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ABSTRACT 

Diabetic retinopathy is major cause of visual impairment and blindness in diabetic patients worldwide. 
The concept of diabetic retinopathy as vascular disease has established into not only microvascular 

complication but also neurodegeneration problems. Neurodegeneration plays an important role in 
pathogenesis of diabetic retinopathy. In fact, neuroretinal changes in diabetes can take place even 
before vasculopathy can be clinically detected.  This condition is marked by accelerated loss of 
neurons due to apoptosis, particularly in the inner retinal layer. The characteristic of 
neurodegeneration can be detected through retinal imaging and electrodiagnostics. This review is very 
crucial, because identifying the pathophysiology of diabetic neurodegeneration better, we may be able 
to provide interventions using the appropriate therapy. We may also be able to utilize these diagnostic 
tools  for early detections of diabetic retinopathy, thus preventing blindness due to diabetes. 
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Introduction 

Diabetes mellitus is the most serious metabolic disorder, 

characterized by hyperglycemia along with disorders of 

lipid metabolism, carbohydrate, and protein. Chronic 

diabetes leads to various complications, such as 

retinopathy, neuropathy, and nephropathy. Diabetic 

retinopathy is major complication of diabetes mellitus. The 

prevalence of diabetic retinopathy in Indonesian adults with 
type 2 diabetes mellitus is 43.1% with the prevalence of 
vision threatening diabetic retinopathy (VTDR) is 26.3%.1 

So far, diabetic retinopathy has been considered a disease 

resulting from the primary microvascular complications of 

diabetes. In establishing a diagnosis, its effects must also be 
observed on the retinal vasculatures, for instance, 

microaneurysm, macular edema, and neovascularization. 

The therapy options currently in use comprise laser 

photocoagulation and intravitreal anti-VEGF injection. 

However, these therapies can only be undertaken once the 

disease has reached its late-stage and the patient is already 
experiencing a reduced vision. 2,3 

The advancements of our understanding of the cellular 

changes taking the retina of patients with diabetes, 

combined with improvements in retinal imaging, has given 

birth to a novel concept in which diabetic retinopathy can 

be perceived as a disease of the retina’s neurovascular unit 

(NVU), which refers to the functional attachment and 

interdependency of neurons, glia, and vasculatures 

integrating for dictating normal retinal function. The 

conceptualization of diabetic retinopathy as a disease of the 

NVU expands our horizon in regard to the types of cells 

contributing to the development and progression of diabetic 
retinopathy.4-6 

Recent research suggests that the neuroretinal changes 

taking place in a diabetic condition have shifted the 

paradigm that the vascularizations is the sole mechanism 

that explains the occurrence of retinopathy. In fact, 

neuroretinal changes in diabetes can take place even before 

vasculopathy can be clinically detected. This condition is 

marked by accelerated loss of neurons due to apoptosis, 
particularly in the inner retinal layer. As a consequence, 

these initial changes in the neuroretina may allow early 
detection of diabetic retinopathy.4-6 

In this literature review, we will be discussing the newest 

developments of the involved mechanisms of 

neurodegeneration in diabetic retinopathy, early detection 
signs of neurodegeneration that consist of both histologic 

and structural changes. 

 

The Roles of Neurovascular Unit in 

Retina 

Just how the blood-brain barrier has a tight junction 

between the capillary endothelial cells, the retina also 

possesses a neurovascular unit (NVU) positioned near the 

retinal pigmented epithelium (RPE), which is on the outer 

blood-retina barrier (BRB). The function of NVU in the 

retina is to maintain the integrity of BRB by dynamically 
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regulating blood flow according to the retina’s metabolism. 

Specifically, NVUs in the retina have a capillary network 

between the Ganglion Cell Layer (GCL) and the Inner 

Nuclear Layer (INL). An NVU includes neural cells 

(ganglion, amacrine, horizontal, and bipolar cells), glial 

cells (Müller cells and astrocytes), microglia, and vascular 

cells (pericytes and endothelial cells).Müller cells are radial 

cells located in the entire retinal layer and comprise 90% of 

the total glial cell composition. Their roles are to maintain 

retinal function and metabolism by producing neurotrophic 

factors, recycle glutamate neurotransmitters, and control 
extracellular electrolyte balance. 7-10 

Astrocytes are only bound to the Retinal Nerve Fiber Layer 

(RNFL) and there is only so much present in the ganglion 

layer. Their functions are to produce neurotrophic factors, 

provide mechanical support for neurons, and undertake 
maintenance of BRB. This type of glial cell is microglia, 

which is a tissue macrophage of high importance for retinal 

homeostasis and disease recovery and progressivity. 

Endothelial cells included in the inner BRB and pericytes 

are vascular units that form the tight junction in the retinal 
blood vessels. 7-10 

 
Figure 1. Neurovascular Unit.8 Neurovascular unit shows 

complex structure and interdependency between neural cells 
(astrocyte, glial cells), and vascular cells (pericyte) as inner blood 

retinal barrier.  

 

The Pathophysiology of Diabetic 

Retinal Neurodegeneration 

Neurodegeneration contributes to the pathophysiology of 
diabetic retinopathy, and its process begins since the early 

onset of diabetes in patients. Diabetes mellitus induces the 

apoptosis of retinal ganglion cells, amacrine cells, and 

Müller cells. Neurodegeneration in diabetic retinopathy is 

the effect of decreased signals of insulin receptors and 

systemic hyperglycemia that have a direct implication to 

how intensive metabolic control has an effect on the 

development of retinopathy.In a diabetic condition, the 

equilibrium of NVU will be disrupted. The processes of 

innate immunity, complement system, and activated 

microglia will take place and result in early damage to the 

NVU. These are the factors of how Diabetic Retinal 
Neurodegeneration (DRN) occurs. 11 

Disturbances of the neurosensory retina in diabetes can take 

place through various mechanisms, which are divided into 
inflammatory, metabolic, genetic/epigenetic. 

Hyperglycemic condition alters the biochemical pathway 

(elevation of polyol pathway, hexosamine pathway, protein 

kinase C [PKC], and advanced glycation end-products 

[AGEs]), which will induce the apoptosis of ganglion, 

amacrine, and Müller cells. The expression of the glial 

fibrillary acidic protein (GFAP) in Müller cells and 

microglial reaction will increase, thus causing chronic 

glutamate toxicity, resulting in an imbalance in the 

synthesis of neuroprotective factors in the retina, and 

increasing oxidative stress and inflammation. These are the 
primary factors in the process of ocular neurodegeneration. 
8,11,12 

The first noticeable change in diabetes is the decline of 

astrocyte cell count and changes in protein expression with 

the ensuing inner retina hypoxia and functional deficit in 

ganglion cell response. The Müller cell dysfunction due to 
chronic hyperglycemia leads to the release of numerous 

growth factors and cytokines. The reactivity of Müller cells 

is suspected as a neuroprotective factor, albeit contributing 

to the occurrence of neurodegeneration. This is mainly due 

to the decrease in Müller cells’ ability, such as the 

malfunction of glutamate uptake, expression of nucleoside 

triphosphate diphosphohydrolase 1 (NTPDase1), allow the 
formation of extracellular adenosine. 11 

 

Figure 2. Pathophysiology of Diabetic retinal neurodegeneration. 
8 The biochemical changes caused by diabetes affect neuronal 

death and glial dysfuction through glutamate excitotoxicity, loss 
of neuroprotective factors, and impairment of neurovascular 

coupling. 

Glutamate Excitotoxicity 

The primary neurotoxic metabolite related to retinal 

neurodegeneration is glutamate. Glutamate is a major 

primary excitatory neurotransmitter in the retina and is 

included in the neurotransmitter the photoreceptors to 
bipolar cells that will be transmitted to ganglion cells. The 

underlying condition leading to the accumulation of 

glutamate in diabetes is the increased production of glial 

cells, which depletes Müller cells specific for glutamate 

synthesis, lessens the retina’s ability to oxidize glutamate 

into -ketoglutarate, and dysfunction of glutamate uptake
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by glial cells. An increase in extracellular glutamate 

concentration and on synapse triggers excitotoxicity where 

a surplus of glutamate stimulation will result in excessive 

intracellular calcium response in postsynaptic neurons, 
ultimately leading to apoptosis. 8,12 

Loss of Neuroprotective Factors  

The synthesis of retinal neuroprotective that combats 

neurotoxic effects that cause retinal neurodegeneration. The 

loss of neuroprotective factors or the reduction of their 

effectiveness plays a role in retinal neurodegeneration, 

among which are the pigment epithelium-derived factor 

(PEDF), somatostatin (SST), and erythropoietin that hold a 
vital role. PEDF is a neuroprotective factor and 

antiangiogenic factor that is downregulated in diabetic 

retinopathy. PEDF protects neurons from glutamate-

mediated neurodegeneration, and latest research reports that 

PEDF increases the expression of glutamine synthetase 

enzyme in early diabetic retinopathy phase. SST is a 

neuromodulator and angiostatic factor in the retina and is 

mainly synthesized in the retinal pigment epithelium (RPE). 

The level of SST produced by the retina can decrease with 

the high presence of it in the vitreous of those with 
diabetes.6,8,12 

Erythropoietin is a physiological stimulus potential for the 

mobilization of endothelial progenitor cells, playing a key 

role in the regulation of progenitor cells to the damaged 

retina. The retina is a tissue that is often and directly 

exposed to light sources, inducing photooxidation on lipids, 

especially polyunsaturated fatty acids (PUFA) most often 
found on the outer photoreceptor layer. The oxidized lipid 

is toxic to the retina and causes oxidative stress, leading to 

neurodegeneration.  Neuroinflammation is a condition in 

which dysregulation of pro inflammatory factors involving 

microglia, monocyte and Muller cells occur. Chronic 

neuropathy affect the morphology of retinal ganglion cells, 

changes of the synaptic action, neurotransmitter, and cell 
loss.8,12,13 

Oxidative Stress  

Oxidative stress is also involved in a diabetic condition, 

partly because increased body weight correlates with 
insulin resistance. Diabetes-related hyperglycemia induces 

increased ROS production, which activates several adverse 

alternative pathways. This includes the formation of 

advanced glycation end products and the downregulation of 

soluble receptors, the activation of polyol aldose reductase 

activity with kinase C accumulation, the activation of poly 

(ADP-ribose) polymerase and cyclooxygenase 2, 

significant endothelial dysfunction, peroxynitrite and 

protein nitration, and changes in Na⁺/K⁺-ATPase pump 

function. All of these changes contribute heavily to 

neuronal, mitochondrial, and endothelial dysfunction in 

diabetes.10 One significant complication of diabetes greatly 
responsible for oxidative stress is diabetic neuropathy. This 

complication has been extensively studied, and the majority 

acknowledge that early and intensive glycemic control (that 

limits hyperglycemia-induced oxidative stress) is effective 

and crucial for the treatment/prevention of this condition. It 

has also been reported that disrupted neural blood flow may 

be involved in the development of this complication. 

Therefore, vascular dysfunction as a result of endothelial 

activation may also be involved. Changes in lifestyle such 

as diet and physical exercise are also proven beneficial for 
people with neuropathy diabetes.12,14,15 

Neurodegeneration in diabetic retinopathy is an effect of 

the declining signal of insulin receptor and systemic 

hyperglycemia, which has a direct implication on how 

intensive metabolic control has an effect on the 
development of retinopathy. Latest research reveals that the 

depletion and degeneration of the retinal neural layer, 

particularly on the nerve fiber layer (NFL), begin early 

before the occurrence of vascular lesions.7,8 

 

Recent Findings in The 

Pathophysiology of Diabetic Retinal 

Neurodegeneration 

Galectin-3 is involved in the inflammation process, 

oxidative stress, and apoptosis. Serine racemase (SRR) and 

D-serine as its product contributes to neurotoxicity. Stress 

response protein regulated in development and DNA 

damage-response 1 (REDD1), can trigger apoptosis. The 

overexpression of REDD1 in a hyperglycemic condition 

will result in cell death. Several neuroprotective factors are 

found to decrease in DRN: A-crystallin(molecular 

chaperone, regulating neuronal cell survival in multiple 

neurodegenerative conditions), STRT6 ((a NAD-dependent 

sirtuin deacylase, which modulates aging, energy 
metabolism, and neurodegeneration). Sigma-1 receptor 

(Sig1R) is a pluripotent modulator that has a number of 

functions related to retinal diseases, such as calcium 

regulation, oxidative stress, ion channel regulation, and 

molecular chaperone activity. This functions as a 

neuroprotector for ganglion cells and photoreceptor cells.11 

 

Evidence of Diabetic Retinal 

Neurodegeneration Prior to Clinical 

Signs of Retinopathy 

A prominent feature often found in DRN is the loss of 

neuron due to apoptosis. Histologically, this is evident in a 

number of studies, such as that of Yun et al., which 

demonstrated the underlying mechanism of diabetic 

retinopathy through angiopoietin-2 that induces astrocyte 

apoptosis through integrin avb5 communication. An in vivo 

study found that astrocyte loss and vascular leakage are 
inhibited by the injection of Ang2-neutralizing antibody. 

Another in vivo finding also revealed that the injection of 

anti αvβ5-integrin antibody inhibits astrocyte loss in early 
diabetic retinopathy.16,17 

An experimental study by Valverde et al. conducted on 
March 2011 and January 2012 suggests cell damage and 

apoptosis in human diabetic retinopathy related with 

increased pro-apoptosis molecule expression, which results 

in the activation of death receptors and injury of the glial 

fibrillar acidic protein (GFAP) mitochondria, and 

proapoptosis molecules (FasL, active caspase-8, truncated 

Bid (t-Bid), Bim, and active caspase-3) increase 

significantly in the neuroretina of patients with diabetes in 
comparison that of control patients.18 

Fu et al. in 2015 conducted a study to obtain a better 

understanding of a specific type of cell most affected by 
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apoptosis in DM, which demonstrates a 53% decrease in 

Müller cell density 10 months after DM induction in mice, 

which also coincides with a reduction in the thickness of 

the inner nuclear layer (INL), ganglion cell layer (GCL), 

and outer nuclear layer (OUL). In an observation made on 

photoreceptor cells experiencing early apoptosis 4 weeks 

after the induction of diabetes mellitus (DM) in an animal 

model, with a significant reduction in outer nuclear layer 

thickness in 24 weeks. The accumulation of data from latest 

research apparently suggests that photoreceptor cells may 

hold an essential role in the development of diabetic 
retinopathy. An increase in oxidative stress as a 

hyperglycemia-related metabolic disorder is involved in the 

development of the microvascular change of diabetic 
retinopathy.19  

If neuronal apoptosis continuously occurs, this will lead to 
decreased density and volume of retinal neural tissue. 

Fortunately, this condition can be detected in humans 

through retinal imaging that has been developed today. 

Neurodegeneration in diabetes can be detected even before 

any clinical signs of diabetes in the retina take place. The 

retinal ganglion cells and amacrine cells are the first 

neurons detected to undergo apoptosis due to diabetes. On 

the other hand, photoreceptor cells also experience 

increased apoptosis. This structure is visible using the 

optical coherence tomography (OCT). It useful to measure 

neurodegeneration through retinal layer accurately and 
quantitative, non-invasive and high resolution.13,20 

 

Figure 3. Retinal Layer in Normal Eye detected by OCT. We can 
see the retinal layers from inner to outer retina starts from Internal 
Limiting Membrane (ILM), Retinal Nerve Fiber Layer (RNFL), 

Ganglion Cell Layer (GCL), Inner Plexiform layer (IPL), Inner 
Nuclear Layer (INL), Outer Plexiform layer (OPL), Outer Nuclear 

Layer (ONL), External Limiting Membrane (ELM), 
Photoreceptors (PR), and Retinal Pigmented Epithelium (RPE). 

An epidemiological study conducted by Gundongan et al., 
is a prospective case series throughout January 2012 and 

December 2014 exploring structural changes of the retina in 

type-1 diabetes without a clinical diagnosis of diabetic 

retinopathy (DR). Retinal nerve fiber layer (RNFL) 

thickness, ganglion complex cells (GCC) thickness, and 

macular thickness (MT) were measured in 90 patients with 

type-1 diabetes using the SD-OCT. The results were 

compared with 100 sex- and age-appropriate healthy 

controls. The results indicated that all RNFL, superior and 

inferior quadrant, and half of the superior from the 

peripapillary RNFL thickness are significantly thinner in 
patients with diabetes 19 compared with the control group 

(p < 0.05). GCC thicknesses in the average macular, outer 

temporal superior and outer temporal inferior sectors were 
significantly thinner in diabetic patients (p < 0.05).21 

An epidemiological study undertaken by Scarinci et al. in 

2016 as an evaluation of single retinal layer of patients with 
type-1 diabetes without or with early signs of diabetic 

retinopathy. The study involved 76 eyes from 38 patients 

with type-1 DM and 26 control eyes. Nine measurements of 

individual retinal layer thickness were obtained by using 

the spectral domain-optical coherence tomography (SD-

OCT) algorithm, which demonstrated a slightly thinner 

retinal neural fiber layer in all of the explored quadrants, 

with an insignificant reduction in eyes with type-1 DM 
compared with control eyes.24 

 
Figure 4. Macular thickness mapping using OCT.20 The zone 

were grouped in 9 sectors. 

A cross-sectional study by Carpineto et al. from January 
2013 to July 2014 examined the neuroretinal changes in 

patients with type-2 diabetes without diabetic retinopathy 

(DR) or non-proliferative diabetic retinopathy and signs of 

diabetic macular edema. The thickness of the ganglion cell-

inner plexiform layer (GC-IPL_ and the retinal nerve fiber 

layer (RNFL) were measured after SD-OCT automatic 

segmenting scanning. The average thickness of GC-IPL is 

80.6 ± 8.1 m in patients with diabetes and 85.3 ± 9.9 m in 

healthy controls (p = 0.001). Moreover, after evaluating two 

different diabetes groups, the thickness of GC-IPL was 80.7 

± 8.1 μm and 79.7 ± 8.8 μm in the non-DR group and the 
mild NPDR group, respectively (each p = 0.001 and p = 

0.022 compared with healthy controls). The average RNFL 

thickness was 86.1 ± 10.1 m in patients with diabetes and 

91.2 ± 7.3 m in controls (p = 0.003). RNFL thickness was 

86.4 ± 10,2 μm in the non-DR group and 84.1 ± 9.4 μm in 

the mild NDPR group (p = 0.007 and p = 0.017 compared 

with healthy controls, respectively). This study displays a 

significantly decreasing GC-IPL and RNFL value in the 

non-DR group and the mild NPDR group, respectively, 

with the healthy control. Such findings confirm the 

occurrence of neuroretinal changes in the early stages of 
diabetes, preceding microvascular damage.25 

Electrodiagnostics also could access visual fuction before 

and after retinopathy. Multifocal electroretinography 

(mfERG) is the gold standard for assessing retinal function 

damage, displaying that there is a slowing of P1 implicit 

time and decreasing trace in neurodegeneration. Pattern 
electroretinogram (pERG) also could access ganglion cell 

activity wiyh decrease of amplitude in diabetic patient 

before retinopathy. So too is the visual evoked potential
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 (VEP), which is an electrophysiological assessment 

method for evaluating the visual pathway of retinal 

ganglion cells to the occipital cortex caused by visual 

stimuli. The main function of VEP is to measure the 

functional integrity of the visual pathway from the retina to 

the optic nerves, up to the visual cortex. Generally, VEP is 

effective in identifying any damage on the retinal ganglion 

cells in diabetes. VEP abnormality in diabetes mellitus is 

indicated by the P100 latency display. Early detection of 

diabetic retinopathy with the help of VEP can help prevent 

loss of visual function.26-29 

 

Neurodegeneration as A Biomarker of 

Neurodegenerative Diseases 

There are similarities in the morphological characters 

between the retina and brain-derived tissues, allowing the 
retina to be used as an access for examining the pathology 

of the central nervous system. Neuroimaging modalities, 

like MRI, are yet able to detect subclinical disorders of the 

brain due to their relatively larger resolution (< 100 – 500 

μm). As a result, OCT may be used as an alternative for 

detective neurodegenerative processes, such as diabetic 

peripheral neurodegeneration.6,30,31 

 

Conclusion  

In diabetes, damage is already happened to the neurons in 

the retina, even before any clinical signs of diabetic 

retinopathy are present. By identifying the pathophysiology 

of diabetic neurodegeneration better, we may be able to 
provide interventions using the appropriate therapy 

according to the factors causing neurodegeneration and 
those related to the retinal neuron cells. 

Retinal imaging technology and electrodiagnostic rapidly 

developing today can recognize the presence of 

neurodegeneration noninvasively. Hopefully, we may be 
able to utilize these diagnostic tools as a means for early 

detections of diabetic retinopathy, thus preventing blindness 
due to diabetes. 

Further research is necessary to determine the causing 

pathway of diabetic retinal neurodegeneration and damage 
to neurovascular units, so that we may better enhance our 

understanding and also provide suitable and effective 

therapy before the disease has reached the late-stage. 
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