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Abstract 

Objective: Diabetic retinopathy and diabetes represent serious health conditions, being considered 

among the main causes of blindness. In the recent years, anti-VEGF therapies have been of great help 

in the treatment of retinal pathology and, until now, they represent the primary choice therapy for 

diabetic retinopathy. Nevertheless, many patients do not experience significant benefits of vision after 

an anti-VEGF monotherapy. For this reason, several researchers recently focused their attention on 

the mechanisms that play a central role in the development and progression of diabetic retinopathy.  

Results: Available scientific evidence confirms that diabetic retinopathy requires other molecules 

capable of modifying the mechanisms that, together with angiogenesis, contribute to the development 

of the condition, such as vascular and neuroinflammation.  

Conclusions: This review summarizes the current knowledge of the pathological changes that occur 

in diabetic retinopathy and that might contribute to identify possible new strategies for the treatment 

of this condition. 
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Introduction 

Diabetic retinopathy (DR) affects nearly 40% of patients with diabetes, represents the main cause of 

blindness in subjects under the age of 50 years 1 and, similar to other conditions, has a significant 

impact on quality of life since patients with DR experience many socioemotional issues in addition 

to vision-related activity limitations 2-7. It is expected that DR incidence will increase in the next 

decades due to the future increase of diabetes in the world population, affecting approximately 191 

million people worldwide by 2030 8. In the recent years, different therapeutic approaches have been 

developed for the treatment of ophthalmologic diseases previously considered difficult to manage 9-

12. Part of this success is due to the identification of the role played by the inflammatory process in 

these conditions 13.  

Chronic inflammation is extensively involved in the development of DR and its complications 14-17, 

as well as in many other ocular diseases such as conjunctivitis, keratitis, uveitis, glaucoma, age-

related macular degeneration and diabetic retinopathy 18-20. In immune-dependent pathologies, the 

inflammatory process induces a complex cascade of biological, molecular and cellular signals that 

alter the physiological responses of the affected eye tissues. Inflammatory stimulus (oxygen radicals, 

diabetes, and infections) may disrupt the natural balance of the eye tissues, thus producing an 

"inflamed" phenotype. The result of these processes is the increased expression of inflammatory 

cytokines (IL-1 and TNF), chemotactic proteins (MCP-1), growth factors (TGF-β and VEGF) and 

apoptotic phenomena which, taken together, contribute to the onset of different eye diseases.  

To date, the molecular mechanisms that determine the development of ocular pathologies are not fully 

clarified and there is no therapy capable of preventing eye damage for people with diabetes 21-26. 

Understanding the cellular and molecular mechanisms that lead to eye damage could be useful for 

the development of new anti-inflammatory agents and new therapeutic approaches, thus avoiding 

invasive surgical treatments. 
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Diabetic retinopathy 

DR is the most important ocular complication of diabetes mellitus. The main risk factors associated 

with the early onset and rapid evolution of diabetic retinopathy include the duration of diabetes, poor 

glycemic control and concomitant hypertension.  

Glycemic control is undoubtedly the most important modifiable risk factor 27. DR is classified into 

two forms, one early and less severe (non-proliferating) and one advanced (proliferating). The first, 

if not recognized and treated promptly, evolves towards the highly disabling proliferating form. In 

non-proliferative DR, the identification of advanced non-proliferating retinopathy is important as it 

develops, if left untreated, in proliferating DR in 40% of cases within 12 months.  

Hyperglycemia damages the structure of the blood vessels predisposing to the formation of 

microaneurysms, microhaemorrhages and anomalies of the retinal vascular caliber. These anomalies 

may lead to the passage, through the damaged walls of the vessels, of some components of the blood, 

or to reduced perfusion of the retinal tissue up to a complete ischemia, which is initially manifested 

by the presence of cottony exudates. The occlusion of the retinal capillaries and the consequent 

formation of ischemic retinal areas represent the stimulus for the formation of retinal neovessels, 

which characterize the proliferating form 28. 

 

Clinical presentation  

DR usually begins with the appearance of retinal microaneurysms and the presence of spot 

haemorrhages 11 (Figure 1). Subsequently, the disease evolves into the most severe form of 

proliferative DR. During this phase, neovascular changes occur with consequent deposition of fibrotic 

tissue, retinal detachments, vitreous haemorrhages and diabetic macular edema 11, 29 (Figure 2). The 

retinal tissues of diabetic patients show increased thickening of the basement membrane of the 

capillaries 30. Normally the retinal capillaries are made up of continuous internal layers of endothelial 

cells surrounded by the discontinuous processes of intramural pericytes. The basal membrane (BM) 
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consists of a thin internal sub-endothelial membrane (IBM), interposed between the endothelial cells 

and the pericytes, and an external basal membrane (EBM) placed between the pericytes and the 

Müller glial cells. Under pathological conditions, a significant thickening of the external basal 

membrane is observed. The thickening of the basement membrane seems to be capable to involve 

mainly the diabetic capillaries located in the layer of nerve fibers near the internal limiting membrane. 

Furthermore, in diabetic retinas, the microvascular subcomponents of the extracellular matrix (ECM) 

are altered and there is a noticeable loss of pericytes 30. To date, it is not clear whether pericytes are 

directly involved in the thickening of the EBM. 

 

Changes in the diabetic retina 

In conditions of hyperglycemia, there is the activation of the microglia which secretes cytokines and 

other pro-inflammatory molecules involved in phagocytosis and in the destruction of damaged cells, 

as well as in the initiation of repair processes that lead to the formation of glial scars. However, if 

microglia remain in an activated state, cytokines may damage neighboring cells, particularly neuronal 

cells, inducing the appearance of other retinal pathologies, such as retinal degeneration and glaucoma 

31. Many ocular tissues are sensitive to the fibrotic process. This process intervenes in the 

pathogenesis of different ocular pathologies such as glaucoma, cataract, age-related macular 

degeneration (AMD), proliferative diabetic retinopathy (PDR) and proliferative vitreoretinopathy 

(PVR) 32. Pathologies of the posterior segment of the eye involving the retina and choroid are sensitive 

to the fibrotic process. In fact, they present vitreoretinal or subretinal fibrosis that often causes 

detachment of the retina and, in severe cases, blindness 33, 34.  

During the preclinical phase of diabetic retinopathy (PCDR), the increase in permeability of the 

blood-retinal barrier produces a hypoxic environment that determines the accumulation of numerous 

pro-angiogenic and inflammatory cytokines. According to this thesis, numerous histopathological 

studies performed on animals and humans have highlighted the activation of microglial cells, as well 

as the presence of various inflammatory molecules secreted by microglial cells 35. This condition 
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induces the secretion of TNF-α and the localized secretion of other proinflammatory cytokines, 

growth factors and bioactive molecules that play an important role in the onset and progression of 

diabetic retinopathy 36. 

Liou et al confirmed that the activation of the microglia occurs already at the beginning of the diabetic 

pathology, producing the secretion of a wide range of proinflammatory cytokines, such as IL-1β, IL-

3, IL-6, TNF-α and other mediators of the inflammation such as ROS, glutamate, VEGF, 

metalloproteinases and NO. These proinflammatory mediators induce the expression of adhesion 

molecules (I-CAM and V-CAM), cell apoptosis, leukocytes infiltration and weakening of the blood-

retinal barrier 37. Langmann et al also found that microglial cells are responsible for an increase in 

retinal production of iNOS, IL-1β, MIP-1α, IL-6 and M-CSF 38. Shelton et al showed an increase in 

IL-1β, IL-6, IL-8, IL-13, IP-10, ICAM-1 and NO in Müller cells and in endothelial cells in the course 

of diabetes, confirming their participation in the inflammatory process 39. In addition, it is well known 

that many other mediators are expressed in retinal tissue during diabetes, since it is now clear that 

inflammation plays an essential role in DR 40.  

The thickening of the basement membrane is one of the most studied morphological changes that 

occur in the microvascular system during diabetes. It is not clear which of the different factors 

primarily contributes to the development of the vascular diabetic anomalies. The occurrence of 

capillary thickening of the basement membrane suggests that this change may be related to a 

deterioration of some tissue functions during the development of the disease. Vascular abnormalities 

are represented by reduced contacts between pericytes and endothelial cells, in combination with an 

increase in the level of VEGF expression. Angiogenesis is an important physiological process that 

induces differentiation, tissue growth and damage repair. Pathological angiogenesis, also known as 

neoangiogenesis, very commonly develops during ischemia, inflammation and neoplastic diseases. 

VEGF has been recognized as the main neo-angiogenic factor responsible for both sub-retinal 

(DMLE, pathological myopia, uveitis) and retinal (diabetic retinopathy, retinal vein occlusion, 

retinopathy of the premature newborns) conditions 41. 
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Diabetes is therefore considered a metabolic disease that accelerates the development of vascular 

thickening of the basement membrane in retinal capillaries, a process that normally occurs with aging. 

 

Diabetic retinopathy and inflammation 

Inflammation may play a key role in DR mediating harmful effects on neuronal and vascular 

components of the retina. 

Cellular and molecular alterations typical of inflammatory processes are present in the retina of 

diabetic patients. DR is the manifestation of a low-level chronic inflammation state in which different 

effectors such as cytokines and leukocytes are responsible for damage to the retina. This pathology 

shows many similarities with chronic inflammatory diseases: increased vascular permeability, edema, 

infiltration of inflammatory cells, destruction of tissues, neovascularization and expression of 

angiogenic factors. In the retina of diabetic patients, significant inflammatory involvement is also 

evident in the early stages of the disease. In addition, leukocytes including monocytes-macrophages, 

microglia, neutrophils and a number of lymphocytes adhere to the vascular endothelium; this phase 

temporally coincides with the impairment of the blood-retinal barrier, with capillary occlusion and 

endothelial cell death 42. These alterations induce the secretion of TNF-α and the localized secretion 

of pro-inflammatory cytokines, growth factors and other bioactive molecules that play an important 

role in the onset and progression of diabetic retinopathy. 

Diabetic retinopathy was originally considered a purely micro-vascular disease. Currently it is instead 

considered as a chronic inflammatory disease that leads to changes in the retinal microcirculation. 

Generally, glial cells respond to hyperglycemia by producing pro-inflammatory cytokines. In fact, 

diabetes determines the activation of caspase-1 and the consequent production of IL-1β, which leads 

to the death of Müller cells 42. Retinal glial cells, including Müller cells, can also be the initiators of 

neural inflammation in the diabetic retina acting as cytokine producers. IL-6 may also play a direct 

role in the infiltration of monocytes and T lymphocytes. Chronic inflammation induces the activation 

of myofibroblasts, that originate from fibroblast cells and determine the excessive deposition of ECM 
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with consequent activation of the fibrotic process which induces laceration and retinal detachment 32 

42, 43.  

 

Role of inflammatory cytokines in diabetic eye disease 

Several studies have shown a close correlation between inflammation and DR 44-46. This relationship 

is demonstrated by the presence of high levels of growth factors and inflammatory cytokines in the 

eye fluids of patients with diabetic retinopathy 44-46. In the retina, the pro-inflammatory state is related 

to the activation of NF-kB, as a consequence of an increase in oxidative stress which induces high 

levels of pro-inflammatory cytokines such as IL-1b and TNF-a, chemokines and adhesion molecules 

(E-selectin, Intercellular Adhesion Molecule 1 - ICAM-1-) 47-52. The activation of NF-kB due to 

hyperglycemia and the activation of the inflammatory process causes loss of pericytes, increase in 

vascular permeability and the appearance of microaneurysms 52, contributing to the development of 

retinopathy. During diabetes, we assist to the activation of macrophages located in the adipose tissue 

or in the pancreatic islets; this activation determines the secretion of cytokines such as interleukin 

(IL-1β and others) 53-55. In fact, Catano Canizales et al observed an increase in the levels of secretion 

of IL-1 β by monocytes obtained from diabetic patients compared to healthy controls 56. A recent 

study on mice, whose β-pancreatic cells were treated with some inflammatory cytokines (IL-1 β, IFN-

c, TNF-a), showed that TNF-α acted by inhibiting insulin secretion induced by glucose. These results 

demonstrated that oxidative stress and activation of the inflammatory process generate cell death and 

dysfunction of B cells, contributing to the development of diabetes and other related diseases 15, 57. 

The retina uses high quantities of glucose and oxygen to generate energy (ATP) and to guarantee the 

visual function by using the mitochondrial electron transport chain (ETC) in the internal membranes 

58. During this process, the electrons escape from ETC, which are recruited from molecular oxygen 

to form reactive oxygen species (ROS), thus creating harmful lipids, proteins and mtDNA of the 

mitochondrial membrane. Mitochondrial ROS and oxidized mtDNA are released into the cytosol and 
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recognized as damage associated molecular profiles (DAMP) by the receptors for the recognition of 

cytosolic patterns (PRR), including the toll-like receptors TLR4, TLR9 and NLRP3. These 

inflammatory receptors induce the production and activation of pro-IL-1β and pro-caspase-1 58.  

 

Diabetic retinopathy and loss of pericytes  

Diabetic retinopathy is characterized by microvascular alterations of the capillary endothelium and 

loss of pericytes that lead to the formation of microaneurysms, as well as to the loss of the blood-

retinal barrier (BRB) and the formation of new blood vessels (neovascularization) 59, 60. In DR, there 

are numerous dysfunctions at the level of the microvessels that induce subsequent alteration of the 

neurovascular component and degeneration of the blood-retinal barrier such as thickening of the 

basement membrane, formation of microaneurysms, loss of pericytes, and vasoregression. As already 

reported in a previous study from our group, the first vascular change observed in the retina is the 

thickening of the basement membrane of the retinal capillaries20. This condition is related to the loss 

of pericytes and subsequent dysregulation of vascular tone. The thickening of the basement 

membrane causes serious functional damage, allowing the passage of proteins and inflammatory 

molecules in the interstitial space 61, 62. In recent years, studies have focused on the induced 

consequences of the loss of pericytes found in the retinal capillaries 63.  

The pericytes, which are wrapped around the capillaries, are believed to be responsible for the 

structural integrity of the vessel walls. In fact, they adhere to the abluminal surface of the endothelium 

and are necessary for the stabilization of the microvascular network. In the course of DR, persistent 

hyperglycemia produces the loss of retinal pericytes and the uncontrolled proliferation of capillary 

endothelial cells. Depletion of pericytes in diabetic retinas induces a significant reduction of 

branching points in the retinal capillaries, together with a reduced endothelial germination, while the 

number of endothelial cells in the peripheral plexuses increases. In addition, the loss of pericytes leads 

to an increase in the size of the capillaries and the degeneration of BRB which increases vascular 

permeability until the appearance of edema in the macular area 64. This condition results in a high 
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blood concentration of inflammatory molecules and growth factors also found in intraocular fluids of 

diabetic patients 65, 66. Furthermore, activation of glial cells and degeneration of neuronal cells are 

connected to alterations of retinal capillaries in DR. 

Activation of microglia as a consequence of high glucose levels causes the production and the local 

release of inflammatory cytokines. In fact, the activated microglia migrate from the internal-external 

retinal layers and induces release of TNF-α, IL-6, MCP-1 and VEGF. Astrocytes may also participate 

in the inflammatory cytokine secretion 67, 68. Damage to neuronal cells of the retina is one of the first 

processes that occur at the beginning of DR. In fact, the first cells to be damaged are the ganglion 

cells of the retina 69. Pericytes also may play an active role in the progression of the inflammatory 

process in the retina, determining the attraction of immune cells towards the inflammation site 70. The 

understanding of different mechanisms believed to be responsible for retinal damage is essential in 

the finding of new therapeutic strategies. 

 

Discussion 

To date, the exact mechanisms through which neuroinflammation and vascular inflammation occur 

in DR are still partially unknown. 

Vascular inflammation is an inflammatory process that also affects endothelial cells, pericytes and 

immune cells located in the inner layer of blood vessels. During mitochondrial oxidative stress, the 

endothelial cells of the capillaries react following the activation of an inflammatory process that 

induces vascular inflammation and consequent vascular dysfunction 71. In many tissues subjected to 

stress conditions, macrophages play a central role in the inflammatory response 72. In the brain, 

microglia are made up of specialized macrophages capable of carrying out phagocytosis to protect 

neurons of the central nervous system. They constitute a network of cells that protects neurons from 

the surrounding environment. Therefore, neuroinflammation could depend on the continuous 

activation of glial cells through the action exerted by macrophages 73, 74. During the activation of the 

microglial infiltration specific pro-inflammatory molecules, ROS and toxic molecules 75 are locally 
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released. In type 1 and type 2 diabetes, chronic hyperglycemia leads to the accumulation of advanced 

end glycation products (AEGP) with consequent endothelial dysfunction and vascular inflammation 

76, 77. 

Vascular inflammation of the retinal tissues is one of the main factors contributing to the development 

of the disease 78. Upregulation of pathological retinal tissue inflammatory genes has been observed in 

previous studies 79-81. Furthermore, changes in morphology, number and position of microglial cells 

have been reported in the aged retinas 82. DR usually begins with the appearance of retinal 

microaneurysms and spot haemorrhages 11, followed by degeneration and loss of function of retinal 

neurons, especially retinal ganglion cells (RGC) 83, 84. Notwithstanding this mechanism, neuronal 

depletion cannot be considered alone as the main cause of blindness; subsequently, the disease 

develops in the most severe form, the proliferative DR. During this terminal phase, neovascularization 

changes occur, and consequent deposition of fibrotic tissue, retinal detachments, vitreous hemorrhage 

and diabetic macular edema are observed 11, 29. 

Some studies suggest that neuronal damage develops before vascular damage, thus attributing a 

neuropathic origin to the disease 83, 84. This observation also highlights the crosstalk between 

neuronal, glial and vascular cells, which may be responsible for the retinal neurovascular unit damage 

85. Some researchers assume that damage to endothelial cells could induce activation of microglial 

cells 77. Analyzing data obtained by the literature, DR could be caused by activation of the 

inflammatory response both at vascular and neuronal level. Inflammation is quite a defensive 

response that is triggered by stimuli and harmful conditions, such as an infection or a tissue damage. 

In the site where the inflammatory event begins, the involved cells produce a series of cytokines and 

chemokines that act on the local vascular endothelium, causing dilation of blood vessels, leakage of 

fluids and recruitment of neutrophils and monocytes from the blood into the tissue 86. Initial response 

by resident macrophages produces the release of a variety of inflammatory mediators, including 

chemokines, cytokines (TNF-α and IL-1β), vasoactive amines and prostaglandins 87. Consequently, 

local inflammatory exudate is formed. Plasma proteins and leukocytes (neutrophils and monocytes) 
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exit the circulation and adhere to the tissues at the site of infection / damage. Once arrived in the 

damaged tissues, monocytes and neutrophils are activated (either through direct contact with the 

pathogenic material or through the assistance of cytokines secreted by resident cells) and, in an 

attempt to react against the onset of the process, release cytotoxic substances (reactive oxygen and 

nitrogen species, proteases, elastases, collagenases). These factors, undiscriminating between 

possible microbial targets and host tissues, cause tissue damage as a side effect of the defense activity. 

Despite this essential event for the defense of the integrity of the organism from external attacks, the 

inflammatory response requires a strict control of its activation but, above all, it has to circumscribe 

the effects of the harmful agent that triggered it, thus avoiding a significant damage to the human 

organism itself. In fact, the high levels of inflammatory cytokines and adhesion molecules may 

determine accumulation of leukocytes and formation of retinal neo-capillaries. Some studies have 

shown an altered expression of inflammatory cytokines not only at the vascular level, but also at the 

glial cells level. Therefore, it is ascertained that Müller cells and astrocytes can express inflammatory 

cytokines in conditions of hyperglycaemia 88. 

Since both glial cells and vascular endothelial cells are found in close association, Barber et al 

suggested that the reactivity of the former is a direct consequence of the infiltration of glucose and 

inflammatory agents into the nervous parenchyma and that the increase in vascular permeability is 

supported by the release of some glial factors with a consequent loss of integrity of the blood-retinal 

barrier 89. The release of cytokines and proinflammatory molecules, such as TNF-α, IL-1β, nitric 

oxide and VEGF, causes the spread of the inflammatory process throughout the entire retina, 

increasing vascular permeability and neuronal damage and thus creating a vicious circle 35, 90. Müller 

cells and astrocytes become active and produce proinflammatory cytokines and growth factors within 

retinal tissue during the chronic evolution of DR. The persistent inflammatory response then leads to 

death or cell damage. 

IL-1β has proven to be the main cytokine capable of triggering the neuro-inflammatory cascade.  This 

cytokine could have a crucial role in the amplification of inflammation itself. In fact, the secretion of 
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IL-1β is widely expressed at the vascular endothelium level as a direct consequence of chronic 

hyperglycemia. The latter stimulates endothelial cells and microglial cells that respond not only by 

activation signals, but also by strengthening of the synthesis of IL-1β, thus enhancing the 

inflammatory process itself 91. In a previous study we have shown that VEGF may be secreted by 

different types of retinal cells such as EPR cells, pericytes, astrocytes, Müller cells and endothelial 

cells 92. VEGF stimulates endothelial cells to degrade their basement membrane and migrate with 

concomitant release of MMPs and integrins. Studies carried out in the last decade have led to a better 

understanding of the fundamental role that VEGF exerts in the development of pathological 

angiogenesis in some retinal diseases characterized by intraocular neovascularization and in the 

pathogenesis of endothelial hyperpermeability associated with the accumulation of intra- and sub-

retinal fluid. This typical condition may be observed in retinal vascular diseases, characterized by 

edema and exudation, which often affect the macular region, and which involve a global reduction of 

the central visual functions. However, the pro-inflammatory response induced by neovascular 

proliferation also involves the chemotactic migration of macrophages that secrete TNF-α, a cytokine 

that induces angiogenesis “in vivo” through an increase of the expression of VEGF receptors 

(VEGFR-2) on the endothelial membrane 93, 94. 

Several research groups support the idea that at retinal level the neurodegenerative process may be 

triggered by vascular inflammation. In fact, the same process occurs in neurodegenerative diseases 

of the brain 95-97. Available evidence shows that the use of antioxidants and the modulation of the 

inflammatory response in the early stages of the disease may be considered useful in preventing the 

onset of ocular complications 10, 98-102. 

 

Conclusions 

The discovery of the involvement of inflammatory process in the onset and progression of DR has 

led to the development of new pharmacological treatments. Currently, anti-inflammatory drugs and 

inhibitors of inflammatory molecules may be used alone or in association with VEGF inhibitors in 
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the treatment of DR. Although anti-VEGF therapy remains the first-choice treatment for DR, it may 

not be able to satisfactorily control the inflammatory component that causes damage to the retinal 

tissues. This assumption explains the lack of a satisfactory clinical response found in most patients. 

For this reason, it has been postulated that the development of combined pharmacological treatments, 

which involve the use of anti-VEGF in association with anti-inflammatory drugs, may be a fruitful 

therapeutic option. Faricimab (formerly RG7716), for example, is a bispecific anti-Ang-2 / anti-

VEGF monoclonal antibody used in the treatment of DR 103. Currently, several drugs targeting 

cytokines and inflammatory molecules are under evaluation. The combined use of these new drugs 

in association to anti-VEGF drugs might be more effective and have less harmful effects than steroidal 

drugs.  

 

 

Acknowledgements 

This paper was financially supported by Ministry of Health and Fondazione Roma 

 

Funding 

No funding was received. 

 

Availability of data and materials 

The datasets used and/or analyzed during the present study are available from the corresponding 

author on reasonable request. 

 

Authors' contributions 

ST, MR, LZ and AM designed the study. MN, AG, MA, GA, MG and AMP consulted literature and 

collected data, ST and MR wrote the paper. LZ and AM reviewed and edited the manuscript. All 

authors read and approved 



14 

 

the manuscript. 

 

Competing interests 

The authors declare that they have no competing interests 

  



15 

 

 

References 

1. Kempen JH, O'Colmain BJ, Leske MC, Haffner SM, Klein R, Moss SE, Taylor HR, Hamman RF, Eye 

Diseases Prevalence Research G. The prevalence of diabetic retinopathy among adults in the United States. 

Arch Ophthalmol 2004; 122: 552-63. 

2. Deswal J, Narang S, Gupta N, Jinagal J, Sindhu M. To study the impact of diabetic retinopathy on 

quality of life in Indian diabetic patients. Indian J Ophthalmol 2020; 68: 848-853. 

3. Abu Ameerh MA, Hamad GI. The prevalence of depressive symptoms and related risk factors among 

diabetic patients with retinopathy attending the Jordan University Hospital. Eur J Ophthalmol 2020: 

1120672120912691. 

4. Coney JM. Addressing unmet needs in diabetic retinopathy. Am J Manag Care 2019; 25: S311-S316. 

5. Fenwick EK, Pesudovs K, Khadka J, Dirani M, Rees G, Wong TY, Lamoureux EL. The impact of diabetic 

retinopathy on quality of life: qualitative findings from an item bank development project. Qual Life Res 2012; 

21: 1771-82. 

6. Passali GC, Ralli M, Galli J, Calo L, Paludetti G. How relevant is the impairment of smell for the quality 

of life in allergic rhinitis? Curr Opin Allergy Clin Immunol 2008; 8: 238-42. 

7. Bruscolini A, Sacchetti M, La Cava M, Nebbioso M, Iannitelli A, Quartini A, Lambiase A, Ralli M, de 

Virgilio A, Greco A. Quality of life and neuropsychiatric disorders in patients with Graves' Orbitopathy: Current 

concepts. Autoimmun Rev 2018; 17: 639-643. 

8. Zheng Y, He M, Congdon N. The worldwide epidemic of diabetic retinopathy. Indian J Ophthalmol 

2012; 60: 428-31. 

9. Bruscolini A, La Cava M, Mallone F, Marcelli M, Ralli M, Sagnelli P, Greco A, Lambiase A. Controversies 

in the management of neuromyelitis optica spectrum disorder. Expert Rev Neurother 2019; 19: 1127-1133. 

10. Bapputty R, Talahalli R, Zarini S, Samuels I, Murphy R, Gubitosi-Klug R. Montelukast Prevents Early 

Diabetic Retinopathy in Mice. Diabetes 2019; 68: 2004-2015. 

11. Nentwich MM, Ulbig MW. Diabetic retinopathy - ocular complications of diabetes mellitus. World J 

Diabetes 2015; 6: 489-99. 

12. Bruscolini A, Sacchetti M, La Cava M, Gharbiya M, Ralli M, Lambiase A, De Virgilio A, Greco A. 

Diagnosis and management of neuromyelitis optica spectrum disorders - An update. Autoimmun Rev 2018; 

17: 195-200. 

13. Contreras-Ruiz L, Ghosh-Mitra A, Shatos MA, Dartt DA, Masli S. Modulation of conjunctival goblet cell 

function by inflammatory cytokines. Mediators Inflamm 2013; 2013: 636812. 

14. Pollack RM, Donath MY, LeRoith D, Leibowitz G. Anti-inflammatory Agents in the Treatment of 

Diabetes and Its Vascular Complications. Diabetes Care 2016; 39 Suppl 2: S244-52. 

15. Donath MY, Shoelson SE. Type 2 diabetes as an inflammatory disease. Nat Rev Immunol 2011; 11: 

98-107. 

16. Wellen KE, Hotamisligil GS. Inflammation, stress, and diabetes. J Clin Invest 2005; 115: 1111-9. 

17. Taurone S, Spoletini M, Ralli M, Gobbi P, Artico M, Imre L, Czako C, Kovacs I, Greco A, Micera A. Ocular 

mucous membrane pemphigoid: a review. Immunol Res 2019. 

18. Stanton CM, Wright AF. Inflammatory biomarkers for AMD. Adv Exp Med Biol 2014; 801: 251-7. 

19. Abcouwer SF. Angiogenic Factors and Cytokines in Diabetic Retinopathy. J Clin Cell Immunol 2013; 

Suppl 1. 

20. Chua J, Vania M, Cheung CM, Ang M, Chee SP, Yang H, Li J, Wong TT. Expression profile of 

inflammatory cytokines in aqueous from glaucomatous eyes. Mol Vis 2012; 18: 431-8. 

21. van Dijk HW, Verbraak FD, Kok PH, Garvin MK, Sonka M, Lee K, Devries JH, Michels RP, van Velthoven 

ME, Schlingemann RO, Abramoff MD. Decreased retinal ganglion cell layer thickness in patients with type 1 

diabetes. Invest Ophthalmol Vis Sci 2010; 51: 3660-5. 

22. Zhou R, Tardivel A, Thorens B, Choi I, Tschopp J. Thioredoxin-interacting protein links oxidative stress 

to inflammasome activation. Nat Immunol 2010; 11: 136-40. 



16 

 

23. Boni-Schnetzler M, Boller S, Debray S, Bouzakri K, Meier DT, Prazak R, Kerr-Conte J, Pattou F, Ehses 

JA, Schuit FC, Donath MY. Free fatty acids induce a proinflammatory response in islets via the abundantly 

expressed interleukin-1 receptor I. Endocrinology 2009; 150: 5218-29. 

24. van Dijk HW, Kok PH, Garvin M, Sonka M, Devries JH, Michels RP, van Velthoven ME, Schlingemann 

RO, Verbraak FD, Abramoff MD. Selective loss of inner retinal layer thickness in type 1 diabetic patients with 

minimal diabetic retinopathy. Invest Ophthalmol Vis Sci 2009; 50: 3404-9. 

25. Maedler K, Sergeev P, Ris F, Oberholzer J, Joller-Jemelka HI, Spinas GA, Kaiser N, Halban PA, Donath 

MY. Glucose-induced beta cell production of IL-1beta contributes to glucotoxicity in human pancreatic islets. 

J Clin Invest 2002; 110: 851-60. 

26. Lopes de Faria JM, Russ H, Costa VP. Retinal nerve fibre layer loss in patients with type 1 diabetes 

mellitus without retinopathy. Br J Ophthalmol 2002; 86: 725-8. 

27. Zeng J, Chen B. Epigenetic mechanisms in the pathogenesis of diabetic retinopathy. Ophthalmologica 

2014; 232: 1-9. 

28. Burns SA, Elsner AE, Chui TY, Vannasdale DA, Jr., Clark CA, Gast TJ, Malinovsky VE, Phan AD. In vivo 

adaptive optics microvascular imaging in diabetic patients without clinically severe diabetic retinopathy. 

Biomed Opt Express 2014; 5: 961-74. 

29. Daruich A, Matet A, Moulin A, Kowalczuk L, Nicolas M, Sellam A, Rothschild PR, Omri S, Gelize E, Jonet 

L, Delaunay K, De Kozak Y, Berdugo M, Zhao M, Crisanti P, Behar-Cohen F. Mechanisms of macular edema: 

Beyond the surface. Prog Retin Eye Res 2018; 63: 20-68. 

30. Feher J, Taurone S, Spoletini M, Biro Z, Varsanyi B, Scuderi G, Orlando MP, Turchetta R, Micera A, 

Artico M. Ultrastructure of neurovascular changes in human diabetic retinopathy. Int J Immunopathol 

Pharmacol 2018; 31: 394632017748841. 

31. Ibrahim AS, El-Remessy AB, Matragoon S, Zhang W, Patel Y, Khan S, Al-Gayyar MM, El-Shishtawy MM, 

Liou GI. Retinal microglial activation and inflammation induced by amadori-glycated albumin in a rat model 

of diabetes. Diabetes 2011; 60: 1122-33. 

32. Friedlander M, Dorrell MI, Ritter MR, Marchetti V, Moreno SK, El-Kalay M, Bird AC, Banin E, Aguilar 

E. Progenitor cells and retinal angiogenesis. Angiogenesis 2007; 10: 89-101. 

33. Yu-Wai-Man C, Treisman R, Bailly M, Khaw PT. The role of the MRTF-A/SRF pathway in ocular fibrosis. 

Invest Ophthalmol Vis Sci 2014; 55: 4560-7. 

34. Cavallotti C, Artico M, Pescosolido N, Leali FM, Feher J. Age-related changes in the human retina. Can 

J Ophthalmol 2004; 39: 61-8. 

35. Zeng HY, Green WR, Tso MO. Microglial activation in human diabetic retinopathy. Arch Ophthalmol 

2008; 126: 227-32. 

36. Liu W, Xu GZ, Jiang CH, Tian J. Macrophage colony-stimulating factor and its receptor signaling 

augment glycated albumin-induced retinal microglial inflammation in vitro. BMC Cell Biol 2011; 12: 5. 

37. Liou GI. Diabetic retinopathy: Role of inflammation and potential therapies for anti-inflammation. 

World J Diabetes 2010; 1: 12-8. 

38. Langmann T. Microglia activation in retinal degeneration. J Leukoc Biol 2007; 81: 1345-51. 

39. Shelton MD, Distler AM, Kern TS, Mieyal JJ. Glutaredoxin regulates autocrine and paracrine 

proinflammatory responses in retinal glial (muller) cells. J Biol Chem 2009; 284: 4760-6. 

40. Rangasamy S, McGuire PG, Das A. Diabetic retinopathy and inflammation: novel therapeutic targets. 

Middle East Afr J Ophthalmol 2012; 19: 52-9. 

41. Flamme I, Frolich T, Risau W. Molecular mechanisms of vasculogenesis and embryonic angiogenesis. 

J Cell Physiol 1997; 173: 206-10. 

42. Klaassen I, Van Noorden CJ, Schlingemann RO. Molecular basis of the inner blood-retinal barrier and 

its breakdown in diabetic macular edema and other pathological conditions. Prog Retin Eye Res 2013; 34: 19-

48. 

43. Abu El-Asrar AM, De Hertogh G, van den Eynde K, Alam K, Van Raemdonck K, Opdenakker G, Van 

Damme J, Geboes K, Struyf S. Myofibroblasts in proliferative diabetic retinopathy can originate from 

infiltrating fibrocytes and through endothelial-to-mesenchymal transition (EndoMT). Exp Eye Res 2015; 132: 

179-89. 



17 

 

44. Noda K, Nakao S, Ishida S, Ishibashi T. Leukocyte adhesion molecules in diabetic retinopathy. J 

Ophthalmol 2012; 2012: 279037. 

45. Kern TS. Contributions of inflammatory processes to the development of the early stages of diabetic 

retinopathy. Exp Diabetes Res 2007; 2007: 95103. 

46. Adamis AP. Is diabetic retinopathy an inflammatory disease? Br J Ophthalmol 2002; 86: 363-5. 

47. Zhang W, Liu H, Al-Shabrawey M, Caldwell RW, Caldwell RB. Inflammation and diabetic retinal 

microvascular complications. J Cardiovasc Dis Res 2011; 2: 96-103. 

48. Gupta SK, Kumar B, Nag TC, Agrawal SS, Agrawal R, Agrawal P, Saxena R, Srivastava S. Curcumin 

prevents experimental diabetic retinopathy in rats through its hypoglycemic, antioxidant, and anti-

inflammatory mechanisms. J Ocul Pharmacol Ther 2011; 27: 123-30. 

49. Zernecke A, Weber C. Chemokines in the vascular inflammatory response of atherosclerosis. 

Cardiovasc Res 2010; 86: 192-201. 

50. Masuzawa K, Goto K, Jesmin S, Maeda S, Miyauchi T, Kaji Y, Oshika T, Hori S. An endothelin type A 

receptor antagonist reverses upregulated VEGF and ICAM-1 levels in streptozotocin-induced diabetic rat 

retina. Curr Eye Res 2006; 31: 79-89. 

51. Kowluru RA, Koppolu P, Chakrabarti S, Chen S. Diabetes-induced activation of nuclear transcriptional 

factor in the retina, and its inhibition by antioxidants. Free Radic Res 2003; 37: 1169-80. 

52. Romeo G, Liu WH, Asnaghi V, Kern TS, Lorenzi M. Activation of nuclear factor-kappaB induced by 

diabetes and high glucose regulates a proapoptotic program in retinal pericytes. Diabetes 2002; 51: 2241-8. 

53. Filippov S, Pinkosky SL, Lister RJ, Pawloski C, Hanselman JC, Cramer CT, Srivastava RA, Hurley TR, 

Bradshaw CD, Spahr MA, Newton RS. ETC-1002 regulates immune response, leukocyte homing, and adipose 

tissue inflammation via LKB1-dependent activation of macrophage AMPK. J Lipid Res 2013; 54: 2095-108. 

54. Richardson SJ, Willcox A, Bone AJ, Foulis AK, Morgan NG. Islet-associated macrophages in type 2 

diabetes. Diabetologia 2009; 52: 1686-8. 

55. Ehses JA, Perren A, Eppler E, Ribaux P, Pospisilik JA, Maor-Cahn R, Gueripel X, Ellingsgaard H, 

Schneider MK, Biollaz G, Fontana A, Reinecke M, Homo-Delarche F, Donath MY. Increased number of islet-

associated macrophages in type 2 diabetes. Diabetes 2007; 56: 2356-70. 

56. Catano Canizales YG, Uresti Rivera EE, Garcia Jacobo RE, Portales Perez DP, Yadira B, Rodriguez Rivera 

JG, Amaro RG, Enciso Moreno JA, Garcia Hernandez MH. Increased Levels of AIM2 and Circulating 

Mitochondrial DNA in Type 2 Diabetes. Iran J Immunol 2018; 15: 142-155. 

57. Xie K, Xu B, Zhang Y, Chen M, Ji Y, Wang J, Huang Z, Zhou K, Xia Y, Tang W. A multi-method evaluation 

of the effects of Inflammatory cytokines (IL-1beta, IFN-gamma, TNF-alpha) on pancreatic beta-cells. J Cell 

Physiol 2018; 233: 9375-9382. 

58. Country MW. Retinal metabolism: A comparative look at energetics in the retina. Brain Res 2017; 

1672: 50-57. 

59. Fu Z, Lofqvist CA, Liegl R, Wang Z, Sun Y, Gong Y, Liu CH, Meng SS, Burnim SB, Arellano I, Chouinard 

MT, Duran R, Poblete A, Cho SS, Akula JD, Kinter M, Ley D, Pupp IH, Talukdar S, Hellstrom A, Smith LE. 

Photoreceptor glucose metabolism determines normal retinal vascular growth. EMBO Mol Med 2018; 10: 

76-90. 

60. Xia T, Rizzolo LJ. Effects of diabetic retinopathy on the barrier functions of the retinal pigment 

epithelium. Vision Res 2017; 139: 72-81. 

61. Mesquida M, Drawnel F, Fauser S. The role of inflammation in diabetic eye disease. Semin 

Immunopathol 2019; 41: 427-445. 

62. Wong TY, Cheung CM, Larsen M, Sharma S, Simo R. Diabetic retinopathy. Nat Rev Dis Primers 2016; 

2: 16012. 

63. Trost A, Lange S, Schroedl F, Bruckner D, Motloch KA, Bogner B, Kaser-Eichberger A, Strohmaier C, 

Runge C, Aigner L, Rivera FJ, Reitsamer HA. Brain and Retinal Pericytes: Origin, Function and Role. Front Cell 

Neurosci 2016; 10: 20. 

64. Ferland-McCollough D, Slater S, Richard J, Reni C, Mangialardi G. Pericytes, an overlooked player in 

vascular pathobiology. Pharmacol Ther 2017; 171: 30-42. 

65. Rubsam A, Parikh S, Fort PE. Role of Inflammation in Diabetic Retinopathy. Int J Mol Sci 2018; 19. 



18 

 

66. Wu H, Hwang DK, Song X, Tao Y. Association between Aqueous Cytokines and Diabetic Retinopathy 

Stage. J Ophthalmol 2017; 2017: 9402198. 

67. Duh EJ, Sun JK, Stitt AW. Diabetic retinopathy: current understanding, mechanisms, and treatment 

strategies. JCI Insight 2017; 2. 

68. Madeira MH, Boia R, Santos PF, Ambrosio AF, Santiago AR. Contribution of microglia-mediated 

neuroinflammation to retinal degenerative diseases. Mediators Inflamm 2015; 2015: 673090. 

69. Barber AJ, Gardner TW, Abcouwer SF. The significance of vascular and neural apoptosis to the 

pathology of diabetic retinopathy. Invest Ophthalmol Vis Sci 2011; 52: 1156-63. 

70. Harrell CR, Simovic Markovic B, Fellabaum C, Arsenijevic A, Djonov V, Volarevic V. Molecular 

mechanisms underlying therapeutic potential of pericytes. J Biomed Sci 2018; 25: 21. 

71. Paneni F, Diaz Canestro C, Libby P, Luscher TF, Camici GG. The Aging Cardiovascular System: 

Understanding It at the Cellular and Clinical Levels. J Am Coll Cardiol 2017; 69: 1952-1967. 

72. Franceschi C, Garagnani P, Vitale G, Capri M, Salvioli S. Inflammaging and 'Garb-aging'. Trends 

Endocrinol Metab 2017; 28: 199-212. 

73. Soto I, Graham LC, Richter HJ, Simeone SN, Radell JE, Grabowska W, Funkhouser WK, Howell MC, 

Howell GR. APOE Stabilization by Exercise Prevents Aging Neurovascular Dysfunction and Complement 

Induction. PLoS Biol 2015; 13: e1002279. 

74. Stephan AH, Madison DV, Mateos JM, Fraser DA, Lovelett EA, Coutellier L, Kim L, Tsai HH, Huang EJ, 

Rowitch DH, Berns DS, Tenner AJ, Shamloo M, Barres BA. A dramatic increase of C1q protein in the CNS during 

normal aging. J Neurosci 2013; 33: 13460-74. 

75. Combs CK, Karlo JC, Kao SC, Landreth GE. beta-Amyloid stimulation of microglia and monocytes 

results in TNFalpha-dependent expression of inducible nitric oxide synthase and neuronal apoptosis. J 

Neurosci 2001; 21: 1179-88. 

76. Rhee SY, Kim YS. The Role of Advanced Glycation End Products in Diabetic Vascular Complications. 

Diabetes Metab J 2018; 42: 188-195. 

77. Altmann C, Schmidt MHH. The Role of Microglia in Diabetic Retinopathy: Inflammation, 

Microvasculature Defects and Neurodegeneration. Int J Mol Sci 2018; 19. 

78. Hartge MM, Unger T, Kintscher U. The endothelium and vascular inflammation in diabetes. Diab Vasc 

Dis Res 2007; 4: 84-8. 

79. Chen M, Xu H. Parainflammation, chronic inflammation, and age-related macular degeneration. J 

Leukoc Biol 2015; 98: 713-25. 

80. Chen M, Muckersie E, Forrester JV, Xu H. Immune activation in retinal aging: a gene expression study. 

Invest Ophthalmol Vis Sci 2010; 51: 5888-96. 

81. Steinle JJ, Sharma S, Smith CP, McFayden-Ketchum LS. Normal aging involves modulation of specific 

inflammatory markers in the rat retina and choroid. J Gerontol A Biol Sci Med Sci 2009; 64: 325-31. 

82. Xu H, Chen M, Manivannan A, Lois N, Forrester JV. Age-dependent accumulation of lipofuscin in 

perivascular and subretinal microglia in experimental mice. Aging Cell 2008; 7: 58-68. 

83. Lynch SK, Abramoff MD. Diabetic retinopathy is a neurodegenerative disorder. Vision Res 2017; 139: 

101-107. 

84. Sohn EH, van Dijk HW, Jiao C, Kok PH, Jeong W, Demirkaya N, Garmager A, Wit F, Kucukevcilioglu M, 

van Velthoven ME, DeVries JH, Mullins RF, Kuehn MH, Schlingemann RO, Sonka M, Verbraak FD, Abramoff 

MD. Retinal neurodegeneration may precede microvascular changes characteristic of diabetic retinopathy in 

diabetes mellitus. Proc Natl Acad Sci U S A 2016; 113: E2655-64. 

85. Moran EP, Wang Z, Chen J, Sapieha P, Smith LE, Ma JX. Neurovascular cross talk in diabetic 

retinopathy: Pathophysiological roles and therapeutic implications. Am J Physiol Heart Circ Physiol 2016; 311: 

H738-49. 

86. Carroll MC. The complement system in regulation of adaptive immunity. Nat Immunol 2004; 5: 981-

6. 

87. Russo RA, Brogan PA. Monogenic autoinflammatory diseases. Rheumatology (Oxford) 2014; 53: 

1927-39. 



19 

 

88. Zong H, Ward M, Madden A, Yong PH, Limb GA, Curtis TM, Stitt AW. Hyperglycaemia-induced pro-

inflammatory responses by retinal Muller glia are regulated by the receptor for advanced glycation end-

products (RAGE). Diabetologia 2010; 53: 2656-66. 

89. Barber AJ, Lieth E, Khin SA, Antonetti DA, Buchanan AG, Gardner TW. Neural apoptosis in the retina 

during experimental and human diabetes. Early onset and effect of insulin. J Clin Invest 1998; 102: 783-91. 

90. Taurone S, Bianchi E, Attanasio G, Di Gioia C, Ierino R, Carubbi C, Galli D, Pastore FS, Giangaspero F, 

Filipo R, Zanza C, Artico M. Immunohistochemical profile of cytokines and growth factors expressed in 

vestibular schwannoma and in normal vestibular nerve tissue. Mol Med Rep 2015; 12: 737-45. 

91. Liu Y, Biarnes Costa M, Gerhardinger C. IL-1beta is upregulated in the diabetic retina and retinal 

vessels: cell-specific effect of high glucose and IL-1beta autostimulation. PLoS One 2012; 7: e36949. 

92. Bianchi E, Ripandelli G, Taurone S, Feher J, Plateroti R, Kovacs I, Magliulo G, Orlando MP, Micera A, 

Battaglione E, Artico M. Age and diabetes related changes of the retinal capillaries: An ultrastructural and 

immunohistochemical study. Int J Immunopathol Pharmacol 2016; 29: 40-53. 

93. Bianchi E, Artico M, Di Cristofano C, Leopizzi M, Taurone S, Pucci M, Gobbi P, Mignini F, Petrozza V, 

Pindinello I, Conconi MT, Della Rocca C. Growth factors, their receptor expression and markers for 

proliferation of endothelial and neoplastic cells in human osteosarcoma. Int J Immunopathol Pharmacol 

2013; 26: 621-32. 

94. Folkman J. Fundamental concepts of the angiogenic process. Curr Mol Med 2003; 3: 643-51. 

95. Bosco A, Romero CO, Breen KT, Chagovetz AA, Steele MR, Ambati BK, Vetter ML. Neurodegeneration 

severity can be predicted from early microglia alterations monitored in vivo in a mouse model of chronic 

glaucoma. Dis Model Mech 2015; 8: 443-55. 

96. Geng Y, Dubra A, Yin L, Merigan WH, Sharma R, Libby RT, Williams DR. Adaptive optics retinal imaging 

in the living mouse eye. Biomed Opt Express 2012; 3: 715-34. 

97. Takeda A, Baffi JZ, Kleinman ME, Cho WG, Nozaki M, Yamada K, Kaneko H, Albuquerque RJ, Dridi S, 

Saito K, Raisler BJ, Budd SJ, Geisen P, Munitz A, Ambati BK, Green MG, Ishibashi T, Wright JD, Humbles AA, 

Gerard CJ, Ogura Y, Pan Y, Smith JR, Grisanti S, Hartnett ME, Rothenberg ME, Ambati J. CCR3 is a target for 

age-related macular degeneration diagnosis and therapy. Nature 2009; 460: 225-30. 

98. Stephenson J, Nutma E, van der Valk P, Amor S. Inflammation in CNS neurodegenerative diseases. 

Immunology 2018; 154: 204-219. 

99. Pescosolido N, Barbato A, Pascarella A, Giannotti R, Genzano M, Nebbioso M. Role of Protease-

Inhibitors in Ocular Diseases. Molecules 2014; 19: 20557-20569. 

100. Di Carlo M, Giacomazza D, Picone P, Nuzzo D, San Biagio PL. Are oxidative stress and mitochondrial 

dysfunction the key players in the neurodegenerative diseases? Free Radic Res 2012; 46: 1327-38. 

101. Steigerwalt RD, Jr., Cesarone MR, Belcaro G, Quercioli P, Lofoco G, Ciucci F, Pascarella A, Angelis MD, 

Rapagnetta L, Nebbioso M. Retinal and orbital venous occlusions treated with enoxaparin. J Ocul Pharmacol 

Ther 2008; 24: 421-6. 

102. Lin MT, Beal MF. Mitochondrial dysfunction and oxidative stress in neurodegenerative diseases. 

Nature 2006; 443: 787-95. 

103. Sahni J, Patel SS, Dugel PU, Khanani AM, Jhaveri CD, Wykoff CC, Hershberger VS, Pauly-Evers M, 

Sadikhov S, Szczesny P, Schwab D, Nogoceke E, Osborne A, Weikert R, Fauser S. Simultaneous Inhibition of 

Angiopoietin-2 and Vascular Endothelial Growth Factor-A with Faricimab in Diabetic Macular Edema: 

BOULEVARD Phase 2 Randomized Trial. Ophthalmology 2019; 126: 1155-1170. 

 

 

 

 

  



20 

 

Figure Legends 

Figure 1.  Upper panel: Optical coherence tomography (OCT) image showing several signs of 

advanced diabetic retinopathy: intraretinal edema (A) pigmented epithelium detachment (B) and hard 

exudates (C). Lower panel: Retinography of a patient with early stages of diabetic retinopathy; the 

white circle shows intraretinal haemorrhage. 

 

Figure 2. Light microscopy. Panels show human retina of patients affected by advanced diabetic 

retinopathy with ischemic areas (stars). H&E stain (X40). 

 


