethylene glycol loaded with apatinib effectively inhibited VEGF-induced retinal vascular hyperpermeability both in vitro and in vivo (150). Hyaluronic acid (HA) is a degradable, non-immunogenic biopolymer that is a major component of vitreous humor and interacts with many retinal cell surface receptors. Degradation of endothelial HA was observed during DR pathophysiology. A study developed an HA-encapsulated bovine serum albumin NP-based delivery system for the topical administration of apatinib, a novel selective VEGF receptor 2 inhibitor. The system could be used as a platform for enhanced topical treatment of DR to overcome disruptive intravitreal pathway ocular complications (151).

Lipid NPs mainly include solid lipid nanoparticles (SLNs) and nanostructured lipid carriers (NLCs). SLNs comprise solid lipids, surfactants, and co-surfactants and can be loaded with hydrophilic or lipophilic drugs. NLCs are typically prepared from solid- or liquid-type lipids. SLNs and NLCs have the advantages of small size, high stability, excellent biocompatibility, ability to cross biological barriers, high and sustained drug release, and targeted drug delivery. In a rat model of DR, a modified melt emulsification-sonication method for preparing chitosan-modified 5-fluorouracil NLCs provided higher and sustained drug release and superior anti-angiogenic effects (141).

Additionally, the growth inhibitor analog octreotide (OCT) was combined with magnetic NPs, and their potential as an OCT delivery system for treating retinal pathologies, such as DR, was investigated. The magnetic NP-OCT can act as an intraocular delivery system for OCT, ensuring OCT localization to the retina and enhancing the biological activity of OCT (152).




4.3 Other nano-delivery technologies

Nanoemulsions are drug-loaded in oil-in-water or water-in-oil emulsions that are stable with different surface activities. The drug penetrates the ocular tissue with the emulsion and is released at the target site (Table 2). Nanogels are nano-sized hydrogels comprising hydrophilic polymers that can cross the ocular barrier, thus delivering the drug to the posterior part of the eye. Dendrimers are star-shaped, highly branched, and water-soluble macromolecular systems, in which drugs can bind to dendrimers through hydrogen bonding, hydrophobic interactions, covalent bonds, and ionic interactions (143). Dendrimers using poly-amidoamine as a structural basis are the most commonly used for ocular drug delivery, and subconjunctival injection of dexamethasone-poly-amidoamine conjugates improved ocular permeability and bioavailability of dexamethasone in ocular tissues (144). Quercetin is a bioactive plant flavonol compound with potential free radical scavenging and neuroprotective effects, but it is limited by poor bioavailability and a variety of biological interactions. nano-formulation of quercetin has been shown to have hypoglycemic effects, modulate homocysteine pathways, reduce lipid peroxidation, and scavenge free radicals in zebrafish DR models (153).

It was found that sSema4D/PlexinB1 signaling can regulate pathological neovascularization and leakage in DR. Sema4D/PlexinB1 -mDIA1 signaling affects endothelial cell migration, proliferation, and regulates endothelial cell phosphorylation and pericyte internalization leading to vascular leakage. Nanopeptide eye drops developed for Sema4D were shown to efficiently penetrate the ocular surface into the retina and vitreous humor through positive electrostatic attraction and small particle size penetration, and specifically recognize and precisely target sSema 4D in the vitreous humor and retinal region. smart peptides subsequently self-assembled to form a fibrous network wrapped around sSema4D, achieving smart capture of sSema4D and blocking the interaction of sSema4D with three receptors. 4D binding to the three receptors, achieving a significant reduction in pathologic retinal neovascularization and leakage. What’s more, this study confirmed that in DR treatment, non-invasive SSP eye drops can achieve the same therapeutic effect as invasive antibody injections, when SSP eye drops combined with anti-VEGF can increase the current clinical therapeutic effect by 50% (154).

Curcumin (CUR) and many other plant-derived polyphenolic compounds are known to act on multiple signaling pathways simultaneously; however, most of them have low bioavailability after oral administration, resulting in poor clinical efficacy. Based on this development, orally bioavailable nanocurcumin, in combination with insulin glargine, inhibits the production of multiple inflammatory factors and prevents or delays the progression of DR in a diabetic rat model (155).

In another study, the authors’ team constructed a system using cyanobacteria as a carrier loaded with gold nanoparticles (Au NPs) with glucose oxidase-like activity and iridium nanoparticles (Ir NPs) with catalase-like activity (Cyano@Au@Ir). In this system, Au NPs nano-enzymes first degrade glucose into hydrogen peroxide, which is then decomposed into H2O and O2 by Ir NPs, completing the cascade glucose-lowering reaction. Due to the light transmittance of the eye and light accumulation in the retinal region, cyanobacteria can continuously produce oxygen to alleviate the hypoxic state of the microenvironment, which contributes to the reduction of the expression of vascular growth factor and hypoxia-inducible factor. Meanwhile, Ir NPs can eliminate the highly expressed peroxides in the DR microenvironment and play an anti-inflammatory role. In a DR animal model, Cyano@Au@Ir significantly reduced neovascularization and vascular leakage. This novel therapeutic modality provides a continuous supply of oxygen, scavenges free radicals, lowers blood glucose, and performs comprehensive microenvironmental regulation, which provides a new perspective for solving DR fundus complications.

Despite the tremendous progress that has been made in nanotechnology, numerous scientific challenges remain. Nanoparticles are composite structures, and their composition, assembly mode, particle surface, ligands, rigidity and charge properties all affect the properties of the structure. The complexity of nanoparticles makes it difficult to analyze their potential toxicity, and there are no suitable models for the evaluation and study of nanobiological interactions (especially nano-immune interactions). The determination of optimal physicochemical parameters is crucial for the successful development of therapeutic nanoparticles. However, ensuring reproducibility and transparency severely limits the systematic and large-scale screening of nanoparticles due to the difficulty of synthesizing nanoparticles with different properties in a rapid, precise and reproducible manner.

The most important challenges for the clinical translation of nanomedicines still derive from a lack of understanding of biological complexity and individual heterogeneity, limited understanding of nanostructure-biological interface interactions, and lack of reproducible synthesis and large-scale production technologies for nanomedicines. While nanomedicines in the future are developing towards finer design, more in-depth studies on the mechanism of nanomedicines and cellular interactions are needed to regulate cellular uptake of drugs by regulating related target molecules, and in addition, nanomaterials with good biosafety and clear metabolic behavior in vivo should be selected as much as possible. Even though nanoparticles are promising, labor and material costs are more expensive, and it is still difficult to standardize the quality standards of the products. In order to improve drug delivery of nanomaterials, we need to better understand not only the in vivo processes of nanomaterials in different routes of drug delivery, but also the relationship between the physicochemical properties of nanoparticles and the desired biological effects.





5 Conclusion and future perspectives

In recent decades, researchers have been working to elucidate the pathogenesis of DR and have been hoping to identify breakthrough drug targets to effectively inhibit its onset and progression. Improvements and innovations in laser technology and surgical approaches have also emerged. This review briefly introduces the pathogenesis of DR, summarizes the current treatments for DR, and provides an overview of the latest advances in various methods, including laser, surgical, and drug treatments. Generally, patients with severe NPDR and mild-to-moderate PDR can be treated with laser therapy or anti-VEGF therapy, whereas those with severe PDR require surgical treatment to remove the vitreous. However, no matter at any stage, effective control of blood glucose, blood pressure and blood lipids is crucial to prevent the occurrence and development of DR. Therefore, effective control, treatment and intervention of relevant metabolic abnormalities in diabetic patients are the basis and key steps to ensure the therapeutic effect of DR.

In addition, DR is no longer just a simple microangiopathy but a highly specific neurovascular lesion. At present, the main drugs used in clinical treatment are drugs to improve microcirculation and VEGF inhibitors, but the overall efficacy is not ideal and cannot effectively prevent disease progression. Therefore, there is an urgent need to develop drugs for DR neuroprotection and prevention of injury or promotion of RGCs regeneration to prevent the occurrence of severe visual loss and blindness in the late stage of DR. Protecting the retinal neuro-vascular unit, anti-inflammation and anti-oxidation are all important links in the treatment of DR. Combining drugs targeting different aspects holds promise for benefitting more DR patients.

Gene therapy offers many advantages over long-term injectable anti-VEGF drugs and serves as a promising, attractive, and cost-effective alternative treatment. Therefore, further studies on the pathophysiology of DR are essential to expand the application of gene therapy. Future studies should confirm the effectiveness and genotoxicity of the long-term expression of transgenic, viral, or non-viral delivery vectors. Determination of the optimal intervention period is also vital to achieve the best therapeutic outcome using gene therapy, as irreversible lesions may occur later (156).

Our review describes the current limitations of DR drug delivery and latest advances in nanotechnology for ocular drug delivery. The emergence and continuous innovation of nanotechnology-based drug-delivery systems have led to tremendous improvements in treating DR patients over the past few decades. These nanocarriers can significantly improve the solubility and biocompatibility of drugs, prolong drug residence time, assist a variety of drug components non-invasively, and target specific links in the progression of DR, and nanomaterial-based drug delivery systems have great potential for the application in the treatment of DR.

Nanotechnology also shows promise in DR prevention, early diagnosis, and monitoring of treatment outcomes. In a recent study, researchers have developed a high-brightness adhesive fluorescent nanoprobe targeting VEGFR-2 using biodegradable materials. Following systemic injection, nanoprobes can cross the blood-retinal barrier, bind to microvascular endothelium, and firmly adhere to leukocytes, demonstrating their potential in the early diagnosis of DR. However, the long-term stability, safety, and the possibility of unknown adverse effects of nanocarriers remain a considerable challenge.

In recent years, there has been an increasing emphasis on individualized treatment of patients with diabetes. Digital innovations, including the further integration of telehealth, development of fifth-generation wireless networks, artificial intelligence approaches such as machine learning and deep learning, the Internet of Things, and digital security capabilities, have created new opportunities for individualized patient care. In the future, physicians need to adapt to technological innovations, and collaborate with technology researchers, and embrace multidisciplinary intersections for improved healthcare.
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