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Abstract

:

Diabetic retinopathy (DR) as a microangiopathy is the most common complication in patients with diabetes mellitus (DM) and remains the leading cause of blindness among adult population. DM in its complicated pathomechanism relates to chronic hyperglycemia, hypoinsulinemia, dyslipidemia and hypertension—all these components in molecular pathways maintain oxidative stress, formation of advanced glycation end-products, microvascular changes, inflammation, and retinal neurodegeneration as one of the key players in diabetes-associated retinal perturbations. In this current review, we discuss the natural history of DR with special emphasis on ongoing inflammation and the key role of vascular endothelial growth factor (VEGF). Additionally, we provide an overview of the principles of diabetic retinopathy treatments, i.e., in laser therapy, anti-VEGF and steroid options.
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1. Introduction


Diabetes mellitus (DM) is a group of metabolic disorders characterized by a high blood glucose level (hyperglycemia) over a prolonged period [1,2]. Classification of diabetes in clinical work includes a division into type 1 diabetes and type 2 diabetes. It varies in degree of heterogeneity in clinical manifestations, accurate diagnosis, comorbidities, and treatment [3,4,5]. Diabetes can cause many health complications both acute (e.g., diabetic ketoacidosis, hyperosmolar hyperglycemic state) and long-term (e.g., cardiovascular disease, stroke, chronic kidney disease, foot ulcers, and damage to the nerves or to the eyes) [6,7,8]. Diabetic retinopathy (DR) is a major microvascular complication of diabetes mellitus and remains the leading cause of visual loss in the adult population. It is estimated that diabetes might affect up to 34% of the worldwide population aged 40 and older by 2035 [9,10]—according to this data, DR is growing into a worldwide health problem as well. A study by Lin et al. [11] revealed that women with DM type 2 had a higher prevalence of diabetic retinopathy than men, but men suffered from more severe retinopathy, poor vision, or blindness. DR impacts not only the quality of life, but also predicted vascular and non-cancer mortality, prolonged QT interval, or life-threatening arrhythmia [12,13]. Considering clinical manifestations of vascular abnormalities in the retina, DR is divided into two stages: non-proliferative diabetic retinopathy (NPDR) and proliferative diabetic retinopathy (PDR). In the initial stage of NPDR, hyperglycemia and altered metabolic pathways lead to oxidative stress, leakage of multiple inflammatory cytokines and plasma proteins and then to the development of neurodegeneration, disruption of the blood-retinal barrier (BRB) and progressive retinal pathologies. Early hallmarks of NPDR, detected under fundus photography include increased vascular permeability, capillary occlusion, microaneurysms, dot intraretinal hemorrhage and hard exudates. As disease progresses, a more advanced stage of DR turns uncontrollably into PDR where severe hypoxia leads to neovascularization, vitreous hemorrhage, and retinal detachment such as traction retinal detachments (TRDs) and combined traction/rhegmatogenous retinal detachments (TRD/RRDs) which remains the most common reason for vitrectomy in patients with proliferative diabetic retinopathy [14,15]. There are four stages of diabetic retinopathy [16,17,18]:




	
Mild non-proliferative diabetic retinopathy (NPDR)—there may be no symptoms in this stage; microaneurysms develop on the tiny vessels in the retina, the light-sensitive back layer of the eyeball; leak fluid into the retina might be present.



	
Moderate NPDR—more vessels become weak and blocked; they begin to be swollen and distorted in size and lose their ability to properly transport blood.



	
Severe NPDR—more blood vessels become blocked which disrupts blood supply to areas in the retina with compensation by signaling the retina to grow up new blood vessels.



	
Proliferative diabetic retinopathy (PDR)—the most advanced stage of retinopathy where new, weak, and inefficient blood vessels grow along the inside surface of the retina and into the vitreous gel; they are more likely to leak and bleed causing retinal detachment.








The classification of DR according to ophthalmoscopic features is shown in Table 1.



The distortion of visual images, decrease in visual acuity and vision loss in patients with DM can occur at any stage of DR. The most common cause of vision loss in patients with DR is diabetic macular edema (DME) which is the result of swelling or thickening of the macula due to sub- and intra-retinal accumulation of fluid in the macula triggered by the breakdown of the BRB. Currently the mainstay of therapy for DR aim at managing the microvascular complications, including intravitreal administration of pharmacological agents with steroids as one possible option, along with laser photocoagulation and vitreoretinal surgery [11,17,19]. Here, we present a brief overview of insights into the pathophysiology of DR and chosen therapeutic targets and potential pharmacological agents being used in patients with DR. The present review aims to summarize the current knowledge concerning the inflammatory processes playing a crucial role in the development of DR, with special emphasis on vascular endothelial growth factor (VEGF) and focused on various aspects of treatment of DR. Its contribution is related to the previous research conducted on VEGF in various diseases and the treatment of patients with diabetic retinopathy using various methods by the authors.




2. Pathology in DR


Hyperglycemia is considered as an important factor in the pathogenesis of retinal microvascular damage which leads to DR. Metabolic pathways that are considered during hyperglycemia-induced vascular damage including advanced glycation end products (AGEs) accumulation, the protein kinase C (PKC) pathway, and the polyol and the hexosamine pathway. Additionally, dilation of blood vessels and blood flow changes are the earliest responses to hyperglycemia from retinal blood vessels in diabetic patients. Other hallmarks of the early events of DR are pericytes loss triggered by high glucose concentration with the following outpouching of capillary walls and microaneurysm formation, apoptosis of endothelial cells, and thickening of the basement membrane. Next, pronounced loss of pericytes and endothelial cells collectively contributes to the impairment of the BRB and results in capillary occlusion and ischemia. Retinal ischemia/hypoxia leads to activation of hypoxia-inducible factor 1 (HIF-1) and upregulation of angiogenic factors such as angiopoietins (Ang-1, Ang-2) and most vascular endothelial growth factor (VEGF) [9,20].



2.1. DR—An Inflammatory Disease


Originally, DR was considered a purely microvascular disease. Currently, chronic, low-grade inflammation plays a key role in the pathogenesis of DR that leads to changes in the retinal microcirculation and was detected widely in different stages of DR in both diabetic animal models and in the retinas of diabetic patients. This pathology affects neuronal and vascular components of the retina and what is more, it shows some similarities with chronic inflammatory diseases like infiltration of inflammatory cells, expression of different effectors such as cytokines responsible for damage to the retina, edema, neovascularization, or destruction of tissues.



2.1.1. Role of Inflammatory Cells in DR


Leukostasis is an occlusion of retinal microvasculature by monocytes, macrophages and granulocytes and was reported in an animal model of DM and in the early stage of DR in patients [21,22,23]. Additionally, increased leukostasis might be correlated with endothelium damage and BRB impairment through the Fas (CD95)/Fas-ligand pathway. Leukocyte-endothelium adhesion occurs according to upregulation of leukocyte b2-integrins (CD11a, CD11b, CD18) and expression of endothelial cell adhesion molecules such as intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 (VCAM-1) and selectins (E-selectin). Additionally, the plasma expression of VCAM-1 and E-selectin is correlated with the severity of DR. Retinal glial cells, consisted of astrocytes, Müller cells and microglia, are responsible for structural support and maintaining homeostasis in the retina. Nevertheless, in the condition of hyperglycemia and oxidative stress, glial cells are dysfunctional and they enhance the production of proinflammatory cytokines (TNF-α, growth factors, IL-1β, IL-6) which are involved in the onset and amplification of inflammation in the diabetic retina. In addition, the secretion of proinflammatory cytokines by glial cells plays a role in the infiltration of monocytes and T lymphocytes and on the other hand chronic inflammation induces fibrotic processes which induce scar formation and then retinal detachment [24,25].




2.1.2. Role of Inflammatory Chemokines in DR


Some chemokines have been shown to be involved in the pathogenesis of DR. In some recent studies, monocyte chemotactic protein-1 (MCP-1) and macrophage inflammatory protein-1 alpha (MIP-1a) have been reported to be elevated in diabetic patients [14,26,27]. Moreover, a level of other inflammatory cytokines such as interleukin 1 (IL-1), IL-6, IL-8, and tumor necrosis factor alpha (TNF-α) was upregulated in diabetic patients with DR. Additionally, there is a correlation between the presence of high levels of growth factors and inflammatory cytokines in the eye fluids and inflammation in patients with DR. In the retina, under hyperglycemic stress, microglia is activated, which leads to the upregulation of the Nuclear Factor kappa-light-chain-enhancer of activated B cells (NF-κB) followed by increase in oxidative stress with induction of pro-inflammatory cytokines, such as IL-1b, VEGF and TNF-α, chemokines, and adhesion molecules (E-selectin, ICAM-1). Above-described activation of the inflammatory process in DR causes the increase in vascular permeability, loss of pericytes, and the appearance of microaneurysms. Because the retina uses high quantities of glucose and oxygen to generate energy by using the mitochondrial electron transport chain (ETC), reactive oxygen species (ROS) and free electrons are increased during inflammatory process in DR which causes release into the cytosol harmful lipids, proteins and oxidized mitochondrial DNA (mtDNA). They are recognized as damage-associated molecular profiles (DAMP) by the Toll-like receptors TLR4, TLR9 and NLRP3, which in turn enhances the production and activation of pro-IL-1β and pro-caspase-1 [26,28].





2.2. VEGF


“Vascular Permeability Factor” (VPF) was described by Senger et al. in 1983 [29], then Ferrara and Henzel in 1989 [30] discovered its mitotic effect on endothelial cells and proposed the name vascular endothelial growth factor (VEGF). Nowadays, “a family” of vascular endothelial growth factors consists of several members: VEGF-A (called generally VEGF, the prototype molecule of a family, discovered first); VEGF-B, VEGF-C, and VEGF-D (also known as c-Fos-induced growth factor, FIGF); placenta growth factor (PlGF); and the viral VEGF-E encoded by strains D1701, NZ2 and NZ7 of the parapoxvirus Orf (which causes pustular dermatitis) (Table 2). VEGF itself is a heparin-binding, homodimer glycoprotein; its weight is 46 kDa, with a different number of amino-acids that are produced in human cells by alternative splicing (for VEGF-A, VEGF-B, and PGF) and processing (VEGF-A, VEGF-C, and VEGF-D). VEGF gene expression is physiologically regulated by oxygen tension—in hypoxia condition, the transcription factor HIF-1 (hypoxia-inducible transcription factor 1) binds to the hypoxia-responsive enhancer elements (HREs) at VEGF gene affecting transcriptional upregulation [31,32,33]. Moreover, some growth factors and cytokines, including tumor growth factor (TGF), basic fibroblast growth factor (FGF-2), interleukin-1 and interleukin-6 (IL-1, IL-6) can act synergistically with hypoxia [34]. VEGF made up of 121 and 165 amino acids and is produced mainly by neutrophils, platelets, endothelial cells, fibroblasts, epithelial cells, and macrophages in a soluble and freely diffusible form, whereas VEGF consisted of 189 and 206 amino acids is associated with cells’ surface. VEGF acts biologically by receptors tyrosine kinases (RTKs). These receptors have three parts: an extracellular immunoglobulins-like domain, a middle part located in the thickness of the cell membrane, and an intra-cytoplasmic part. VEGF binds to trans-membrane tyrosine kinase receptors, inducing their dimerization and transphosphorylation. VEGF-A binds to VEGFR2 (also called KDR/Flk-1) and VEGFR1 (Flt-1), VEGF-C and VEGF-D bind VEGFR2 and VEGFR3 (Flt4), PlGF and VEGF-B bind only to VEGFR1, and VEGF-E binds only to VEGFR2. VEGFRs differ considerably in signaling properties and are expressed by endothelial cells, epithelial cells, or activated macrophages. In addition, it was found that Neuropilin-1, a trans-membrane protein lacking tyrosine kinase activity, acts as a co-receptor for VEGF-A [35,36]. VEGF plays a key role in the process of vasculogenesis (the de novo formation of the embryonic circulatory system) and angiogenesis (the growth of blood vessels from pre-existing vasculature) in physiological conditions, i.e., during post-natal and skeletal growth, reproductive functions, embryogenesis with endothelial cells’ growth, menstrual cycle, and wound healing. On the other hand, VEGF has also been implicated in pathological angiogenesis, e.g., in cancers and metastasis, retinal neovascularization during DR, age-related macular degeneration, chronic obstructive pulmonary disease, asthma, ischemic heart disease, and rheumatoid or autoimmune diseases [37,38]. Drugs such as aflibercept (binds to circulating VEGF and acts like a “VEGF trap”), bevacizumab and ranibizumab (recombinant humanized monoclonal antibodies that blocks angiogenesis by inhibiting VEGF), or pegaptanib (a pegylated anti-VEGF aptamer, a single strand of nucleic acid that binds to the 165 isoform of VEGF) can inhibit VEGF and control or slow some of those diseases [39,40].





3. Therapeutic Concepts in Diabetic Retinopathy


3.1. Prevention


Metabolic control should be used clinically to inhibit the development or progression of DR. The most important factor in minimizing the onset of DR is control of hyperglycemia—trials that involved patients both with type 1 diabetes and with type 2 diabetes, showed that tight control of glycated hemoglobin levels and intensive glycemic control may lead to even a 20% reduction in risk of DR [41,42,43]. Moreover, intensive blood pressure control is also beneficial in lowering risk and progression of DR. The next step to decrease progression of DR is treatment of dyslipidemia often connected with DM and hypertension as a metabolic syndrome. Patients with type 2 diabetes should receive statin and/or fenofibrate to get a significant reduction in risk and progression of DR. Additionally, early detection underpins the importance of DR screening and surveillance—for this reason people with diabetes are offered annual screening for the presence of retinopathy. All diabetic screening programs require digital fundus photographs to be taken [44].




3.2. Specific Therapeutic Options


In addition to optimal medical control of blood pressure and serum cholesterol and glucose level, several intraocular managements have become standard treatments for DR. Ophthalmological treatment by inhibiting the inflammatory pathway reduces vascular permeability, contributes to the breakdown of the BRB, inhibits leukostasis, inhibits VEGF gene transcription and translation and finally, reduces the risk of visual loss in eyes with sight-threatening complications. Inflammation and VEGF-mediated pathways are crucial in the development and progression of diabetic retinopathy and diabetic macular edema (DME). According to mechanisms, the ocular therapy for diabetic retinopathy and maculopathy includes anti-VEGF drugs, corticosteroids, and laser treatment.



3.2.1. DME Treatment


The exact mechanism of laser photocoagulation in DME treatment is still unknown. It is suggested that it combines the occlusion of leaking vessels, especially microaneurysms and the destruction of ischemic parts of retina. It improves oxygenation to areas located near the treatment ones and contributes to the reduction of proangiogenic factors and cytokines release. The complications after laser treatment include visual field sensitivity deterioration, impairment of color, night vision and sensitivity, enlargement of laser scar, secondary neovascularization, and subretinal fibrosis. The paradigms for treatment of DME have been changing during last years. Intravitreal injections of anti-VEGF have almost expelled the laser treatment for DME.



According to the Guidelines for the Management of Diabetic Macular Edema by the European Society of Retina Specialists (EURETINA) [45] relative indications for using conventional laser therapy are the vasogenic subform of DME with focally grouped microaneurysms and leaking capillaries, central retinal thickness less than 300 µm, and eyes with persisted vitreomacular adhesions. Nowadays, more and more often, we use a subthreshold grid retinal laser which minimizes the destructive consequences of conventional laser therapy. It is achieved by reducing the duration of light exposure and focusing the treatment area only to the retinal pigment epithelium (RPE). Few clinical trials have suggested that subthreshold grid laser is as effective as conventional therapy, but more time is needed for proving that [46,47]. According to EURETINA, early diffuse edema is suggested as a cheaper method than intravitreal injections. The first line therapy in diabetic macular edema (DME) is anti-VEGF intravitreal injection.



We have a few medicaments that we use in treatment of DME: bevacizumab, ranibizumab, aflibercept and the newest one, brolucizumab. The DRCR.net trial compared three of them—bevacizumab, ranibizumab, and aflibercept, and recommends choosing the drug depending on best corrected visual acuity (BCVA) [48]. In this trial patients were assessed with a letter score, which is based on number of letters that patient can read from the ETDRS chart. There are also different types of testing distance visual acuity like Snellen or LogMAR notation. It is always crucial to indicate which notation is used, as lower value in Snellen notation means lower acuity contrary to LogMAR, in which it is better acuity [49].



Using Table 3 it is easy to convert each score:



According to the DRCR.net trial results, aflibercept and ranibizumab are more sufficient for the group with BCVA letter score less than 69 (20/50 or worse in Snellen equivalent). For patients with BCVA 69 or more letters, bevacizumab is the only one used off-label, but the cost is much less than the others. Aflibercept is the drug of choice for DME patients with BCVA below 69 letters as more sufficient than bevacizumab in two years and ranibizumab in first year of treatment. However, not all patients respond properly with this type of treatment. About 40% patients have persisted edema after anti-VEGF monthly injections [50]. For this group, corticosteroid therapy may play a significant role. What is worth noticing for this group is the various mechanisms which lead to an anti-inflammatory effect with the decrease of inflammatory mediators and VEGF. Because of that, they deal with more targets of DME mechanisms than anti-VEGF drugs. These mechanisms can be divided into three groups: anti-inflammatory, vascular and anti-edematous effect. The vascular effect consists of blocking the VEGF-mediated blood-ocular barrier breakdown and edema [51]. Apart from that, corticosteroids inhibit the expression of pathologic mediators such as MCP1, TNF, IL1b, IL6, ICAM1, and SDF-1, which play a role in the breakdown of this barrier [52]. This group of medicaments also stabilizes vessels [53]. The anti-edematous effect is achieved by diminishing edema of Müller cells and restoring potassium and water homeostasis [53,54,55]. We can choose between three drugs available commercially: triamcinolone acetonide, dexamethasone implant (Ozurdex) and fluocinolone (Iluvien). In case of treatment with corticosteroids, cataract development and rise of intraocular pressure should be considered. Corticosteroids have been shown effective in treatment of naive eye and those that do not respond to anti-VEGF treatment. The latest study shown that while making decision for treatment for an individual patient, we should assess probable biomarkers of inflammation in our diagnostic process [56,57,58,59]. The first one is hyperreflective retinal foci (HRF), which can represent hard exudates, degenerated photoreceptors or macrophages engulfing them, anteriorly migrated RPE cells, retinal vessels or activated microglial cells [60]. Vujosevic et al. [61] has shown that HRF can be distinguished in patients with early diabetic retinopathy without DME and patients with diabetes but without diabetic retinopathy, mainly in the inner parts of the retina. They suggested that these HRF are marks of the inflammation process, and they appear as a response to early microglia activation. The next one is subretinal fluid [62]. It can occur in about 15–30% patients with DME. It is more frequent with thicker choroid and with occurrence of hyperreflectivity foci. The other markers worth mentioning are the disorganization of the inner retinal layers (DRIL) and its extension and choroidal vascularity index (CVI) [63]. Greater reduction of DRIL extension has been observed in patients treated with steroids. CVI is the ratio between choroidal stroma and the vessels which may be useful in assessment of choroidal congestion [64]. Arrigo et al. reported that high amount of choroidal HRF and low CVI values seems to be response to chorioretinal inflammation. According to Udaondo et al. [56], the best candidate for good response with corticosteroids is with subretinal fluid, intraretinal inflammatory cysts, and HRF.




3.2.2. Proliferative Diabetic Retinopathy (PDR) Treatment


Three large clinical trials were undertaken: the British multicenter trial using xenon arc photocoagulation [65] and the National Eye Institute’s Diabethic Retinopathy Study (DRS) [66], in which xenon arc and argon laser photocoagulation were compared to no photocoagulations in PDR and Early Treatment Diabetic Retinopathy Study (ETDRS) [67]. The DRS and ETDRS have proved that panretinal photocoagulation (PRP) significantly lowers risk of severe vision loss from PDR. The mechanism of PRP is not fully known. It is supposed that laser treatment of ischemic areas makes the retina produce less neovascularization-inducing growth factors (e.g., VEGF). The first effect after laser treatment is more blood flow from the choroid to the inner retina [68]. We must bear in mind that PRP has also complications such as loss of visual function, damage to posterior ocular structures, macular edema, choroidal detachment, secondary angle closure, iritis and increased ocular pressure, and exudative retinal detachment. It has been reported that using anti-VEGF intravitreal injections may diminish ischemia-related ocular neovascularization. Avery et al. [69] have shown the effect of bevacizumab 24 h after injection with a duration of study of 2–11 weeks. Results of DRCR.net study confirmed that patients treated with anti-VEGF had less visual acuity loss, less visual field loss, less need for vitrectomy, and less DME development [70]. These results may be vital while making a decision for treatment for PDR eyes, especially in young patients.






4. Conclusions


Diabetic retinopathy is a leading cause of vision loss in working-age patients in highly developed countries and is a serious cause of blindness in the world. The population of patients touched by this problem systematically grows. We are facing the problem of accurate care for this patient, an early and easy diagnostic process, and better outcomes. Numerous studies have supported the hypothesis that diabetic retinopathy is a neurovascular disease with neurodegeneration as an early event in the diabetic retina. The molecular mechanism of neuronal damage in patients with DR relates to excitotoxic metabolites, altered neurotrophic support/signaling and oxidative stress. Undoubtedly, hyperglycemia causes abnormalities of biochemical pathways and an additionally dysregulated level of VEGF to promote the development of inflammation and retinal hypoxia. Considering that DR is a part of systemic diabetes progression, controlling of primary disease should be a necessary background of DR prevention and treatment. Novel therapeutic strategies, like anti-VEGF or steroid option, concentrate on a more fundamental level of DR pathophysiology, and because of that, improve visual acuity and patients’ quality of life. The intravitreal injections have almost expelled laser treatment and given a significant improvement in anatomical and functional results. We must be aware that the response for treatment is not equal for each patient because the contribution of mechanisms is different and different types of care are required. Hopefully, by using multimodal imaging and assessment of those markers mentioned above, we will be able to tailor more individualized paths for each patient.







Author Contributions


Conceptualization, K.G.; methodology, K.G. and M.R.; formal analysis, K.G. and M.R.; writing—original draft preparation, K.G. and M.R.; writing—review and editing, K.G. and M.R. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Not applicable.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Zhang, J.; Deng, Y.; Wan, Y.; Wang, J.; Xu, J. Diabetes duration and types of diabetes treatment in data-driven clusters of patients with diabetes. Front. Endocrinol. 2022, 13, 994836. [Google Scholar] [CrossRef]

	



Cole, J.B.; Florez, J.C. Genetics of diabetes mellitus and diabetes complications. Nat. Rev. Nephrol. 2020, 16, 377–390. [Google Scholar] [CrossRef]

	



Udler, M.S. Type 2 diabetes: Multiple genes, multiple diseases. Curr. Diabetes Rep. 2019, 19, 55. [Google Scholar] [CrossRef]

	



Gloyn, A.L.; Drucker, D.J. Precision medicine in the management of type 2 diabetes. Lancet Diabetes Endocrinol. 2018, 6, 891–900. [Google Scholar] [CrossRef] [PubMed]

	



Ahlqvist, E.; Storm, P.; Käräjämäki, A.; Martinell, M.; Dorkhan, M.; Carlsson, A.; Vikman, P.; Prasad, R.B.; Aly, D.M.; Almgren, P.; et al. Novel subgroups of adult-onset diabetes and their association with outcomes: A data-driven cluster analysis of six variables. Lancet Diabetes Endocrinol. 2018, 6, 361–369. [Google Scholar] [CrossRef]

	



Xiong, X.F.; Yang, Y.; Wei, L.; Xiao, Y.; Li, L.; Sun, L. Identification of two novel subgroups in patients with diabetes mellitus and their association with clinical outcomes: A two-step cluster analysis. J. Diabetes Investig. 2021, 12, 1346–1358. [Google Scholar] [CrossRef]

	



Tanabe, H.; Saito, H.; Kudo, A.; Machii, N.; Hirai, H.; Maimaituxun, G.; Tanaka, K.; Masuzaki, H.; Watanabe, T.; Asahi, K.; et al. Factors Associated with Risk of Diabetic Complications in Novel Cluster-Based Diabetes Subgroups: A Japanese Retrospective Cohort Study. J. Clin. Med. 2020, 9, 2083. [Google Scholar] [CrossRef]

	



Zaharia, O.P.; Strassburger, K.; Strom, A.; Bönhof, G.J.; Karusheva, Y.; Antoniou, S.; Bódis, K.; Markgraf, D.F.; Burkart, V.; Müssig, K.; et al. German Diabetes Study Group. Risk of diabetes-associated diseases in subgroups of patients with recent-onset diabetes: A 5-year follow-up study. Lancet Diabetes Endocrinol. 2019, 7, 684–694. [Google Scholar] [CrossRef]

	



Rübsam, A.; Sonia Parikh, S.; Fort, P.E. Role of Inflammation in Diabetic Retinopathy. Int. J. Mol. Sci. 2018, 19, 942. [Google Scholar]

	



Tong, N.; Wang, L.; Gong, H.; Pan, L.; Yuan, F.; Zhou, Z. Clinical Manifestations of Supra-Large Range Nonperfusion Area in Diabetic Retinopathy. Int. J. Clin. Pract. 2022, 2022, 8775641. [Google Scholar] [CrossRef]

	



Lin, K.Y.; Hsih, W.H.; Lin, Y.B.; Wen, C.Y.; Chang, T.J. Update in the epidemiology, risk factors, screening, and treatment of diabetic retinopathy. Diabetes Investig. 2021, 12, 1322–1325. [Google Scholar] [CrossRef]

	



Takao, T.; Suka, M.; Yanagisawa, H.; Kasauga, M. Combined effect of diabetic retinopathy and diabetic kidney disease on all-cause, cancer, vascular and non-cancer non-vascular mortality in patients with type 2 diabetes: A real-world longitudinal study. J. Diabetes Investig. 2020, 11, 1170–1180. [Google Scholar] [CrossRef]

	



Kobayashi, S.; Nagao, M.; Asai, A.; Fukuda, I.; Oikawa, S.; Sugihara, H. Severity, and multiplicity of microvascular complications are associated with QT interval prolongation in patients with type 2 diabetes. J. Diabetes Investig. 2018, 9, 946–951. [Google Scholar] [CrossRef]

	



Stewart, M.W.; Browning, D.J.; Landers, M.B. Current management of diabetic tractional retinal detachments. Indian J. Ophthalmol. 2018, 66, 1751–1762. [Google Scholar] [CrossRef]

	



Su, C.C.; Yang, C.H.; Yeh, P.T.; Yang, C.M. Macular tractional retinoschisis in proliferative diabetic retinopathy: Clinical characteristics and surgical outcome. Ophthalmologica 2014, 231, 23–30. [Google Scholar] [CrossRef]

	



Solomon, S.D.; Chew, E.; Duh, E.J.; Sobrin, L.; Sun, J.K.; VanderBeek, B.L.; Wykoff, C.C.; Gardner, T.W. Diabetic Retinopathy: A Position Statement by the American Diabetes Association. Diabetes Care 2017, 40, 412–418. [Google Scholar] [CrossRef]

	



Wang, W.; Lo, A.C.Y. Diabetic Retinopathy: Pathophysiology and Treatments. Int. J. Mol. Sci. 2018, 19, 1816. [Google Scholar] [CrossRef]

	



Lechner, J.; O’Leary, O.E.; Stitt, A.W. The pathology associated with diabetic retinopathy. Vis. Res. 2017, 139, 7–14. [Google Scholar] [CrossRef]

	



Zur, D.; Iglicki, M.; Loewenstein, A. The Role of Steroids in the Management of Diabetic Macular Edema. Ophthalmic Res. 2019, 62, 231–236. [Google Scholar] [CrossRef]

	



Antonetti, D.A.; Silva, P.S.; Stitt, A.W. Current Understanding of the Molecular and Cellular Pathology of Diabetic Retinopathy. Nat. Rev. Endocrinol. 2021, 17, 195–206. [Google Scholar] [CrossRef]

	



Miyamoto, K.; Hiroshiba, N.; Tsujikawa, A.; Ogura, Y. In vivo demonstration of increased leukocyte entrapment in retinal microcirculation of diabetic rats. Investig. Ophthalmol. Vis. Sci. 1998, 39, 2190–2194. [Google Scholar]

	



Barouch, F.C.; Miyamoto, K.; Allport, J.R.; Fujita, K.; Bursell, S.E.; Aiello, L.P.; Luscinskas, F.W.; Adamis, A.P. Integrin-mediated neutrophil adhesion and retinal leukostasis in diabetes. Investig. Ophthalmol. Vis. Sci. 2000, 41, 1153–1158. [Google Scholar]

	



Chibber, R.; Ben-Mahmud, B.M.; Coppini, D.; Christ, E.; Kohner, E.M. Activity of the glycosylating enzyme, core 2 GlcNAc (beta1,6) transferase, is higher in polymorphonuclear leukocytes from diabetic patients compared with age-matched control subjects: Relevance to capillary occlusion in diabetic retinopathy. Diabetes 2000, 49, 1724–1730. [Google Scholar] [CrossRef]

	



Yang, S.; Zhang, J.; Chen, L. The cells involved in the pathological process of diabetic retinopathy. Biomed. Pharmacother. 2020, 132, 110818. [Google Scholar] [CrossRef]

	



Huang, H. Pericyte-Endothelial Interactions in the Retinal Microvasculature. Int. J. Mol. Sci. 2020, 21, 7413. [Google Scholar] [CrossRef]

	



Taurone, S.; Ralli, M.; Nebbioso, M.; Greco, A.; Artico, M.; Attanasio, G.; Gharbiya, M.; Plateroti, A.M.; Zamai, L.; Micera, A. The role of inflammation in diabetic retinopathy: A review. Eur. Rev. Med. Pharmacol. Sci. 2020, 24, 10319–10329. [Google Scholar]

	



Scurt, F.G.; Menne, J.; Brandt, S.; Bernhardt, A.; Mertens, P.R.; Haller, H.; Chatzikyrkou, C. Monocyte chemoattractant protein-1 predicts the development of diabetic nephropathy. Diabetes Metab. Res. Rev. 2022, 38, e3497. [Google Scholar] [CrossRef]

	



Forrester, J.V.; Kuffova, L.; Delibegovic, M. The Role of Inflammation in Diabetic Retinopathy. Front. Immunol. 2020, 11, 583687. [Google Scholar] [CrossRef]

	



Senger, D.R.; Galli, S.J.; Dvorak, A.M.; Perruzzi, C.A.; Harvey, V.S.; Dvorak, H.F. Tumor cells secrete a vascular permeability factor that promotes accumulation of ascites fluid. Science 1983, 219, 983–985. [Google Scholar] [CrossRef]

	



Ferrara, N.; Henael, W.J. Pituitary follicular cells secrete a novel heparin-binding growth factor specific for vascular endothelial cells. Biochem. Biophys. Res. Commun. 1989, 161, 851–858. [Google Scholar] [CrossRef]

	



Holmes, D.I.; Zachary, I. The vascular endothelial growth factor (VEGF) family: Angiogenic factors in health and disease. Genome Biol. 2005, 6, 209. [Google Scholar] [CrossRef] [PubMed]

	



Gomułka, K.; Liebhart, J.; Jaskula, E.; Lange, A.; Mędrala, W. The-2549-2567 del18 Polymorphism in VEGF and Irreversible Bronchoconstriction in Asthmatics. J. Investig. Allergol. Clin. Immunol. 2019, 29, 431–435. [Google Scholar] [CrossRef] [PubMed]

	



Shibuya, M. Vascular endothelial growth factor and its receptor system: Physiological functions in angiogenesis and pathological roles in various diseases. J. Biochem. 2013, 153, 13–19. [Google Scholar] [CrossRef]

	



You, L.; Wu, W.; Wang, X.; Fang, L.; Adam, V.; Nepovimova, E.; Wu, Q.; Kuca, K. The role of hypoxia-inducible factor 1 in tumor immune evasion. Med. Res. Rev. 2021, 41, 1622–1643. [Google Scholar] [CrossRef]

	



Fantin, A.; Herzog, B.; Mahmoud, M. Neuropilin 1 (NRP-1) hypomorphism combined with defective VEGF-A binding reveals novel roles for NRP-1 in developmental and pathological angiogenesis. Development 2014, 141, 556–562. [Google Scholar] [CrossRef]

	



Sarkar, J.; Luo, Y.; Zhou, Q.; Ivakhnitskaia, E.; Lara, D.; Katz, E.; Sun, M.G.; Guaiquil, V.; Rosenblatt, M. VEGF receptor heterodimers and homodimers are differentially expressed in neuronal and endothelial cell types. PLoS ONE 2022, 17, e0269818. [Google Scholar] [CrossRef]

	



Gomułka, K.; Liebhart, J.; Lange, A.; Mędrala, W. Vascular endothelial growth factor-activated basophils in asthmatics. Adv. Dermatol. Allergol. 2020, 4, 584–589. [Google Scholar] [CrossRef]

	



Apte, R.S.; Chen, D.S.; Ferrara, N. VEGF in Signaling and Disease: Beyond Discovery and Development. Cell 2019, 176, 1248–1264. [Google Scholar] [CrossRef]

	



Melincovici, C.S.; Boşca, A.B.; Şuşman, S.; Mărginean, M.; Mihu, C.; Istrate, M.; Moldovan, I.M.; Roman, A.L.; Mihu, C.M. Vascular endothelial growth factor (VEGF)—Key factor in normal and pathological angiogenesis. Rom. J. Morphol. Embryol. 2018, 59, 455–467. [Google Scholar]

	



Lopes-Coelho, F.; Martins, F.; Pereira, S.A.; Serpa, J. Anti-Angiogenic Therapy: Current Challenges and Future Perspectives. Int. J. Mol. Sci. 2021, 22, 3765. [Google Scholar] [CrossRef]

	



Nathan, D.M.; Genuth, S.; Lachin, J.; Cleary, P.; Crofford, O.; Davis, M.; Rand, L.; Siebert, C. Diabetes Control and Complications Trial Research Group—The effect of intensive treatment of diabetes on the development and progression of long-term complications in insulin-dependent diabetes mellitus. N. Engl. J. Med. 1993, 329, 977–986. [Google Scholar]

	



Stratton, I.M.; Kohner, E.M.; Aldington, S.J.; Turner, R.C.; Holman, R.R.; Manley, S.E.; Matthews, D.R. UKPDS 50, Risk factors for incidence and progression of retinopathy in Type II diabetes over 6 years from diagnosis. Diabetologia 2001, 44, 156–163. [Google Scholar] [CrossRef]

	



UK Prospective Diabetes Study (UKPDS) Group. Intensive blood-glucose control with sulphonylureas or insulin compared with conventional treatment and risk of complications in patients with type 2 diabetes (UKPDS 33). Lancet 1998, 352, 837–853. [Google Scholar] [CrossRef]

	



Fung, T.H.; Patel, B.; Wilmot, E.G.; Amoaku, W.M. Diabetic retinopathy for the non-ophthalmologist. Clin. Med. 2022, 2, 112–116. [Google Scholar] [CrossRef]

	



Schmidt-Erfurth, U.; Garcia-Arumi, J.; Bandello, F.; Berg, K.; Chakravarthy, U.; Gerendas, B.S.; Jonas, J.; Larsen, M.; Tadayoni, R.; Loewenstein, A. Guidelines for the Management of Diabetic Macular Edema by the European Society of Retina Specialists (EURETINA). Ophthalmologica 2017, 237, 185–222. [Google Scholar] [CrossRef]

	



Figueira, J.; Khan, J.; Nunes, S.; Sivaprasad, S.; Rosa, A.; de Abreu, J.F.; Cunha-Vaz, J.G.; Chong, N.V. Prospective randomised controlled trial comparing sub-threshold micropulse diode laser photocoagulation and conventional green laser for clinically significant diabetic macular oedema. Br. J. Ophthalmol. 2009, 93, 1341–1344. [Google Scholar] [CrossRef]

	



Lavinsky, D.; Cardillo, J.A.; Melo LAJr Dare, A.; Farah, M.E.; Belfort, R., Jr. Randomized clinical trial evaluating mETDRS versus normal or high-density micropulse photocoagulation for diabetic macular edema. Investig. Ophthalmol. Vis. Sci. 2011, 52, 4314–4323. [Google Scholar] [CrossRef]

	



Wells, J.A.; Glassman, A.R.; Ayala, A.R.; Jampol, L.M.; Bressler, N.M.; Bressler, S.B.; Brucker, A.J.; Ferris, F.L.; Hampton, G.R.; Jhaveri, C.; et al. Diabetic Retinopathy Clinical Research Network. Aflibercept, Bevacizumab, or Ranibizumab for Diabetic Macular Edema: Two-Year Results from a Comparative Effectiveness Randomized Clinical Trial. Ophthalmology 2016, 123, 1351–1359. [Google Scholar] [CrossRef]

	



Beck, R.W.; Moke, P.S.; Turpin, A.H.; Ferris, F.L., 3rd; SanGiovanni, J.P.; Johnson, C.A.; Birch, E.E.; Chandler, D.L.; Cox, T.A.; Blair, R.C.; et al. A computerized method of visual acuity testing: Adaptation of the early treatment of diabetic retinopathy study testing protocol. Am. J. Ophthalmol. 2003, 135, 194–205. [Google Scholar] [CrossRef]

	



Madjedi, K.; Pereira, A.; Ballios, B.G.; Arjmand, P.; Kertes, P.J.; Brent, M.; Yan, P. Switching between anti-VEGF agents in the management of refractory diabetic macular edema: A systematic review. Surv. Ophthalmol. 2022, 67, 1364–1372. [Google Scholar] [CrossRef]

	



Edelman, J.L.; Lutz, D.; Castro, M.R. Corticosteroids inhibit VEGF-induced vascular leakage in a rabbit model of blood-retinal and blood-aqueous barrier breakdown. Exp. Eye Res. 2005, 80, 249–258. [Google Scholar] [CrossRef]

	



Nehmé, A.; Edelman, J. Dexamethasone inhibits high glucose-, TNF-alpha-, and IL-1beta-induced secretion of inflammatory and angiogenic mediators from retinal microvascular pericytes. Investig. Ophthalmol. Vis. Sci. 2008, 49, 2030–2038. [Google Scholar]

	



Bringmann, A.; Pannicke, T.; Grosche, J.; Francke, M.; Wiedemann, P.; Skatchkov, S.N.; Osborne, N.N.; Reichenbach, A. Müller cells in the healthy and diseased retina. Prog. Retin. Eye Res. 2006, 25, 397–424. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, M.; Bousquet, E.; Valamanesh, F.; Farman, N.; Jeanny, J.C.; Jaisser, F.; Behar-Cohen, F.F. Differential regulations of AQP4 and Kir4.1 by triamcinolone acetonide and dexamethasone in the healthy and inflamed retina. Investig. Ophthalmol. Vis. Sci. 2011, 52, 6340–6347. [Google Scholar] [CrossRef] [PubMed]

	



Reichenbach, A.; Wurm, A.; Pannicke, T.; Iandiev, I.; Wiedemann, P.; Bringmann, A. Müller cells as players in retinal degeneration and edema. Graefe’s Arch. Clin. Exp. Ophthalmol. 2007, 245, 627–636. [Google Scholar] [CrossRef]

	



Udaondo, P.; Adan, A.; Arias-Barquet, L.; Ascaso, F.J.; Cabrera-López, F.; Castro-Navarro, V.; Donate-López, J.; García-Layana, A.; Lavid, F.J.; Rodríguez-Maqueda, M.; et al. Challenges in Diabetic Macular Edema Management: An Expert Consensus Report. Clin. Ophthalmol. 2021, 15, 3183–3195. [Google Scholar] [CrossRef]

	



Munk, M.R.; Somfai, G.M.; de Smet, M.D.; Donati, G.; Menke, M.N.; Garweg, J.G.; Ceklic, L. The Role of Intravitreal Corticosteroids in the Treatment of DME: Predictive OCT Biomarkers. Int. J. Mol. Sci. 2022, 23, 7585. [Google Scholar] [CrossRef] [PubMed]

	



Zhou, J.; Song, S.; Zhang, Y.; Jin, K.; Ye, J. OCT-Based Biomarkers are Associated with Systemic Inflammation in Patients with Treatment-Naïve Diabetic Macular Edema. Ophthalmol. Ther. 2022, 11, 2153–2167. [Google Scholar] [CrossRef]

	



Chung, Y.R.; Kim, Y.H.; Ha, S.J.; Byeon, H.E.; Cho, C.H.; Kim, J.H.; Lee, K. Role of Inflammation in Classification of Diabetic Macular Edema by Optical Coherence Tomography. J. Diabetes Res. 2019, 2019, 8164250. [Google Scholar] [CrossRef]

	



Arthi, M.; Sindal, M.D.; Rashmita, R. Hyperreflective foci as biomarkers for inflammation in diabetic macular edema: Retrospective analysis of treatment naïve eyes from south India. Indian J. Ophthalmol. 2021, 69, 1197–1202. [Google Scholar]

	



Vujosevic, S.; Bini, S.; Midena, G.; Berton, M.; Pilotto, E.; Midena, E. Hyperreflective intraretinal spots in diabetics without and with nonproliferative diabetic retinopathy: An in vivo study using spectral domain OCT. J. Diabetes Res. 2013, 2013, 491835. [Google Scholar] [CrossRef]

	



Vural, E.; Hazar, L. Assessment of Inflammation Biomarkers in Diabetic Macular Edema Treated with Intravitreal Dexamethasone Implant. J. Ocul. Pharmacol. Ther. 2021, 37, 430–437. [Google Scholar] [CrossRef] [PubMed]

	



Arrigo, A.; Capone, L.; Lattanzio, R.; Aragona, E.; Zollet, P.; Bandello, F. Optical Coherence Tomography Biomarkers of Inflammation in Diabetic Macular Edema Treated by Fluocinolone Acetonide Intravitreal Drug-Delivery System Implant. Ophthalmol. Ther. 2020, 9, 971–980. [Google Scholar] [CrossRef]

	



Gupta, C.; Tan, R.; Mishra, C.; Khandelwal, N.; Raman, R.; Kim, R.; Agrawal, R.; Sen, P. Choroidal structural analysis in eyes with diabetic retinopathy and diabetic macular edema-A novel OCT based imaging biomarker. PLoS ONE 2018, 13, e0207435. [Google Scholar] [CrossRef]

	



Cheng, H. Multicentre trial of xenon-arc photocoagulation in the treatment of diabetic retinopathy. A Randomized controlled study. Interim report. Trans. Ophthalmol. Soc. U. K. 1975, 95, 351–357. [Google Scholar] [PubMed]

	



Davis, M. Editorial: Diabetic retinopathy study. J. Iowa Med. Soc. 1973, 63, 440–441. [Google Scholar]

	



Relhan, N.; Flynn, H.W.J. The Early Treatment Diabetic Retinopathy Study historical review and relevance to today’s management of diabetic macular edema. Curr. Opin. Ophthalmol. 2017, 28, 205–212. [Google Scholar] [CrossRef]

	



Elsevier. Ryan’s Retina; Elsevier: Amsterdam, The Netherlands, 2018. [Google Scholar]

	



Avery, R.L.; Pearlman, J.; Pieramici, D.J.; Rabena, M.D.; Castellarin, A.A.; Nasir, M.A.; Giust, M.J.; Wendel, R.; Patel, A. Intravitreal bevacizumab (Avastin) in the treatment of proliferative diabetic retinopathy. Ophthalmology 2006, 113, e1–e15. [Google Scholar] [CrossRef]

	



Gross, J.G.; Glassman, A.R.; Jampol, L.M.; Inusah, S.; Aiello, L.P.; Antoszyk, A.N.; Baker, C.W.; Berger, B.B.; Bressler, N.M.; Browning, D.; et al. Writing Committee for the Diabetic Retinopathy Clinical Research Network, Panretinal Photocoagulation vs. Intravitreous Ranibizumab for Proliferative Diabetic Retinopathy: A Randomized Clinical Trial. JAMA 2015, 314, 2137–2146. [Google Scholar]








[image: Table] 





Table 1. Classification of diabetic retinopathy—according with [18].
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	Type
	Ophthalmoscopic Features





	Mild NPDR
	Microaneurysms



	Moderate NPDR
	At least two of the following features:

* Microaneurysms

* Retinal hemorrhages

* Hard exudates



	Severe NPDR
	Any one of the following features:

* 20 hemorrhages in each of the four quadrants

* Venous beading in two quadrants

* IrMAs in one quadrant



	PDR
	At least one of the following features:

* Neovascularization

* Vitreous hemorrhage







NPDR—non-proliferative diabetic retinopathy; PDR—proliferative diabetic retinopathy; IrMAs—Intraretinal microvascular abnormalities.
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Table 2. The VEGF-family.






Table 2. The VEGF-family.





	Member of the VEGF-Family
	Chromosomal Location
	Receptor
	Function





	VEGF-A
	6p23.1
	VEGFR1, VEGFR2, NRP1
	* angiogenesis: mitosis and migration of endothelial cells, and astrocytes

* creation of blood vessel lumen and fenestrations

* chemotactic factor for granulocytes and macrophages

* vasodilation (indirectly by NO release)



	VEGF-B
	11q13
	VEGFR1,

NRP1
	* embryonic angiogenesis

* protective for neurons in the retina and the cerebral cortex during stroke

* protective for motoneurons during motor neuron diseases such as amyotrophic lateral sclerosis



	VEGF-C
	4q34
	VEGFR2, VEGFR3, NRP2
	* promote the growth of lymphatic vessels (lymphangiogenesis)



	VEGF-D
	Xp22.31
	VEGFR2, VEGFR3
	* similar to those of VEGF-C

* necessary for the development of lymphatic vasculature surrounding lung bronchioles



	PlGF
	14q24
	VEGFR, NRP1, NRP2
	* vasculogenesis

* angiogenesis during ischemia, inflammation, wound healing, and cancer

* regulates growth and differentiation of trophoblasts in the placenta during pregnancy







VEGF—vascular endothelial growth factor; VEGFR—vascular endothelial growth factor receptor; NRP—neuropilin; PlGF—placenta growth factor; NO—nitric oxide.
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Table 3. Visual Acuity convertion chart.






Table 3. Visual Acuity convertion chart.





	Letter Score
	LogMAR Value
	Snellen Equivalent





	5
	1.6
	20/800



	10
	1.5
	20/640



	15
	1.4
	20/500



	20
	1.3
	20/400



	25
	1.2
	20/320



	30
	1.1
	20/250



	35
	1.0
	20/200



	40
	0.9
	20/160



	45
	0.8
	20/125



	50
	0.7
	20/100



	55
	0.6
	20/80



	60
	0.5
	20/63



	65
	0.4
	20/50



	70
	0.3
	20/40



	75
	0.2
	20/32



	80
	0.1
	20/25



	85
	0.0
	20/20



	90
	−0.1
	20/15



	95
	−0.2
	20/12
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