
Neurodegeneration in the Pathogenesis of Diabetic Retinopathy:
Molecular Mechanisms and Therapeutic Implications

Maxwell S. Stem, MD and Thomas W. Gardner, MD, MS
W. K. Kellogg Eye Center, University of Michigan Medical School

Abstract

Diabetic retinopathy (DR), commonly classified as a microvascular complication of diabetes, is

now recognized as a neurovascular complication or sensory neuropathy resulting from disruption

of the neurovascular unit. Current therapies for DR target the vascular complications of the disease

process, including neovascularization and diabetic macular edema. Since neurodegeneration is an

early event in the pathogenesis of DR, it will be important to unravel the mechanisms that

contribute to neural apoptosis in order to develop novel treatments for the early stages of DR. In

this review we comment on how inflammation, the metabolic derangements associated with

diabetes, loss of neuroprotective factors, and dysregulated glutamate metabolism might contribute

to retinal neurodegeneration during diabetes. Promising potential therapies based on these specific

aspects of DR pathophysiology are also discussed. Finally, we stress the importance of developing

and validating new markers of visual function that can be used to shorten the duration of clinical

trials and accelerate the delivery of novel treatments for DR to the public.
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INTRODUCTION

Diabetic retinopathy (DR), the leading cause of blindness in working age individuals in

developed countries, has been viewed traditionally as a microvascular complication of

diabetes. Indeed, the clinical classification system for diabetic retinopathy is based solely on

structural changes to the retinal microvasculature[1, 2] due to the fact that the

microvasculature is visible during ophthalmoscopy, but the neuroretina is transparent. Thus,

changes to the neuroretina in diabetic retinopathy were not recognized until the 1960s when

Wolter[3] and Bloodworth[4] identified degenerating neurons in the retinas of post-mortem

diabetic patients. Since that time, evidence for the role of neurodegeneration in DR has
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accumulated to such an extent that therapies designed to ameliorate neuroretinal damage

from diabetes have moved recently to clinical trials.[5]

The early emphasis on the vascular pathology in DR led to treatments to reduce vision loss

related to neovascularization and diabetic macular edema (DME), with little consideration

for the role of the neural retina in these processes. Panretinal photocoagulation (PRP) has

been the mainstay of treatment for proliferative diabetic retinopathy (PDR) for five decades.

The effects of reducing neovascularization and macular edema are achieved by coagulating

the neuroretina to decrease the volume of remaining tissue and metabolic activity, thus

reducing the demand for oxygen and expression of angiogenic factors such as vascular

endothelial growth factor (VEGF). As such, the effects of photocoagulation on vascular

pathology are indirect. This treatment is highly effective in preserving central visual

acuity[6] but reduces peripheral visual fields[7–9] and night vision[10–12]. PRP is thus akin

to amputation in that the peripheral retina is sacrificed so that central vision may be

preserved, in much the same way that a foot might be sacrificed to preserve a lower

extremity in a patient with a diabetic foot ulcer. These side effects of laser surgery have

stimulated research to develop pharmacologic means to ameliorate diabetic retinopathy.

Before the advent of intravitreal injections, DME was similarly treated with focal laser in the

central macula. Intravitreal injections of anti-VEGF agents such as bevacizumab and

ranibizumab are an improvement over focal laser photocoagulation for the treatment of

DME in terms of both enhanced visual acuity and slower overall progression of vascular

lesions.[13] However, these agents lead to substantial (i.e. two to three lines of vision)

improvements in visual acuity in 30 – 50% of patients with DME, [13–15] suggesting that

events other than the upregulation of VEGF contribute to the pathogenesis of DR.

Treatments designed to protect the entire retina by slowing the progression of DR at its

earliest stages could benefit a broader range of persons with DR and warrant further

investigation.[16]

In this review, we begin with an examination of the retina as a neurovascular unit and

explore a concept of how diabetes alters the structure and function of the neurovascular

retina. We then review the pathophysiology of the neuroretinal alterations of diabetes,

including adaptations and maladaptions that may evolve nonlinearly over time. The

therapeutic implications associated with these various pathologic mechanisms are

subsequently discussed. Finally, we examine the important role that surrogate endpoints for

visual acuity should play in future clinical trials evaluating therapies for DR.

THE NEUROVASCULAR UNIT OF THE RETINA

Neurons, glial and microglial cells, and blood vessels throughout the nervous system are

organized into neurovascular units based on intimate physical contact and functional

integration that facilitate physiologic adaptations in response to varying conditions (Figure

1). The neurovascular units coordinate metabolic demand, synaptic activity, blood delivery,

and waste removal as coordinated by glutamate, nitric oxide, oxygen, adenosine, and the

arachidonic acid metabolites, epoxyeicosatrienoic acids (EETs) and 20-

hydroxyeicosatetraenoic.[17, 18]

Stem and Gardner Page 2

Curr Med Chem. Author manuscript; available in PMC 2014 June 26.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Broadly speaking, neurons are the ultimate effectors of the nervous system and their

responses depend on blood vessels to receive nutrients and eliminate waste products of

tissue metabolism. Müller cells coordinate vascular responses to meet the metabolic demand

of neurons, interchange metabolites, recycle neurotransmitters, and help to establish the

extracellular chemical environments for membrane potentials and electrical activity.

Astrocytes synapse on blood vessels to maintain autoregulation.[19] Microglial cells

monitor local cellular and synaptic activity[20] and dispose of dying cells. Coordinated

activity of neurons, glial and microglial cells, and the microvasculature is essential for

normal vision. While many of the finer details of the connections between cells in the

neurovascular retina remain to be determined, much work has been done to characterize the

physical relationships among these cells. Neurons communicate through chemical synapses

that utilize neurotransmitters such as glutamate, dopamine, gamma aminobutyric acid,

acetylcholine or glycine, and electrical synapses (gap junctions) comprised of connexin

protein assemblies that conduct ions between adjacent cells.[21] Vascular cells communicate

with each other via tight and adherens junctions.[22] These complex connections reveal why

early anatomists called this tissue the retina, literally a network of cells.

DIABETES-INDUCED ALTERATIONS OF THE NEUROVASCULAR UNIT

The specific time course and series of events leading to the onset of DR has yet to be clearly

defined, but assessments of individuals with diabetes and no overt vascular retinopathy

indicate that alterations of neuroretinal structure and function precede the clinically

observable lesions traditionally associated with DR, such as microaneurysms, hemorrhages,

and lipid exudates. Neurovascular unit physiology is similarly altered in brain degenerations

such as stroke, [23] Alzheimer’s, and Parkinson’s diseases[24]. In persons with type 1 or

type 2 diabetes who have no clinical signs of overt retinopathy, these alterations manifest as

reduced vasoconstriction in response to breathing 100% oxygen and decreased vasodilation

in response to flickering light stimulation.[25–28] These changes appear to signify early

impairment of normal regulatory mechanisms throughout the neurovascular complex of the

retina, rather than isolated vascular or neuroglial alterations.[29]

Further disturbances in the preclinical phase of retinopathy include reduced multifocal

electroretinogram (mfERG) implicit time that predicts the onset of vascular lesions.[30, 31]

In addition, reduced contrast sensitivity, [32] dark adaptation, [33, 34] frequency doubling

technology perimetry, [34, 35] and optical coherence tomography measures of inner retinal

thickness[36, 37] also occur in the preclinical period. Together, these studies show that

diabetes has early deleterious effects on retinal neurovascular structure and function and that

identifying subclinical alterations in neurovascular unit function could help to identify

persons at risk for future vision loss. Some of these events may be physiologic adaptations

to the steady state of diabetes that allow the retina to survive and maintain vision in the face

of diabetes. The clinical features of retinopathy likely represent the point when the

adaptations fail to maintain retinal viability, and/or maladaptive changes ensue as a result of

additional insults such as hypertension or inflammation.[38] In the clinical phases of

diabetic retinopathy, progressive disruption of the neurovascular unit and loss of

autoregulation is evident as venous tortuosity and dilation that is most apparent with the

onset of macular edema and proliferative retinopathy.[39–41] Thus, retinal neurovascular
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unit alterations in diabetes are part of the larger spectrum of nervous system effects of

diabetes that includes sensory and autonomic neuropathies and cognitive impairment.[42,

43]

MOLECULAR MECHANISMS OF NEURODEGENERATION IN DR

The ocular and systemic factors that contribute to the development and progression of

diabetic retinopathy remain complex and are difficult to fully unravel due to lack of

affordable animal models that recapitulate the human phenotype. Nonetheless, considerable

insights have been inferred from studying rodents in parallel with patients in an integrated

manner.[44]

Metabolic alterations

At its core, diabetes is a metabolic disorder characterized by hyperglycemia secondary to a

deficiency in insulin production (type 1 diabetes) or reduced insulin sensitivity (type 2

diabetes). Insulin insufficiency also develops from pancreatic failure in persons with type 2

diabetes, [45] and insulin resistance is a feature of type 1 diabetes, [46] particularly among

those who are overweight.[47] Thus, while neuroinflammation, apoptosis, glutamate

excitotoxicity, and/or a deficiency of neuroprotective factors may all contribute to retinal

dysfunction in DR, it is important to evaluate these mechanisms through the lens of the

systemic abnormalities in metabolism intrinsic to diabetes.

Insulin receptors in the retina, unlike those in skeletal muscle, stimulate neuronal

development, growth, survival and anabolic synthesis rather than solely mediating glucose

transport into the cell.[48–50] Retinal insulin receptors are also distinct in that light activates

insulin receptors in rod and cone photoreceptors[51, 52] where they also mediate survival.

Perhaps not surprisingly, retinal neurons, and in particular ganglion cells, begin to die by

apoptosis within weeks of the onset of diabetes.[53, 54] However, diabetic rats treated with

systemic insulin are protected from diabetes-induced apoptosis of retinal neurons.[54] To

better understand whether the correction of systemic hyperglycemia or the addition of

insulin was responsible for this reduction in neural cell death, Fort and colleagues[55]

administered subconjunctival insulin injections or systemic phloridzin (a sodium-linked

glucose transporter inhibitor) to streptozotocin-induced diabetic rats. The low dose insulin

restores retinal insulin receptor activity without changing blood glucose levels, and

phloridzin normalizes blood glucose levels without affecting systemic or local insulin levels.

Interestingly, both phloridzin and local insulin were found to protect retinal cells from

undergoing apoptosis by modulating growth factor signaling and inflammatory pathways,

respectively. These findings suggest that neurodegeneration in DR is a consequence of both

reduced insulin receptor signaling and systemic hyperglycemia and have direct implications

for how the effects of intensive metabolic control impact the course of retinopathy.

Since hyperglycemia is the metabolic derangement that defines diabetes mellitus, many

attempts to explain the pathogenesis of DR incorporate hyperglycemia as a causative factor

in one form or another. For example, activation of protein kinase C (PKC), [56–58]

formation of advanced glycation end products (AGEs), [59] increased flux through the
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polyol pathway, [60] and increased oxidative stress[61] are some of the proposed

mechanisms through which hyperglycemia exerts its deleterious effects on the retina.

Among the mechanisms listed above, oxidative stress and the formation of AGEs have been

specifically implicated in neurodegeneration during DR. Oxidative stress refers to a state

where there are excess levels of reactive oxygen species (ROS), or oxygen atoms with

unpaired electrons. ROS can alter the structure of other compounds, such as

deoxyribonucleic acid (DNA), which can in turn lead to cellular and tissue level

dysfunction. One theory for how ROS may increase during diabetes proposes that high

glucose levels stimulate increased flux through the glycolytic and tricarboxylic acid (TCA)

cycle pathways, thus flooding mitochondria with electrons.[61] Markers of increased

oxidative stress have been associated with retinal neurodegeneration in experimental

diabetes, [62] and treatment with a ROS scavenger has been shown to reduce the

neurodegenerative changes in ganglion cells of diabetic rat retinas.[63] However, the issue

of ROS in a chronic disease such as diabetic retinopathy hinges on the degree to which

oxidative stress exceeds physiologic adaptations, since ROS also mediate neuroprotective

effects via the TrkB receptor.[64] Therefore, additional work is needed to unravel the

relative deleterious and beneficial effects of ROS in diabetes to understand how to

manipulate them for therapeutic benefit.

AGEs are formed non-enzymatically when glucose molecules bond to amine residues on

proteins, lipids, or nucleic acids. They may interact with a receptor for AGE (RAGE),

which, along with glial fibrillary acidic protein (GFAP) is upregulated in Müller cells during

experimental models of diabetes.[65] Stimulation of Müller cell RAGEs by circulating

AGEs causes release of inflammatory cytokines such as VEGF and monocyte

chemoattractant protein-1 (MCP-1).[65] Recent work shows that inhibition of AGE

formation derived from methylglyoxal prevents retinal neuroglial and vascular pathology.

[66]

Clearly, hyperglycemia is an important component of the metabolic dysregulation of

diabetes, but there is not, in our opinion, definitive evidence showing that hyperglycemia

alone is the primary instigator of retinopathy in humans. Better understanding of the role of

other aspects of metabolism, including lipids, glucagon and prolactin[67] will be required to

have a full appreciation of the mechanisms of diabetic retinopathy.

Inflammation in diabetic retinopathy

It has been long debated whether hyperglycemia or any specific metabolic disturbance is

necessary and sufficient to cause DR. Over the past decade there has been greater

appreciation for the role of the innate immune system as an adaptive response to obesity and

diabetes.[68, 69] In this paradigm nutrient excess, such as a high level of saturated fatty

acids, is sensed by adipose cells with release of pro-inflammatory mediators from

macrophages, including lipopolysaccharide, interleukin-1 beta (IL-1β) and tumor necrosis

factor alpha (TNF-α), resulting in systemic inflammation and, ultimately, cardiovascular

disease and cancers.
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Within the retina, endothelial cells increase expression of intercellular adhesion molecule 1

(ICAM-1) and P-selectin early in the course of diabetes, which causes leukocytes to adhere

to vascular walls.[70] Such leukostasis contributes to disruption of the blood-retinal barrier

and death of endothelial cells, perpetuating an inflammatory cascade within the retina. An

important question is whether leukostasis also creates areas of capillary nonperfusion within

the retina, which could rob neuronal tissue of essential nutrients and thereby contribute to

neurodegeneration in DR.[71] It is also possible that degeneration of the neurosensory cells

in the periphery leads or contributes to secondary vascular closure within the retina. The

exact sequence of events leading to leukostasis in DR is not yet clearly defined, though

Huang et al[72] recently showed that the absence of TNF-α, a pro-inflammatory cytokine

upregulated during diabetes, prevents retinal leukostasis and apoptosis of vascular and

neural cells in diabetic mice. This finding suggests that TNF-α may play a critical role in the

progression of DR and that leukostasis might be linked to neurodegeneration in DR through

a TNF dependent mechanism.

Along with TNF-α, [73] vitreous levels of other inflammatory cytokines, such as MCP-1,

[74] IL-6, [75] and IL-1β, [73] are increased in patients with DR compared to controls

without diabetes. Upregulation of these or other cytokines may contribute to glial activation

in early DR, whereby normally quiescent microglia begin to secrete cytotoxic substances

that contribute to neural cell death. Microglial activation in human DR has been

demonstrated by Zeng and colleagues, [76] and inhibiting such glial cell activation may be a

strategy to prevent neurodegeneration in DR. Much more work is needed to define the

adaptive and maladaptive roles of microglia in neurodegenerative disorders.[77]

The cause of the ocular inflammation in persons with diabetes remains uncertain. A recent

study found an association between non-healing ulcers and nephropathy, in addition to

worse metabolic control, in the progression of nonproliferative to proliferative retinopathy.

[78] Foot ulcers are also associated with increased circulating TNF-α and IL-1β, suggesting

the possibility that part of the ocular inflammatory response derives from systemic sources

and that treating systemic inflammation from foot ulcers or gingivitis may reduce the risk of

progressive retinopathy.

The relationship between leukostasis and glial activation in DR appears to be mediated by

inflammatory cytokines such as TNF-α and IL-1β, but the temporal relationship between

these events and the upregulation of inflammatory cytokines requires further exploration.

Ideally, therapies aimed at slowing the progression of DR would target the earliest

pathogenic steps, so defining the temporal relationship among cytokine upregulation,

leukostasis, and glial cell activation will be instrumental to devising treatments aimed at

preventing the neurodegeneration associated with DR.

Glutamate

The neurotransmitter glutamate is essential for effective cell to cell communication between

neurons. However, excessive pre-synaptic levels of glutamate in the central nervous system

can lead to excitotoxicity, which has been implicated in the pathogenesis of

neurodegenerative disorders such as Parkinson’s[79] and Alzheimer’s[80] diseases. In this

paradigm, abnormally high levels of glutamate in the synaptic cleft lead to increased
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calcium influx into post-synaptic neurons[81] which can in turn initiate pro-apoptotic

signaling cascades through both caspase-dependent and caspase-independent mechanisms.

[82] Such events likely contribute to the observed increase in apoptotic neurons within the

retina during diabetes.

Diabetes alters the equilibrium of glutamate and glutamine between glial cells and neurons

via several potential mechanisms. First, diabetes reduces the activity of the enzyme

glutamine synthetase in Müller cells, which hinders the ability of these cells to convert

excess glutamate to glutamine.[83] Second, glutamate oxidation to α-ketoglutarate is

impaired.[84] Third, glutamate uptake by Müller cells is decreased, which leads to an

extracellular accumulation of glutamate in the neuroretina.[85] While there is clearly an

increase in glutamate levels within the vitreous of patients with advanced DR, [86, 87] it

remains unknown as to which of these mechanisms is the most important contributor to

glutamate excitotoxicity.

Role of Neuroprotective Factors

The survival of retinal neurons in a hostile environment depends on the local availability of

growth factors and neurotrophins, which are peptides that promote neuronal differentiation

and survival. In diabetes, the efficacy and/or concentrations of such molecules are reduced,

leading many to postulate that neuroprotective factors may have a therapeutic role in

preventing vision loss associated with DR.

Local factors that exhibit neuroprotective properties in experimental models of diabetes

include pigment epithelial derived factor (PEDF), brain derived neurotrophic factor (BDNF)

and nerve growth factor (NGF). PEDF inhibits angiogenesis and neurodegeneration in

diabetes[88] by reducing oxidative stress in the retina[89] or by increasing the expression of

glutamine synthase, thus affording protection against glutamate excitotoxicity[90]. PEDF

peptide eye drops were recently shown to decrease microglial activation, ganglion cell

death, and vascular leakage in diabetic rats, [91] suggesting that exogenous PEDF may be a

potential treatment for early DR. Like PEDF, retinal levels of BDNF are reduced in animal

models of diabetes, [92] and this reduction in BDNF is correlated with amacrine cell

degeneration. Intravitreal administration of BDNF to diabetic rats reverses amacrine cell

degeneration, [92] and overexpression of BDNF in diabetic rats enhances ganglion cell

survival and function[93]. NGF was implicated in the pathogenesis of DR in 1995, when

Hammes et al[53] showed that treatment of diabetic rats with NGF prevents ganglion cell

apoptosis. In diabetes, levels of all three growth factors (PEDF, [89] BDNF, [92] and

NGF[94]) are reduced in association with retinal neurodegeneration, implying that these

molecules may be useful as potential therapies for DR.

Like the neurotrophic factors PEDF, BDNF, and NGF, the retinal levels of erythropoietin,

VEGF and insulin-like growth factor-1 (IGF-1) decrease shortly after diabetes onset. Unlike

the aforementioned neurotrophins, however, VEGF, IGF-1, and erythropoietin all increase

with the development of proliferative retinopathy, but the nature of this biphasic response

remains uncertain. Other factors thought to play a role in protecting the retina from diabetes-

induced neurodegeneration include somatostatin[95] and ciliary neurotrophic factor[96]
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though further work is needed to fully understand the therapeutic potential of such

compounds.

To date, most studies have examined vitreous or retinal concentrations of various peptide

growth factors that exert neurotrophic effects. However, the ultimate determinant of cell

viability is the activity of the cognate receptors rather than the ligand levels. For example,

experimental diabetes increases tyrosine nitration and decreases phosphorylation of retinal

nerve growth factor TrkA, and these effects are reversed by neutralizing peroxynitrite.[97]

Experimental diabetes also impairs activity of the retinal insulin receptor, an effect that is

reversed by reducing systemic and ocular glucose concentrations with phloridzin or by

adding very low dose subconjunctival insulin.[55] Thus, diabetes appears to induce a form

of growth factor resistance in the retina, analogous to sepsis-induced resistance in liver and

skeletal muscle.[98, 99]

THERAPEUTIC IMPLICATIONS

Metabolic Considerations

The Diabetes Control and Complications Trial (DCCT)[100] and United Kingdom

Prospective Diabetes Study (UKPDS)[101] showed that controlling diabetes, as measured

by hemoglobin A1c and blood glucose levels, reduces the chances of developing

complications such as DR. However, maintaining intensive control can be difficult and even

dangerous for some patients, as the Action to Control Cardiovascular Risk in Diabetes

(ACCORD) study revealed. In this study, the group of patients with type 2 diabetes who

underwent intensive glycemic reduction (median hemoglobin A1c = 6.4%) exhibited a

slightly increased risk for cardiovascular mortality compared to the standard therapy group

(median hemoglobin A1c = 7.5%).[102] Furthermore, while hyperglycemia is clearly

implicated in the pathogenesis of DR, post-hoc analysis of DCCT data revealed that only

11% of the risk in retinopathy development could be attributed to hemoglobin A1c,

suggesting that factors other than prolonged hyperglycemia may contribute to DR

development.[103] Beyond hemoglobin A1c values, the fluctuations in glucose

concentration over time are now a subject of interest in relation to complications. Current

technologies to achieve intensive control are limited by the risk of hypoglycemia, weight

gain, and expense of the devices. Continuous glucose monitors improve metabolic control

and shorten durations of hypoglycemia in persons with type 1 diabetes.[104, 105] Emerging

technologies that integrate continuous glucose sensors with insulin pumps (closed loop

systems) are showing promise, [106, 107] but their widespread adoption may also be

constrained by financial barriers. Nevertheless, ophthalmologists should be aware of these

technologies and encourage patients to consider their potential benefits.

Anti-Apoptotic Agents

In diabetes, retinal neurons and vascular cells die by apoptosis, [53, 54, 108] a final common

pathway for retinal neurodegeneration. Whether the triggers are hyperglycemia, glutamate

excitotoxicity or neurotrophin deficiency, apoptosis links these potential mechanisms of

neuronal injury and the ultimate death of cells. Therefore, inhibiting apoptosis could be a

potential means of preventing neurodegeneration in DR. Apoptosis typically involves the
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activation of proteolytic enzymes which destroy cellular components that maintain the

normal structure and function of the cell. Two such proteins that have been implicated in

glutamate-induced apoptosis include caspase-3 and calpain.[82] Latanoprost, a

prostaglandin analogue, was found to reduce neural and glial cell apoptosis in diabetic

retinas when applied topically to rat eyes.[109] Caspase-3 inhibition is one proposed

mechanism for this phenomenon, as treatment with latanoprost significantly reduced

caspase-3 immunoreactive cells in the ganglion cell layer. In a separate model of retinal

hypoxia, Nakajima and colleagues[110] found that calpain, but not caspase, was responsible

for cellular damage observed during hypoxia in monkey retinal cells. In a more recent study,

oral administration of a calpain inhibitor to diabetic mice prevented retinal ganglion cell

death, again suggesting that calpain inhibition may be a viable neuroprotective strategy for

treating DR.[111]

Glutamate Antagonists

Given the potential role of glutamate excitotoxicity in contributing to neurodegeneration in

DR, blockade of glutamate receptors or augmentation of glutamate clearance/metabolism

may be viable strategies for maintaining the integrity of the neuroretina during diabetes.

There are two main types of glutamate receptors in the central nervous system: α-amino-3-

hydroxyl-5-methyl-4-isoxazole-propionate (AMPA) and N-methyl-D-aspartate (NMDA)

receptors.

Memantine is a non-competitive antagonist of NMDA receptors and is already approved by

the Food and Drug Administration (FDA) for the treatment of Alzheimer’s disease, another

well-known neurodegenerative condition. In diabetic rats, chronic memantine therapy has

been shown to reduce retinal ganglion cell loss, improve retinal function, and decrease

intraocular VEGF levels.[112] Memantine is FDA approved for Alzheimer’s disease and in

light of the evidence for a role of glutamate excitotoxicity in diabetes-induced retinal

neurodegeneration, memantine could be evaluated for the treatment of DR, but to our

knowledge, no clinical trials are currently in progress.

Anti-Inflammatory Agents

Diabetes is associated with an upregulation of inflammatory cytokines, such as TNF-α,

IL-1β, IL-6, and VEGF.[113] Furthermore, increased expression of ICAM-1 contributes to

leukostasis in retinal blood vessels and may lead to ischemia of neuroretinal tissue,

promoting neurodegeneration. Inflammatory cytokines released by immune cells during

diabetes can also activate microglia, contributing to further neurodegeneration. Therefore,

blocking the effects of these cytokines may be another approach to reducing the progression

of DR.

The TNF-α inhibitor etanercept has shown promise in preventing retinal cell death and the

upregulation of ICAM-1 (and thus leukostasis) in animal models of diabetes.[114, 115]

However, a 2007 report of seven cases with severe diabetic macular edema who were treated

with intravitreal etanercept indicated no improvement.[116] Moreover, intravitreal

infliximab administration also had no discernible benefit in patients with refractory DME

during a pilot study and instead promoted vitreous inflammation among the treated patients.
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[117] Therefore, despite the apparent role of TNF in promoting the disruption of the

neurovascular unit in rodent models of diabetes, [72] there is currently little clinical

evidence that its inhibition with monoclonal antibodies is beneficial.

Minocycline, a tetracycline antibiotic with anti-inflammatory properties, is also under

investigation for the treatment of DR. In cultured retinal cells, minocycline inhibits

microglial production of TNF-α, IL-1 β and nitric oxide after exposure to

lipopolysaccharide, [118] and it reduces caspase-3 activation.[119] In a recent phase I/II

clinical trial, oral minocycline improved visual acuity, central macular edema, and vascular

leakage in five patients with DME, suggesting that inhibiting microglial activation may be

part of a multi-tiered strategy for the treatment of DR.[120] The results from two recently

completed trials of doxycycline (NCT00917553 and NCT00511875) may help to delineate

the role that such agents could play in the treatment of patients with DR.

Observations of people with diabetes being treated for rheumatoid arthritis initially

suggested that the non-steroidal anti-inflammatory drug (NSAID) aspirin could have

therapeutic efficacy in the treatment of DR.[121] The Early Treatment Diabetic Retinopathy

Study (ETDRS) subsequently tested the hypothesis that 650 mg/day of aspirin could slow

the progression of DR and reduce vision loss but found oral aspirin to be ineffective for the

treatment of DR.[122] However, in animal models of diabetes, the administration of

salicylates reduced ganglion cell loss early in the disease course.[123] NSAIDs such as

bromfenac are available as topical eye drops and could be evaluated more extensively as a

potential therapy for early DR. Unpublished data from a recent clinical trial (NCT00782717)

suggests that nepafenac drops reduce the risk of DME following cataract surgery.

Protein kinase C β inhibition with ruboxistaurin reduced progression of diabetic macular

edema and the need for macular photocoagulation[124] but did not receive FDA approval.

Antonetti et al[125] have recently shown that another protein kinase C isoform, PKC zeta, a

member of the atypical PKC class, mediates both VEGF and TNF-induced retinal vascular

permeability, and a PKC zeta inhibitor reduces VEGF-stimulated retinal vascular leakage in

rats. This class of inhibitors is currently being tested for its effects on the neurovascular unit.

Local Neuroprotection

The findings that NGF, PEDF, and BDNF rescue dying neurons in animal models of

diabetes and their levels within the retina are reduced in diabetes[53, 91, 92, 126] will

hopefully spur further research into their effects on visual function in humans with diabetes.

To this end, somatostatin, another potential neurotrophic agent, is currently being evaluated

in a clinical trial to determine whether treatment with a topical formulation of the compound

can slow the progression of DR.[5] Other neurotrophic agents, such as the peptide PEDF eye

drops mentioned earlier, could be evaluated in a similar fashion to hasten the identification

of clinically effective neuroprotective strategies for DR.

Insulin administration to the eye reduces the rate of cell death in diabetic animals and

restores pro-survival signaling.[55] Misra et al[127] described insulin hydrogels that can be

implanted subconjunctivally for long term insulin delivery to the eye and showed that these

hydrogels were not associated with any adverse events in rats. Additional animal studies
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using non-invasive, local insulin delivery systems will be needed to better assess whether

local insulin is more effective than systemic insulin at reducing neurodegeneration during

DR.

CONCLUSION

Diabetic retinopathy is now understood to be a sensory neuropathy similar to other

neuropathies that afflict persons with diabetes. Most therapies have been aimed at the

advanced vascular sequelae of DR, and now neuroprotective strategies are underway to

determine their ability to slow progressive visual dysfunction during diabetes. The

molecular mechanisms involved in neurodegeneration during DR are complex and likely

include a combination of ocular factors such as increased oxidative stress, loss of

neuroprotective factors, increased inflammation, glutamate excitotoxicity, and systemic

factors including hyperglycemia, dyslipidemia, and insulin deficiency. As new therapies are

developed, it will be important to identify end points for clinical trials that accurately reflect

visual function and that can be used as new markers of visual acuity. Since DR only leads to

significant impairment in visual acuity during the advanced stages of the disease, the use of

alternate endpoints for vision could shorten the duration of clinical trials and hasten the

development of new therapies for DR. To this end, the European Consortium for the Early

Treatment of Diabetic Retinopathy (EUROCONDOR) study group is using the mfERG

implicit time as its primary endpoint to measure neuroretinal dysfunction, and other

endpoints like the mfERG will need to be developed and standardized in order to assess the

effectiveness of novel neuroprotective strategies for DR. Agents that reduce inflammation,

restore insulin receptor signaling in the retina, inhibit NMDA receptors, or block apoptosis

have great promise as novel therapies for early DR. However, these treatments must be

evaluated in future clinical trials with the correct drug delivery method and the optimal end

points before they can be used to treat the ever-increasing number of patients with DR.

The complexity of preventing and treating diabetic retinopathy is evident by the fact that

only seven percent of persons with type 2 diabetes meet therapeutic goals for hemoglobin

A1c level, blood pressure, and low-density lipoprotein cholesterol level[128] and only one-

third of children with type 1 diabetes meet the American Diabetes Association goals for

hemoglobin A1c level.[129] Therefore, adjunctive eye-specific treatments to minimize the

risk of vision loss from diabetes will be critical in the near future, [130–132] along with

more quantitative and sensitive means of detecting preclinical damage to the retinal

neurovascular unit.[25, 34]
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Figure 1.
Neurons, glia, and vascular cells comprise the neurovascular unit of the retina. The immense

number of physiologic and anatomical connections between these cells permit vision

(Figure courtesy of Thomas Gardner, adapted from N Engl J Med 2012;366:1232)
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