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ABSTRACT
Diabetic retinopathy is the leading cause of vision loss among working-age adults in the Western 
world. Although it has traditionally been considered a microvascular disease, growing evidence 
suggests that neurodegenerative changes may occur even before the appearance of microvascular 
damage. The aim of this review was to provide a comprehensive summary of the current evidence 
regarding neurodegenerative changes in diabetic retinopathy. This is a narrative review, in which we 
performed a comprehensive literature search from August 15, 1998, to June 20, 2025, using MEDLINE® 
(via PubMed®) and Lilacs (via the Virtual Health Library) to identify studies on neurodegenerative 
changes in diabetic retinopathy. The search strategy included combinations of keywords and MeSH 
terms such as „neurodegeneration“ and „diabetic retinopathy“. After screening titles and abstracts 
based on predefined criteria and removing two duplicates, we included 236 relevant publications, 
including reviews, case reports, randomized controlled trials, meta-analyses, and guidelines. Of these, 
73 articles were selected for an in-depth qualitative review on the subject. Current evidence indicates 
that neurodegenerative changes play a significant role in the early stages of diabetic retinopathy in 
a substantial proportion of patients, supporting the understanding of the disease as a neurovascular 
disorder.

RESUMO
A retinopatia diabética é a principal causa de perda de visão entre adultos em idade laboral no mundo 
ocidental. Embora tradicionalmente tenha sido considerada uma doença microvascular, evidências 
crescentes sugerem que alterações neurodegenerativas podem ocorrer mesmo antes do aparecimento 
de danos microvasculares. O objetivo desta revisão foi fornecer um resumo abrangente das evidências 
atuais sobre alterações neurodegenerativas na retinopatia diabética. Esta é uma revisão narrativa, 
na qual realizamos uma busca abrangente na literatura de 15 de agosto de 1998 a 20 de junho de 
2025, utilizando MEDLINE® (via PubMed®) e Lilacs (via Biblioteca Virtual em Saúde) para identificar 
estudos sobre alterações neurodegenerativas na retinopatia diabética. A estratégia de busca incluiu 
combinações de palavras-chave e termos MeSH, como “neurodegeneração” e “retinopatia diabética”. 
Após a triagem de títulos e resumos com base em critérios predefinidos e a remoção de dois duplicados, 
incluímos 236 publicações relevantes, compreendendo revisões, relatos de casos, ensaios clínicos 
randomizados, meta-análises e diretrizes. Destas, 73 artigos foram selecionados para uma revisão 
qualitativa aprofundada sobre o tema. As evidências atuais indicam que alterações neurodegenerativas 
desempenham um papel significativo nos estágios iniciais da retinopatia diabética em uma proporção 
substancial de pacientes, apoiando a compreensão da doença como um distúrbio neurovascular. 

http://orcid.org/0000-0002-6881-5359
https://orcid.org/0000-0001-5440-8149
https://orcid.org/0000-0002-3999-4706
http://orcid.org/0000-0002-3878-8564


2

Martins DG, Martins TG, Schor P, Martins TG

Rev Bras Oftalmol. 2026;85:e0060.

INTRODUCTION
Diabetic retinopathy (DR), the leading cause of vision 
loss among working-age adults in the Western world, has 
traditionally been considered a microvascular disease. 
However, increasing evidence suggests that neurodegen-
erative changes may precede vascular damage.(1-3)

Diabetic retinopathy involves neurodegenerative 
changes such as neuronal apoptosis and glial activation, 
which can occur even without visible vascular damage. 
These changes have been found in diabetic patients with 
normal eye exams, indicating that neurodegeneration 
may precede clinical signs. Diabetes increases retinal 
neuron apoptosis – especially in ganglion cells – resulting 
in thinning of the nerve fiber layer.(4,5)

Diabetes can trigger apoptosis of retinal ganglion, 
amacrine, and Müller cells, likely due to chronic gluta-
mate toxicity. Glutamate-induced excitotoxicity increas-
es oxidative stress and inflammation, contributing to 
retinal neurodegeneration.(6) Glutamate accumulation in 
the diabetic retina may result from increased production 
by glial cells, reduced glutamate oxidation, and impaired 
clearance due to decreased glutamine synthetase activity 
in Müller cells.(7)

High glutamate levels lead to neuronal death by over-
activating AMPA and NMDA receptors, increasing intra-
cellular calcium and causing excitotoxicity. Diabetes also 
reduces neuroprotective factors like pigment epitheli-
um-derived factor (PEDF), somatostatin (SST), and eryth-
ropoietin.(7)

Glutamate buildup and reduced neuroprotection 
increase vascular endothelial growth factor (VEGF) pro-
duction, promoting blood-retinal barrier breakdown. 
Endothelial progenitor cell (EPC) dysfunction also con-
tributes to microangiopathy and neurodegeneration.(8)

Glutamate buildup in DR is caused by reduced gluta-
mine synthetase activity, impaired glutamate oxidation, and 
decreased glial clearance. These changes lead to excitotox-
icity, a major factor in retinal neurodegeneration.(9-11) Neural 
dysfunction in DR can occur before microvascular damage, 
even without pericyte loss, challenging the view that vascu-
lar changes are the earliest signs of the disease.(12-14)

Diabetes-related neurodegeneration also affects avas-
cular tissues like the cornea. Confocal microscopy shows 
reduced corneal nerve fiber density in patients with di-
abetic neuropathy, indicating neurodegeneration inde-
pendent of vascular damage.(15,16) Neuronal changes in the 
retina can occur simultaneously with vascular alterations 
or may emerge prior to the development of microcircula-
tory dysfunction.(17)

The aim of this narrative review was to provide a com-
prehensive summary of the current evidence regarding 
neurodegenerative changes in DR.

METHODS
We conducted a comprehensive literature review cov-
ering the period from August 15, 1998, to June 20, 2025. 
Searches were carried out in the MEDLINE® database, 
via PubMed®, and Latin American and Caribbean Health 
Sciences (Lilacs), via the Virtual Health Library, to iden-
tify relevant studies on the neurodegenerative manifes-
tations of diabetes. To ensure a thorough and sensitive 
search strategy, we used a variety of keyword and MeSH 
term combinations, including: (“neurodegeneration”) 
AND (“diabetic retinopathy”); “diabetic retinopathy”.

Titles and abstracts of all retrieved citations were 
screened for relevance and eligibility according to pre-
defined inclusion criteria. Two duplicate articles iden-
tified across both databases were excluded. Following 
this, all publications categorized as reviews, case reports, 
randomized controlled trials, meta-analyses, and guide-
lines were selected, resulting in a final pool of 236 articles. 
From these, 73 articles were chosen for an in-depth qual-
itative analysis on the topic. Details of the search strategy 
are presented in table 1.

Table 1. Search strategies and number of articles retrieved 
from each database

Database Search strategy Articles retrieved

MEDLINE® (via 
PubMed®)

(«neurodegeneration») AND («diabetic 
retinopathy»)

684

Lilacs (via Virtual Health 
Library)

(«neurodegeneration») AND («diabetic 
retinopathy»)

2

RESULTS

Neurodegeneration, epigenetic 
regulation, and cellular mechanisms
Diabetic retinopathy starts before visible diabetes, driv-
en by inflammation and angiogenesis. Chronic high 
blood sugar causes neuron damage and death through 
disrupted crystallin, microglial activation, and advanced 
glycation end product (AGE) accumulation, leading to in-
flammation and retinal ganglion cell loss via tumor ne-
crosis factor-alpha (TNF-α) and nitric oxide. This causes 
excitotoxicity, vascular changes, and metabolic dysfunc-
tion worsened by sorbitol, oxidative stress, and apoptotic 
pathways. Early diabetes shows leukocyte adhesion, in-
creased inflammatory cytokines, and barrier breakdown, 
promoting inflammation and abnormal blood vessel 

https://www.google.com/search?q=Vascular+Endothelial+Growth+Factor&oq=VEGF+vascular&gs_lcrp=EgZjaHJvbWUqCQgAEAAYExiABDIJCAAQABgTGIAEMgYIARBFGDkyDAgCEAAYChgTGBYYHjIKCAMQABgTGBYYHjIKCAQQABgTGBYYHjIKCAUQABgTGBYYHjIKCAYQABgTGBYYHjIKCAcQABgTGBYYHjIKCAgQABgTGBYYHjIKCAkQABgTGBYYHtIBCDI3NTVqMGo3qAIAsAIA&sourceid=chrome&ie=UTF-8&ved=2ahUKEwiii9D-8dyTAxX6lJUCHaBwOW8QgK4QegYIAQgAEAM
https://www.google.com/search?q=Tumor+necrosis+factor-alpha&sca_esv=761836ba98f04a06&sxsrf=ANbL-n5PBxDyhtwPqaR5eTP-qZiIGVGWig%3A1775605069984&ei=TZXVaZboO83e1sQPjM_X2Qw&biw=1280&bih=593&ved=2ahUKEwj8qqGv9NyTAxV_s5UCHc3iNZAQgK4QegQIARAB&uact=5&oq=TNF-%CE%B1+alpha+necrosis&gs_lp=Egxnd3Mtd2l6LXNlcnAiFVRORi3OsSBhbHBoYSBuZWNyb3NpczIKEAAYFhgKGCoYHjIFEAAY7wUyBRAAGO8FMgUQABjvBTIIEAAYgAQYogRI9xlQggJYohhwAngBkAEAmAGzAaABiQyqAQQwLjEwuAEDyAEA-AEBmAIMoALBDMICChAAGLADGNYEGEfCAg4QABiwAxjkAhjWBNgBAcICFxAuGLADGLgGGNgCGMgDGNoGGNwG2AEBwgIIEAAYFhgKGB7CAggQABgIGA0YHpgDAIgGAZAGD7oGBggBEAEYCZIHBDIuMTCgB9sjsgcEMC4xMLgHtgzCBwUwLjguNMgHJYAIAA&sclient=gws-wiz-serp&mstk=AUtExfAncat7kdSTAwsf8mNbraG7c50nhd8R-8gHTKaJy7O2oghLywvNGBFhF5R13M56Hxy9LWSxIIcHRDmotu1NO3v59j4qsD3phkxGXyOre89ypLGMWPeKcMbQNVJiraCF2lWbAkmadVmlCO6Bs5rYF8D2yarNaIFIpqv4sbWau51bP7WTO4BaWCplnHjQylowcgB7&csui=3
https://www.google.com/search?q=Tumor+necrosis+factor-alpha&sca_esv=761836ba98f04a06&sxsrf=ANbL-n5PBxDyhtwPqaR5eTP-qZiIGVGWig%3A1775605069984&ei=TZXVaZboO83e1sQPjM_X2Qw&biw=1280&bih=593&ved=2ahUKEwj8qqGv9NyTAxV_s5UCHc3iNZAQgK4QegQIARAB&uact=5&oq=TNF-%CE%B1+alpha+necrosis&gs_lp=Egxnd3Mtd2l6LXNlcnAiFVRORi3OsSBhbHBoYSBuZWNyb3NpczIKEAAYFhgKGCoYHjIFEAAY7wUyBRAAGO8FMgUQABjvBTIIEAAYgAQYogRI9xlQggJYohhwAngBkAEAmAGzAaABiQyqAQQwLjEwuAEDyAEA-AEBmAIMoALBDMICChAAGLADGNYEGEfCAg4QABiwAxjkAhjWBNgBAcICFxAuGLADGLgGGNgCGMgDGNoGGNwG2AEBwgIIEAAYFhgKGB7CAggQABgIGA0YHpgDAIgGAZAGD7oGBggBEAEYCZIHBDIuMTCgB9sjsgcEMC4xMLgHtgzCBwUwLjguNMgHJYAIAA&sclient=gws-wiz-serp&mstk=AUtExfAncat7kdSTAwsf8mNbraG7c50nhd8R-8gHTKaJy7O2oghLywvNGBFhF5R13M56Hxy9LWSxIIcHRDmotu1NO3v59j4qsD3phkxGXyOre89ypLGMWPeKcMbQNVJiraCF2lWbAkmadVmlCO6Bs5rYF8D2yarNaIFIpqv4sbWau51bP7WTO4BaWCplnHjQylowcgB7&csui=3
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growth. Genetics influence risk but do not fully explain 
the disease. Elevated AGEs worsen inflammation, hyper-
tension, and fibrosis, advancing retinopathy.(18)

Retinal neurodegeneration occurs early in DR, before 
vascular damage, involving neuron apoptosis and glial 
activation. It is driven by glutamate excitotoxicity, mito-
chondrial dysfunction, oxidative stress, and inflamma-
tion. Hyperglycemia-related pathways also contribute. 
Experimental models aid understanding and treatment 
development. Neuroprotective therapies are promising 
but require early biomarkers, deeper disease insight, and 
clinical trials. AI tools may enhance early diagnosis and 
personalized treatment.(19,20)

Diabetic retinopathy goes beyond classical vascular 
changes, involving progressive degeneration of neural 
retinal tissue and disruption of retinal homeostasis. The 
retinal neurovascular unit (NVU) – comprising neurons, 
glial, vascular, and immune cells – is essential for neu-
rovascular coupling and blood flow regulation. Chronic 
hyperglycemia disrupts these interactions early on, pro-
moting oxidative stress, persistent inflammation, and cell 
death.(21,22)

Non-coding RNAs, especially lncRNAs, miRNAs, and 
piRNAs, act as important epigenetic regulators in DR. 
LncRNAs such as MALAT1, MEG3, H19, and NEAT1 modu-
late inflammation, neurodegeneration, and apoptosis by 
functioning as miRNA sponges, epigenetic modulators, 
or molecular scaffolds. Diabetic retinopathy, character-
ized as a chronic neurovascular inflammatory disease, 
involves hyperglycemia, oxidative stress, inflammation, 
programmed cell death, and epigenetic changes – all of 
which are promising targets for new therapies.(23-25)

Inflammation in DR begins early, with cytokines, leu-
kocyte infiltration, and pro-apoptotic factors damaging 
the retinal endothelium, leading to ischemia and neovas-
cularization. Chronic hyperglycemia increases AGEs and 
reactive oxygen species, activating pathways such as PKC, 
nuclear factor Kappa-light-chain-enhancer of activated B 
cells (NF-κB), and VEGF, which worsen inflammation and 
cellular injury. Early retinal neurodegeneration, linked to 
impaired insulin signaling (reduced Akt1 activity) and dys-
regulation of the mTOR pathway, causes synaptic dysfunc-
tion and cell death before vascular changes appear. Early 
visual deficits can be detected by electrophysiology. For 
research, the genetic db/db mouse model better mimics 
type 2 diabetes-related neurodegeneration than the STZ-
induced model, which has neurotoxic limitations.(26,27)

Microglia, the retina’s resident immune cells, normal-
ly support neural health through synaptic monitoring and 

immune defense. In DR, factors like high glucose and oxi-
dative stress activate microglia, causing them to migrate, 
proliferate, and release inflammatory molecules, which 
can be either protective or damaging depending on dis-
ease stage. Early neuronal loss in DR is linked to disrupted 
neurotrophic factors such as insulin, insulin-like growth 
factor (IGF), VEGF, PEDF, brain-derived neurotrophic fac-
tor (BDNF), and NGF. While many of them support retinal 
health, imbalances, especially increased VEGF, can harm 
neurons. This underscores the potential of neuroprotecti-
ve therapies to preserve vision in DR.(28,29)

EXAMS
The cross-sectional study from the EUROCONDOR con-
sortium evaluated 449 patients with type 2 diabetes to 
investigate early neurodegenerative changes in DR and 
their relationship with microvascular damage. Neural 
function assessed by multifocal ERG (mfERG) showed 
that 58% of patients had dysfunction despite no visible 
retinopathy, with the P1 component of mfERG being a 
sensitive marker. Structural changes detected by OCT 
were correlated with functional deficits in early stages, 
but 32% showed no detectable changes, highlighting dis-
ease heterogeneity. Another EUROCONDOR study with 
440 patients found that venular caliber increased in ad-
vanced DR stages, associated with thinning of neural ret-
inal layers, indicating inflammation and blood-retinal 
barrier dysfunction. These findings reinforce DR as a neu-
rovascular disease and suggest that non-invasive vessel 
measurements may serve as early biomarkers for diagno-
sis and personalized therapies.(30,31)

Animal models of diabetes indicate that neural dam-
age in DR may arise before noticeable vascular abnormal-
ities. In mice, inner retinal thinning and electrophysio-
logical deficits are observed prior to visible microvascular 
pathology. In humans, although clinical evidence is still 
evolving, imaging techniques like optical coherence to-
mography (OCT) show early retinal layer thinning associ-
ated with DR progression, while functional assessments 
reveal subtle neuronal dysfunctions. OCT angiography 
(OCT-A) can detect early microvascular disturbances, 
such as decreased capillary density and enlargement of 
the foveal avascular zone, although findings are not al-
ways consistent across studies. Overall, current evidence 
suggests that neural and vascular changes may devel-
op concurrently and interactively in the initial stages of 
DR.(32,33)

Patients with type 2 diabetes have a higher risk of 
neurodegenerative diseases such as Alzheimer’s. Since 

https://www.google.com/search?q=Insulin-like+Growth+Factor&sca_esv=761836ba98f04a06&biw=1280&bih=593&sxsrf=ANbL-n5-BXxy4tvrRF848zqYSZJttFreNQ%3A1775605432016&ei=uJbVacZX2pbk5Q_V7ZiIDw&ved=2ahUKEwiNkdj19dyTAxV9FLkGHceQNX4QgK4QegYIAQgAEAY&uact=5&oq=IGF+meaning&gs_lp=Egxnd3Mtd2l6LXNlcnAiC0lHRiBtZWFuaW5nMggQABgTGAcYHjIIEAAYExgHGB4yCBAAGBMYBxgeMggQABgTGAcYHjIIEAAYExgHGB4yCBAAGBMYBxgeMggQABgTGAcYHjIIEAAYExgHGB4yCBAAGBMYBxgeMggQABgTGAcYHkjUA1AAWABwAHgBkAEAmAGsAaABrAGqAQMwLjG4AQPIAQD4AQL4AQGYAgGgArMBmAMAkgcDMC4xoAfQBbIHAzAuMbgHswHCBwMyLTHIBwWACAA&sclient=gws-wiz-serp
https://www.google.com/search?q=Insulin-like+Growth+Factor&sca_esv=761836ba98f04a06&biw=1280&bih=593&sxsrf=ANbL-n5-BXxy4tvrRF848zqYSZJttFreNQ%3A1775605432016&ei=uJbVacZX2pbk5Q_V7ZiIDw&ved=2ahUKEwiNkdj19dyTAxV9FLkGHceQNX4QgK4QegYIAQgAEAY&uact=5&oq=IGF+meaning&gs_lp=Egxnd3Mtd2l6LXNlcnAiC0lHRiBtZWFuaW5nMggQABgTGAcYHjIIEAAYExgHGB4yCBAAGBMYBxgeMggQABgTGAcYHjIIEAAYExgHGB4yCBAAGBMYBxgeMggQABgTGAcYHjIIEAAYExgHGB4yCBAAGBMYBxgeMggQABgTGAcYHkjUA1AAWABwAHgBkAEAmAGsAaABrAGqAQMwLjG4AQPIAQD4AQL4AQGYAgGgArMBmAMAkgcDMC4xoAfQBbIHAzAuMbgHswHCBwMyLTHIBwWACAA&sclient=gws-wiz-serp
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the retina originates from brain tissue, it provides a 
non-invasive way to monitor these changes. Diabetes and 
Alzheimer’s share mechanisms including insulin resis-
tance, inflammation, oxidative stress, and accumulation 
of AGEs, affecting both the brain and retina. Retinal im-
aging tools like OCT and microperimetry can detect early 
neurodegenerative signs linked to cognitive decline. In 
DR, neuronal damage– marked by gliosis and apoptosis 
of retinal cells–occurs before vascular changes, causing 
inner retinal thinning visible on OCT and early functional 
deficits detected by mfERG, which are associated with re-
duced visual function and quality of life.(34)

There is growing interest in using imaging methods 
such as OCT, OCT-A, and fluorescein angiography to de-
tect retinal inflammation in vivo. Hyperreflective foci 
(HF), possibly activated microglial cells, increase with the 
severity of DR and diabetic macular edema (DME), cor-
relating with retinal dysfunction. Vitreous HF and mac-
rophage-like cells near vessels are also linked to disease 
progression. Specific DME patterns on OCT, such as sub-
retinal fluid (SRF), indicate inflammation and respond 
better to corticosteroids (e.g., dexamethasone) than to 
anti-VEGF therapy. Choroidal biomarkers like choroidal 
HF and the choroidal vascularity index (CVI) help mon-
itor treatment response. Macular perfusion is reduced 
in DME, especially in the deep capillary plexus. Despite 
technical limitations of OCT-A, corticosteroids appear to 
reduce vascular density without worsening ischemia, but 
further studies are needed.(35)

Neuroprotection and treatments
Current treatments for DR, such as laser therapy, anti-VEGF 
or corticosteroid injections, and vitrectomy, are effective 
but mainly used in advanced stages and can have side ef-
fects affecting quality of life. There is an urgent need for 
therapies targeting early DR to prevent irreversible retinal 
damage. Retinal neurodegeneration occurs early and inde-
pendently, contributing to vascular injury through excito-
toxicity, oxidative stress, and inflammation. Neurotrophic 
factors (BDNF, CNTF, NGF, IGF-1, and PEDF) show experi-
mental neuroprotective effects. Early detection with ad-
vanced diagnostics like mfERG and OCT is crucial for time-
ly intervention. Non-invasive treatments, including topical 
neuroprotective eye drops, are promising but require fur-
ther clinical validation. Recognizing DR as a neurovascular 
disease highlights the importance of early neuroprotection 
to improve patient outcomes.(35,36)

Neuronal apoptosis in DR is driven by mechanisms 
such as glutamate excitotoxicity, hyperhomocysteinemia, 

kynurenic acid imbalance, and erythropoietin dysfunc-
tion. Advanced imaging reveals early photoreceptor loss, 
emphasizing the need for neuroprotective approaches 
like memantine, insulin receptor activation, and neuro-
trophic factors. Combined with strict blood glucose con-
trol and vascular risk management, these strategies may 
help preserve vision long-term, though more research is 
needed for effective clinical treatments.(37)

Neurodegeneration, including neuronal apoptosis, 
occurs before visible microvascular changes in DR, high-
lighting the crucial role of neural damage in vision loss. 
Thus, neuroprotection is a promising therapeutic target 
that extends beyond traditional vascular treatments.(38,39)

Stem cell therapies show potential to repair both neu-
ral and vascular damage in DR but face challenges from 
retinal inflammation and oxidative stress that limit cell 
survival. Approaches such as genetic enhancement of 
stem cells, early treatment, and combining different cell 
types are being investigated to improve effectiveness. 
Advances in imaging support personalized therapy, while 
ensuring safety through thorough evaluation of cell be-
havior and immune responses remains essential before 
clinical application.(40)

Innovative treatments for DR include stem cell ther-
apies and targeted anti-inflammatory agents aimed at 
regenerating retinal cells and controlling inflammation. 
Experimental drugs such as NF-κB inhibitors, necroptosis 
inhibitors, circular RNAs, NOX4 inhibitors, finerenone, 
and miRNA-124 are promising in preclinical studies. In 
DME, corticosteroids effectively reduce inflammation, 
even when anti-VEGF treatments fail. Despite challenges 
from retinal toxicity and disease variability, personalized 
multimodal approaches combining anti-inflammatory 
and regenerative therapies, guided by advanced diagnos-
tics, may improve vision preservation.(41)

Somatostatin, a neuropeptide with neuroprotective, 
antiangiogenic, and vascular-regulating properties, is 
significantly reduced in diabetic retinas, contributing to 
DR progression. Experimental studies indicate that topi-
cal SST prevents retinal dysfunction, neuronal apoptosis, 
glial activation, and excitotoxicity, suggesting its poten-
tial as an early-stage preventive therapy. Clinical trials are 
needed to confirm its safety and efficacy in humans.(42-44)

A European clinical study evaluating the effects of top-
ical brimonidine and SST in patients with early or no signs 
of DR found no significant neuroprotective effects overall. 
However, individuals with subtle neuroretinal dysfunc-
tion showed disease stabilization. Additionally, patients 
with mild DR experienced dilation of retinal blood vessels, 
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indicating potential neurovascular improvements. These 
findings suggest that these topical therapies are safe and 
may serve as early, personalized interventions to slow dis-
ease progression and help maintain vision.(45,46)

In a related experimental study, retinal pericytes were 
found to predominantly express the SSTR1 receptor, iden-
tifying them as targets for SST. When exposed to diabet-
ic-like conditions, both SST and brimonidine reduced 
apoptosis in endothelial cells, suggesting indirect pro-
tective benefits. Although these agents did not marked-
ly affect neurovascular interactions, their lack of toxicity 
supports their potential use as safe treatments addressing 
both neural and vascular aspects of DR.(47)

Topical brimonidine demonstrates neuroprotective 
effects in DR by reducing retinal ganglion cell loss and gli-
al activation in diabetic rat models. It activates the AKT 
survival pathway, decreases pro-apoptotic signals, in-
creases anti-apoptotic proteins, and lowers retinal stress 
markers, possibly through enhanced BDNF production by 
Müller cells. This supports brimonidine as a promising 
localized treatment with minimal systemic side effects.(48)

Treatment for DR is evolving from traditional laser 
therapy to intravitreal corticosteroids and anti-VEGF 
agents. However, 30 to 40% of patients have poor re-
sponses, and long-term neurotoxicity is a concern. Novel 
therapies like anti-Scg3 antibodies, which selectively in-
hibit pathological angiogenesis without affecting healthy 
vessels or relying on VEGF, offer potentially safer and 
more targeted treatment. Though still in preclinical de-
velopment, anti-Scg3 aims to protect both retinal vascu-
lar and neural tissues.(49)

Reduced levels of brain-derived neurotrophic factor 
in diabetic patients suggest its potential as a biomarker 
for the progression of DR. Both BDNF and Neurotrophin-4 
(NT-4) support neuronal survival through the TrkB recep-
tor; however, excessive BDNF can induce inflammation. 
To address BDNF’s short half-life, nanoparticle-based de-
livery systems are being developed.(50)

Pigment epithelium-derived factor offers antioxidant 
and neurovascular protection by reducing neuronal dam-
age and vascular leakage; related antiangiogenic peptides 
are undergoing clinical trials. Somatostatin demon-
strates neuroprotection in animal models but has shown 
limited success in human trials. Glucagon-like peptide-1 
(GLP-1) receptor agonists exhibit neuroprotective effects 
in preclinical studies but have not provided clinical bene-
fits and may exacerbate DR.(50)

Fenofibrate, a Peroxisome Proliferator-Activated 
Receptor Alpha (PPARα) agonist, effectively slows DR 

progression by reducing inflammation and vascular dam-
age, making it a promising early treatment targeting the 
NVU.(51)

Advanced Glycation End Products (AGEs) contribute 
to both vascular and neuronal damage in retinal diseases 
like DR and neurological disorders such as Alzheimer’s. 
Anti-AGE therapies aim to protect the NVU by reducing 
AGE accumulation caused by chronic hyperglycemia. 
Effective treatments should combine antioxidant action, 
metal chelation, carbonyl scavenging, cross-link break-
ing, and Receptor for Advanced Glycation End Products 
(RAGE) inhibition; however, no current drug meets all 
these criteria without side effects. Natural compounds, 
though less potent, are safer and may be useful in early 
DR, but more research is needed to confirm their efficacy 
and safety.(51)

DISCUSSION
Dysfunction of the NVU is a critical early event in DR. 
Visual impairment often occurs before structural dam-
age, highlighting the importance of neuroprotection to 
preserve visual quality. Advanced diagnostic tools such 
as mfERG and Fourier-domain optical coherence tomog-
raphy (FD-OCT) are effective in detecting early neurode-
generation. Simpler, cost-effective methods like micrope-
rimetry, portable ERG, and OCT-A are also promising for 
clinical application. Emerging therapies targeting both 
neural and vascular damage – including GLP-1 receptor 
agonists, endothelin-1 blockers, and topical medications 
– are being explored. Overall, early DR management is 
shifting towards individualized strategies focused on pro-
tecting the NVU.(52)

While tight glycemic control reduces the risk of DR, 
overly aggressive glucose lowering may increase cardio-
vascular problems. Hemoglobin A1c (HbA1c) alone does 
not account for all DR progression, which involves addi-
tional mechanisms like hyperglycemia-induced neuronal 
apoptosis and glutamate excitotoxicity. Neuroprotective 
agents (e.g., latanoprost, memantine) and anti-inflamma-
tory treatments (like minocycline) are promising in pre-
clinical studies. Other strategies include protein kinase 
C (PKC) inhibition and localized delivery of neurotrophic 
factors (nerve growth factor [NGF], PEDF, BDNF, SST, top-
ical insulin). Although animal studies are encouraging, 
clinical trials with functional vision outcomes are need-
ed. DR should be treated as a complex sensory neuropa-
thy requiring targeted ocular therapies.(53)

Diabetic retinopathy initiates with early neurodegen-
eration before vascular damage, making NVU protection 
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a crucial early intervention. Since multiple pathways 
contribute to neuronal death, combined neuroprotec-
tive treatments may be more effective. Axonal damage 
is mostly irreversible, limiting regeneration. Topical 
agents like brimonidine, SST, and citicoline with vitamin 
B12 are promising in preserving retinal function safely. 
Experimental therapies targeting glial activation and 
oxidative stress, such as arimoclomol, are being studied. 
Improved retinal imaging aids early detection and treat-
ment guidance. More research is needed to confirm the 
effectiveness of these therapies.(54)

Recent studies show that DR involves multiple regu-
lated cell death pathways – such as pyroptosis, ferroptosis, 
and necroptosis – that promote inflammation and disease 
progression beyond classic apoptosis. Since neuronal and 
pericyte loss are irreversible and disrupt retinal function, 
treatments must target these diverse death mechanisms 
for effective neuro- and vasoprotection. DR is now recog-
nized as a complex disorder affecting neurons, glial cells, 
immune responses, and the retinal pigment epithelium. 
Traditional therapies focus on vascular complications but 
are often invasive and costly. Emerging treatments aim to 
protect the NVU using neurotrophic factors (PEDF, BDNF, 
IGF-1, and SST), antioxidants, anti-inflammatory agents, 
stem cells, and inhibitors of iNOS and endothelin-1 recep-
tors. While promising, these therapies require further re-
search to confirm long-term safety, efficacy, and optimal 
delivery methods before clinical use.(55,56)

Recent advances identify diabetic retinal neurodegen-
eration as a crucial component of diabetic retinal disease, 
involving molecular markers linked to inflammation, oxi-
dative stress, and cell death. Neurodegeneration can occur 
despite stable HbA1c due to glucose fluctuations. Imaging 
techniques like OCT, microperimetry, and OCT angiogra-
phy detect retinal structural and functional changes, high-
lighting the connection between neural and vascular dam-
age. Experimental treatments include anti-inflammatory 
agents, antioxidants, neuroprotective drugs, stem cells, 
flavonoids, and RAS modulators. Diabetic retinal neuro-
degeneration results from oxidative stress, inflammation, 
AGEs, DNA damage, and programmed cell death. Although 
promising in preclinical studies, clinical application is dif-
ficult due to disease variability and diagnostic challenges. 
Multimodal therapies targeting several pathways and early 
neuroprotection are essential for vision preservation.(57-65)

Diabetic retinopathy begins with early neuronal 
and axonal injury. Topical neuroprotective treatments 
like SST and brimonidine showed limited success in the 
EUROCONDOR trial, possibly due to short follow-up and 

insensitive endpoints. However, combination therapies 
targeting multiple cell death pathways, such as citicoline, 
TUDCA, and NT-4, show better neuroprotection and nerve 
regeneration. Future research should focus on these mul-
timodal neuroprotective and regenerative approaches.(57-67)

Optical coherence tomography (OCT) offers detailed, 
noninvasive imaging of retinal layers, revealing ganglion 
cell loss, neuronal apoptosis, glial activation, and inner 
retinal thinning. Type 2 diabetes may accelerate nerve 
fiber layer thinning. The close interaction between neu-
rons, glia, and blood vessels explains the concurrent neu-
ronal and microvascular damage – such as pericyte loss, 
basement membrane thickening, and capillary closure – 
contributing to vision loss.(58-69)

PERSPECTIVES

Strengths and limitations
The reviewed studies exhibited significant methodolog-
ical variability, and this narrative review lacks standard-
ized criteria for assessing study quality. It does not pro-
vide quantitative or statistical analysis, and author bias 
may have influenced study selection and interpretation.

Advanced imaging techniques like OCT angiography 
and adaptive optics enhance early detection and monitor-
ing of DR. Early aggressive treatments are discouraged, 
while topical neuroprotective therapies are promising 
but require improved delivery methods and further clini-
cal validation before routine use.(70)

Although neuroprotective treatments are promising 
in animal studies, their effectiveness in diabetic patients 
remains unconfirmed. This gap is due to differences be-
tween experimental models and human disease, clinical 
variability, delayed treatment initiation, challenges in 
drug delivery, and inconsistent clinical assessment meth-
ods. Numerous therapies have failed in clinical trials, 
underscoring the necessity for standardized protocols, 
multidisciplinary research efforts, and long-term studies, 
advanced imaging technologies, enhanced drug delivery 
systems, and meaningful clinical endpoints to establish 
their real-world efficacy.(71-73)

CONCLUSION
Diabetic retinopathy is a complex neurovascular disorder 
where neurodegeneration often occurs before vascular 
damage becomes apparent. Advances in imaging enable 
earlier diagnosis, but clinical use of neuroprotective and 
anti-inflammatory treatments faces challenges such 
as disease variability, late diagnosis, and drug delivery 
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issues. Combining neuroprotection, vascular support, 
and regeneration, guided by personalized diagnostics, of-
fers the best chance to slow disease progression. Future 
efforts should focus on standardized methods, long-term 
trials, multimodal therapies, sensitive outcome measu-
res, and multidisciplinary collaboration to improve pa-
tient care and preserve vision.
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