
The American Journal of Pathology, Vol. 187, No. 1, January 2017
ajp.amjpathol.org
REVIEW

Mechanistic Insights into Pathological Changes in
the Diabetic Retina
Implications for Targeting Diabetic Retinopathy
Sayon Roy,*y Timothy S. Kern,zx Brian Song,*y and Caren Stuebe*y
From the Departments of Medicine* and Ophthalmology,y Boston University School of Medicine, Boston, Massachusetts; and the Departments of
Pharmacologyz and Clinical and Molecular Endocrinology,x Case Western Reserve University School of Medicine, Cleveland, Ohio
Accepted for publication
C

h

August 4, 2016.

Address correspondence to
Sayon Roy, Ph.D., Departments
of Medicine and Ophthal-
mology, Boston University
School of Medicine, 650
Albany St, Boston,
MA 02118. E-mail: sayon@bu.
edu.
opyright ª 2017 American Society for Inve

ttp://dx.doi.org/10.1016/j.ajpath.2016.08.022
Increasing evidence points to inflammation as one of the key players in diabetes-mediating adverse
effects to the neuronal and vascular components of the retina. Sustained inflammation induces
biochemical and molecular changes, ultimately contributing to retinal complications and vision loss in
diabetic retinopathy. In this review, we describe changes involving metabolic abnormalities secondary
to hyperglycemia, oxidative stress, and activation of transcription factors, together with neuroglial
alterations in the diabetic retina. Changes in biochemical pathways and how they promote patho-
physiologic developments involving proinflammatory cytokines, chemokines, and adhesion molecules
are discussed. Inflammation-mediated leukostasis, retinal ischemia, and neovascularization and their
contribution to pathological and clinical stages leading to vision loss in diabetic retinopathy (DR) are
highlighted. In addition, potential treatment strategies involving fibrates, connexins, neuro-
protectants, photobiomodulation, and anti-inflammatory agents against the development and pro-
gression of DR lesions are reviewed. The importance of appropriate animal models for testing novel
strategies against DR lesions is discussed; in particular, a novel nonhuman primate model of DR and the
suitability of rodent models are weighed. The purpose of this review is to highlight our current
understanding of the pathogenesis of DR and to summarize recent advances using novel approaches or
targets to investigate and inhibit the retinopathy. (Am J Pathol 2017, 187: 9e19; http://dx.doi.org/
10.1016/j.ajpath.2016.08.022)
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Diabetic retinopathy (DR) is a major complication of dia-
betes and is the leading cause of visual impairment and
blindness among working-age adults.1 Patients with DR may
lose sight as a result of the development of diabetic macular
edema (DME) and/or proliferative diabetic retinopathy.

The progression of advanced DR can be inhibited by
laser-induced photocoagulation,2 but this procedure may
destroy parts of the retina. Intravitreal injections of
antievascular endothelial growth factor therapies3e5 or
corticosteroids6,7 can also appreciably diminish retinal
neovascularization and retinal edema, but these injections
require frequent visits to a physician and have only transi-
tory beneficial effects in approximately half of treated
patients.3 Use of corticosteroids may have adverse effects,
leading to cataract formation and increased intraocular
stigative Pathology. Published by Elsevier Inc
pressure in a significant number of patients8; therefore, its
clinical use is limited.

The early stages of DR can be inhibited by improvement of
glycemic control using either insulin or oral agents,9,10 but
this control remains difficult or impossible for many diabetics
to achieve and maintain. Thus, there has been considerable
effort to identify specific pharmacological targets to inhibit
the development of retinopathy. Inhibitors of protein kinase
C, aldose reductase (AR), nonenzymatic glycation, and
. All rights reserved.
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Figure 1 Effects of hyperglycemia (HG) on
biochemical pathways and inflammation in dia-
betic retinopathy (DR) pathogenesis. In the HG
condition, metabolic abnormalities secondary to
hyperglycemia contribute to neuroglial alterations
that can lead to neurodegeneration and dysfunc-
tion. Increased oxidative stress can promote
NF-kB and hypoxia-inducible factor (HIF)-1 acti-
vation. In addition, increased activity of proin-
flammatory cytokine, chemokine, and adhesion
molecule can result in tight junction degradation
and acellular capillary formation. Leukostasis
contributes to capillary occlusion and can lead to
retinal ischemia. Diabetes-induced macular
edema, and neovascularization, all significant
pathological events in DR. The orange boxes
represent stages leading to the development of
retinal vascular lesions; green boxes, pathological
and clinical stages leading to vision loss in DR.
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vascular endothelial growth factor comprise just a few of the
candidates that have been investigated as therapeutic targets
against DR, but antievascular endothelial growth factor
therapy has been unique among pharmacological approaches
in showing efficacy in diabetic patients. Therapies developed
for conditions other than diabetes or retinopathy, such as
blood pressure medications11 and fibrates,12 also are reported
to have beneficial effects on DR, although again only in a
subset of diabetic patients. Thus, available therapies for DR
are not equally effective in all patients.
Targets of DR Lesions for Which Treatment Is
Needed

Major causes of clinically significant vision loss due to diabetes
are generally accepted to be vascular in origin and
include retinal edema and preretinal lesions, such as neo-
vascularization, fibrovascular membranes, and hemorrhages.
Vascular permeability, local ischemia, and preretinal neo-
vascularization thus have a clear relationship to visual impair-
ment in DR, and are appropriate targets for DR treatment.

Retinal neurons also are adversely affected in diabetes.
They become dysfunctional, as evidenced by diabetes-
induced changes in electroretinogram, contrast sensitivity,
visual acuity, and color sensitivity, and these defects can
impair the quality of vision. However, whether the
10
functional defects or the death of retinal neurons contributes
to clinically meaningful loss of vision in diabetes is not yet
clear. Although many publications attribute the adverse ef-
fects of diabetes to neurodegeneration, it is not clear that cell
death is the culprit, as opposed to less obvious metabolic or
functional defects within remaining neurons. Thus, retinal
neurons also might be a therapeutic target to inhibit the
retinopathy and accompanying visual impairment or loss.
More important, evidence is accumulating that a specialized
kind of retinal neuron (photoreceptors) plays an important
role in the diabetes-induced degeneration of retinal capil-
laries, which can subsequently lead to retinal neo-
vascularization. These topics are discussed below.
Mechanisms Implicated in the Pathogenesis
of DR

Although hyperglycemia has been demonstrated to initiate
the pathology of DR, appreciable evidence suggests that
oxidative stress and inflammatory changes in the retina play
critical steps in the pathogenesis of the hyperglycemia-
induced retinopathy (Figure 1). Recently, proinflammatory
lipids,13 epigenetic and epigenomic modifications,14 insulin
dysregulation,15 and b-cellulin signaling,16 which initiate
and contribute to DR pathogenesis independently from hy-
perglycemic condition, have been identified.
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Mechanisms Underlying DR Development
Oxidative Stress

Increased production of reactive oxygen species (ROS) has
been frequently identified in diabetic retinas. It appears to be
causally involved in the development of the retinopathy as
oral administration of antioxidants17 or genetic over-
expression of superoxide dismutases18 has been shown to
inhibit the diabetes-induced degeneration of retinal capil-
laries in animal studies. Moreover, up-regulation of ROS
can lead to increased activation of NF-kB, which, in turn,
increased the release of proinflammatory cytokines and ni-
tric oxide (NO). Thus, oxidative stress might indirectly
contribute to DR secondary to stimulation of inflammation
or directly contribute to the retinopathy via oxidative dam-
age to cells. Oxidative stress can be generated in multiple
subcellular compartments, and each has been implicated in
the pathogenesis of DR.

Mitochondrial Dysfunction

Hyperglycemia-induced electron transport chain dysfunction,
resulting in electron leakage through complex I and complex
III, leads to increased superoxide and ROS levels.19 In
addition, mitochondrial DNA, which codes for 13 essential
electron transport chain proteins, is prone to oxidative
stress.20 Therefore, oxidative stresseinduced damage of
mitochondrial DNA often leads to impaired transcription of
electron transport chain proteins, which compromises elec-
tron transport chain function and further escalates ROS pro-
duction.20,21 In addition, the inhibition of superoxides also
inhibited glucose-induced release of proapoptotic cytochrome
c and Bax in retinal pericytes and endothelial cells, thus
further substantiating a causal link between mitochondrial
oxidative stress and DR pathogenesis.22

Altered Levels of Nox

NADPH oxidase (Nox) enzymes catalyze the oxidation of
NADPH to NADP in the cytosol and the reduction of oxygen
across biological membranes to generate superoxide an-
ions.23 Nox2 and Nox4 isoforms are overexpressed in retinal
endothelial cells and vessels under hyperglycemic and hyp-
oxic conditions, leading to elevated ROS production.24

Reducing several Nox isoform levels has been shown to
alleviate several symptoms of DR, such as retinal neo-
vascularization, blood retinal barrier breakdown, and leuko-
stasis, thus connecting Nox activity to DR pathogenesis.25,26

Uncoupled Proteins Influence NO Synthase and
ROS Levels

Uncoupling of NO synthase has been shown to increase
superoxide production.27 These superoxides can also react
with NO to form peroxynitrite, which is a major contributor
to cellular injury and oxidative stress.27 A polymorphism in
The American Journal of Pathology - ajp.amjpathol.org
the -3826A/G allele of uncoupling protein (UCP)-1 has also
been reported to diminish UCP-1’s protective effects against
ROS, thus increasing oxidative stress in diabetic patients.28

In addition, 866G/A, Ala55Val, and 45-bp insertion/deletion
polymorphisms in UCP-2 genes have been associated with
the promotion of DR by also decreasing UCP-2’s protective
effects against ROS.29

Inflammation

Inflammation is a non-specific response by which the innate
immune system of a host defends itself after exposure to an
antigen or microorganism. Although acute inflammation
generally yields beneficial results, such as tissue defense and
repair, chronic inflammation often results in more damaging
effects, such as cell death in the brain and retina.30 Typically,
invading pathogens are recognized by pattern recognition
receptors, such as Toll-like receptors. Binding of Toll-like
receptors to pathogens is mediated by specific protein, car-
bohydrate, lipid, and nucleic acid sequences on the pathogen,
called pathogen-associated molecular patterns.31 Activation of
the Toll-like receptors facilitates the release of NF-kB, which
then translocates into the nucleus to stimulate transcription of
proinflammatory chemokines, such as IL-6, tumor necrosis
factor-a, IL-1b, and monocyte chemoattractant protein-1.31

These proinflammatory chemokines play a major role in the
recruitment and activation of leukocytes and the subsequent
inflammatory responses, as discussed in Diabetes-Mediated
Inflammation in Retinal Cell Types and Pathways Involved
in Retinal Inflammation and Oxidative Stress in DR.

Inflammation and Diabetic Retinopathy

Increasing evidence implicates inflammation as a critical
contributor to the development of DR.32 Many of the inflam-
matorymediators listed in the previous paragraph are activated
in DR, but the signaling involved in initiating this response is
less clear. Nevertheless, there is evidence that these
inflammatory-like processes contribute to the pathogenesis of
DR in both animal and patient studies, in that inhibition of
proinflammatory enzymes or deletion of such enzymes inhibits
diabetes-induced vascular pathology in animal models of
DR.32 Studies also have shown that leukocytes play an
important role in the structural and functional abnormalities
that characterize DR.33,34 In patients, the most compelling
evidence that inflammatory processes play an important role in
DR pathogenesis is the dramatic effect of corticosteroids on
DME.7,35 Therefore, the specific cell types that mediate these
proinflammatory effects are of great interest.

Diabetes-Mediated Inflammation in Retinal
Cell Types

Inflammatory cytokine release and leukocyte adhesion to
the retinal vasculature are two hallmarks of early
11
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inflammation-mediated events in DR.36,37 Such events may
lead to retinal vascular cells and tight junctions becoming
compromised,38,39 which can lead to vascular leakage.
Inflammatory molecules, such as tumor necrosis factor-a,
IL-1b, IL-6, IL-8, intracellular adhesion molecule-1,
vascular cell adhesion molecule 1, integrin b-2 (CD-18),
and monocyte chemoattractant protein-1, play pivotal roles
in the pathogenesis of DR lesions.

High glucose-induced glial cell dysfunction is known to be
a facilitator of inflammatory molecule production and release.
Müller cells exposed to hyperglycemic conditions produce
increased levels of proinflammatory molecules, IL-8,40 NO,
and cyclooxygenase-2.41 Furthermore, one study reported
that the density of Müller cells increases significantly under
hyperglycemic conditions,42 thus potentially leading to
escalated production of proinflammatory cytokines. In addi-
tion, activated microglia have been observed to up-regulate
proinflammatory mediators tumor necrosis factor-a, IL-1b,
IL-6, and macrophage inflammatory protein-1.43 The result-
ing glial celleactivated neuroinflammation can thereby
contribute to vascular breakdown, while promoting further
glial and neuronal cell dysfunction.

Pathways Involved in Retinal Inflammation and
Oxidative Stress in DR

p38 MAPK Pathway

Studies have shown that the p38 mitogen-activated protein
kinase (MAPK) pathway controls other proinflammatory
cytokine and chemokine gene expression by regulating
NF-kB activity.44,45 MAPK plays a significant role in the
development of inflammation in the diabetic retina through
up-regulation of IL-6. In retinal Müller cells, activation of the
p38 MAPK/NF-kB signaling pathway increases the pro-
duction of IL-6 via IL-1b.44 However, IL-6 possesses
proinflammatory, anti-inflammatory, and apoptotic function
in the retina.46 Pharmacological inhibition of the p38 MAPK
pathway significantly inhibited diabetes-induced increases of
several lesions characteristic of DR, such as acellular capil-
laries, pericyte ghosts, and adherent leukocytes in the retinal
vasculature.47 Inhibition also reduced levels of proin-
flammatory mediators, such as intracellular adhesion
molecule-1, inducible NO synthase, and superoxides.47

Therefore, targeting the p38 MAPK pathway may reduce
the effects of inflammation in the pathogenesis of DR.

Polyol Pathway

Under hyperglycemic conditions, AR up-regulates reduction
of glucose to sorbital.48 Sorbital dehydrogenase oxidizes the
excess sorbital to fructose, which concurrently reduces
NADþ to NADH. The resultant increase in the intracellular
NADH/NADþ ratio leads to the inhibition of glyceralde-
hyde-3-phosphate dehydrogenase, which then contributes to
increased triose phosphate production. Triose phosphate
12
prompts the activation of advanced glycation end-products
and protein kinase C (PKC) pathways by inducing forma-
tion of methylglyoxal, a precursor of diacylglycerol and
advanced glycation end-products.49 In addition to an in-
crease in sorbital expression, AR up-regulation results in
excess oxidation of NADPH to NADPþ.23 The oxidation of
NADPH leaves less NADPH available for the production of
the intracellular antioxidant, glutathione, thus facilitating the
proliferation of ROS.
Although AR inhibitors were not previously considered as

treatments for anti-inflammatory effects, studies demonstrated
that the inhibitors actually possessed anti-inflammatory ef-
fects50,51 through potential blocking of glutathione-lipid
alcohol species formation. However, a recent clinical trial
using AR inhibitor, epalrestat, prevented the progression of
diabetic neuropathy, retinopathy, and nephropathy.52 A recent
study indicated that diabetic mice lacking AR were protected
from diabetes-induced reductions in visual function (namely,
contrast sensitivity and spatial frequency threshold).53

PKC Pathway

A hyperglycemia-induced increase in ROS and diac-
ylglycerol contributes to the activation of PKC. Up-regulation
of PKC results in increased vascular permeability, neo-
vascularization, and capillary apoptosis characteristic of
DR.23 In addition, PKC increases the activity of Nox, leading
to further ROS production, NF-kB activation, and inflam-
mation, as demonstrated in animal studies.54 However, clin-
ical trials failed to validate that inhibition of the PKC pathway
adequately inhibited the progression of DR55 but did have
effects on visual function.56

Novel Therapeutic Approaches and Targets to
Inhibit DR

Recent studies examining the pathogenesis of DR are
shedding light into new pharmacological approaches for
inhibiting molecular alterations underlying aspects of the
disease.57e59 Furthermore, studies have also identified new
cellular contributors in the retinopathy beyond the common
focus solely on the vasculature.58,60,61 Several recent lines
of evidence have also identified potential new targets for
inhibition of DR, and several Food and Drug Admin-
istrationeapproved drugs (against other diseases) have been
found to inhibit the diabetes-induced degeneration of retinal
capillaries characteristic of DR in diabetic rodents. Some of
these repurposed drugs were initially identified as protective
against DR in clinical trials, whereas others are being tested
now only in animals. Such examples are discussed below.

Anti-Inflammatory Agents

One anti-inflammatory approach that has been investigated
with regard to experimental treatment of experimental DR in
ajp.amjpathol.org - The American Journal of Pathology
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Mechanisms Underlying DR Development
animal models involves the inhibition of tumor necrosis
factor-a with soluble receptor fusion proteins etanercept and
pegsunercept.62 This treatment has been shown to down-
regulate intracellular adhesion molecule-1 production, lower
intercellular NF-kB concentrations, and decrease leukostasis
and acellular capillary and pericyte ghost formation.62

Nonsteroidal anti-inflammatory drugs are a class of drugs
that elicit anti-inflammatory effects by inhibiting cyclo-
oxygenase enzyme-mediated prostaglandin formation.63,64

At high doses, cyclooxygenase-2 inhibitor meloxicam has
been shown to reduce endothelial NO synthase concentra-
tions,62 NF-kB activation levels,37 and leukocyte adhesion62

in diabetic retinas. In addition, our study indicates that
fenofibrate can reduce high glucose-induced cyclo-
oxygenase-2 up-regulation to exhibit anti-inflammatory
effects.65 Aspirin has also been shown to significantly
reduce the adhesiveness of leukocytes62 and, at high doses,
to minimize the development of microvascular lesions in
patients in non-proliferative DR.64,66,67

Leukocytes have been shown to play a major role in the
degeneration of retinal capillaries in DR.33,34 Leukocyte
integrin amb2 (alias CD11b/CD18 or MAC1), a protein
mediating adhesion between leukocytes and endothelial
cells, has been shown to facilitate such damage to endo-
thelial cells by activating leukocytes.33 Diabetes causes a
significant increase in leukocyte adhesion to the retinal
microvasculature (leukostasis), and selective antagonism of
that adhesion by expression of neutrophil inhibitory factor
has been shown to inhibit the diabetes-induced degeneration
of retinal capillaries.60 Leukocytes normally play an
important role in immune function, so it is significant that
the study also provided evidence that neutrophil inhibitory
factor did not inhibit normal immune surveillance. Thus,
inhibition of leukocyte adhesion to retinal endothelial cells
is a potential therapeutic target to inhibit DR.
Fibrates

Fenofibrate is known as a cholesterol-lowering agent and
lipid-modifying drug that regulates the expression of many
different genes, with a range of beneficial effects on inflam-
mation, angiogenesis, extracellular matrix overexpression,
and cell apoptosis. Results from several clinical trials have
demonstrated unexpected benefits also on DR. The Fenofi-
brate Intervention and Event Lowering in Diabetes study,
conducted in Australia, Finland, and New Zealand, reported a
37% reduction in the need for laser surgery to prevent vision
loss, and a 79% slowing in a two-step progression on the
Early Treatment Diabetic Retinopathy Study score in sub-
jects with existing retinopathy.12 The Action to Control
Cardiovascular Risk in Diabetes eye trial confirmed the
beneficial effects of fenofibrate on DR,68 showing a similar
40% reduction in progression of retinopathy with fenofibrate.
Fenofibrate recently has been approved for use in Australia to
slow the progression of existing DR in patients with type 2
The American Journal of Pathology - ajp.amjpathol.org
diabetes. Originally considered a lipid-modifying drug, it
now appears that multiple mechanisms may underpin the
benefit of fenofibrate on diabetic microvascular end points.69

G-ProteineCoupled Receptor Agonists and
Antagonists

Guanine nucleotide triphosphate-binding protein (G protein)e
coupled receptors form a large diverse superfamily of mem-
brane proteins encoded by >800 genes in the human
genome.70 They respond to a variety of extracellular signals,
including photons, ions, small organic molecules, and proteins,
that lead to conformational changes and cause activation of
cytosolic signaling through activation of one or several G
proteins. Subsequently, these G-proteinecoupled receptors
regulate effector molecules, such as calcium, potassium chan-
nels, adenylate cyclase, phospholipase C, and protein kinases.

Recently, two classes of extracellular G-proteinecoupled
receptors (adrenergic and serotonergic receptors) have been
shown to participate also in the pathogenesis of early stages of
DR, including the diabetes-induced increase in retinal oxida-
tive stress and expression of proinflammatory proteins.58

Moreover, pharmacological inhibition of either the a1-adren-
ergic receptor or downstream NADPH oxidase (both compo-
nents of theGq-regulated signaling pathway) with doxazosin or
apocyinin, respectively, lowered the diabetes-induced increase
in retinal oxidative stress, expression of proinflammatory
proteins by the retina, and the resulting degeneration of retinal
capillaries.58 The results show that overactive Gq signaling
plays a causal role in the development of DR.

Likewise, there is also evidence for a role of the
b-adrenergic receptor in DR pathogenesis. b-Adrenergic
receptors signal via the Gs pathway, leading to the accu-
mulation of cyclic adenosine monophosphate. Loss of
adrenergic input is common in diabetes, and treatment
with b-adrenergic receptor antagonists71 or deletion of
b2-adrenergic receptors in mice72 replicated features of DR,
even in the absence of diabetes. Compound 49b, a
b1/b2-adrenergic receptor agonist, inhibited the diabetes-
induced degeneration of retinal capillaries and loss of
capillary pericytes and ganglion cells.73 In addition, daily
administration of the b-adrenergic receptor agonist, isopro-
terenol, significantly reduced the diabetes-induced loss of
electroretinographic amplitudes, inhibited apoptosis of
retinal neural cells, and decreased the numbers of degen-
erate capillaries.71,74,75

Photoreceptors and Modulation of the Visual
Cycle

Photoreceptors and retinal pigment epithelium (RPE) of the
outer retina form a functional unit inasmuch as both cells are
needed to complete the visual cycle for vision. However,
neither of these cells has been commonly regarded as
important in the pathogenesis of DR. Nevertheless,
13
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accumulating evidence raises a possibility that the unique
susceptibility of the retina to injury in diabetes may, in fact,
be because of the effects of photoreceptors and/or RPE.

Arden76 sent a survey to a group of diabetic patients who
also had retinitis pigmentosa, and found that DR seemed
less severe in diabetics who also had retinitis pigmentosa
(and therefore, photoreceptor degeneration). de Gooyer
et al77 subsequently reported that diabetes did not cause the
expected decrease in density of the retinal microvasculature
in mice lacking most photoreceptors secondary to deficiency
of opsin (Rho�/�). We recently confirmed this using opsin-
deficient mice and in mice having a P23H mutant opsin
knocked in, and extended this observation by showing that
the stress in photoreceptors undergoing degeneration greatly
exacerbated capillary degeneration, but that this stress is
reduced after the photoreceptors have degenerated. Photo-
receptors do not characteristically degenerate because of
diabetes,78 so they manifest a continuous stress that includes
increased oxidative stress60 and affects the vasculature.

Hypotheses that might help explain how photoreceptors
influence the development of DR include hypoxia79,80 and
oxidative stress.60 These hypotheses are not mutually
exclusive.
RPE Data

The RPE is a specialized epithelium that affects photore-
ceptor (and thus, retinal) function and integrity. Main
functions of the RPE include transport of nutrients, ions, and
water, absorption of light, protection against photo-
oxidation, reisomerization of all-trans-retinal into 11-cis-
retinal, which is crucial for the visual cycle, phagocytosis of
shed photoreceptor membranes, and secretion of essential
factors for the structural integrity of the retina.81 Diabetes
has been found to affect many of these functions, but the
contribution of the RPE to the pathogenesis of DR remained
largely unknown. Nevertheless, several abnormalities
induced in RPE in diabetes (excessive production of
vascular endothelial growth factor, subnormal production of
pigment epithelium-derived factor,82 and increased perme-
ability across the RPE,83,84 potentially allowing excessive
water influx into the retina83) have a clear relationship with
the retinopathy.

The role of RPE in early retinal vascular abnormalities of
diabetes was recently tested.59 Retinylamine is an analog of
vitamin A that is selectively retained by only two tissues in
the body, RPE and liver. It is an effective trap for reactive
aldehydes, and is known to inhibit the RPE-specific protein
65 kDa,85,86 an enzyme of the visual cycle that converts all-
trans-retinol esters back to 11-cis-retinal.87,88 Administra-
tion of retinylamine once per week to diabetic mice
significantly inhibited the diabetes-induced increase in
retinal production of superoxide and expression of proin-
flammatory proteins. More important, this therapy, which
acts in the RPE, also inhibited retinal lesions that are
14
clinically relevant in DR (degeneration of retinal capillaries
and increased permeability).59 The available data suggest
that RPE cells and possibly also the visual cycle contribute
to the development of DR. Neither the RPE nor enzymes of
the visual cycle have previously been identified as potential
contributors to the pathogenesis of DR or as potential targets
for therapeutic inhibition of DR.

Photobiomodulation

Photobiomodulation is the application of low-level light that
has a biological effect. Numerous studies have shown that
light in the far-red to near-infrared region of the spectrum
(630 to 1000 nm) can have beneficial effects in vitro and
in vivo to heal existing tissue damage and to inhibit the
development of tissue pathology.89e92 Studies related to the
retina likewise have demonstrated that the low-intensity
far-red (670 nm) light treatment mitigates pathology in
retinal degeneration models93,94 and, recently, also in
DR.95,96 In both diabetic albino rats96 and pigmented
mice,97 whole-body exposure to far-red light (670 nm) for
only 4 minutes per day from the onset of diabetes or as an
intervention mitigated abnormalities that are believed to
contribute to DR, including increased generation of super-
oxide, induction of a local proinflammatory environment,
and dysfunction or degeneration of retinal neurons.
Consistent with this, daily photobiomodulation administered
to a small series of diabetic patients having nonecenter-
involved macular edema was associated with the gradual
reduction in retinal thickness.95

Arden et al98 likewise used light to exert a beneficial
effect on DME. In one study, they used trans-eyelid retinal
illumination of one eye in patients with DR during sleep
throughout a 3-month period, and found a reduction in the
number of hemorrhages and microaneurysms compared to
the contralateral eyes.98 In another study by the same group,
diabetic patients with early (nonesight-threatening) DME
wore a mask that illuminated one closed eye with 505-nm
light over 6 months while they slept.57 This treatment
likewise showed regression of DME and improved visual
function. They postulated that avoiding periods of darkness
by providing weak nocturnal illumination reduced meta-
bolic activity of rods, thereby reducing the hypoxia that
develops in the retina, especially when the vasculature is
compromised (such as in diabetes).

Connexins

Studies have demonstrated that the gap junction protein,
connexin 43 (Cx43), plays a critical role in regulating
intracellular communication and vascular homeostasis in the
retina.99,100 Down-regulation of Cx43 expression subse-
quently decreases cell-cell communication to promote
vascular cell death and vascular permeability under high
glucose conditions.100 However, the role of high
ajp.amjpathol.org - The American Journal of Pathology
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glucoseeinduced changes in Cx43 expression in human
DR, and the potential application of this knowledge in the
treatment of DR, is only beginning to be understood. Our
findings demonstrated that high glucoseeinduced Cx43
up-regulation may have protective effects on retinal Müller
cells,99 whereas a decreased level of Cx43 alone is sufficient
to induce retinal vascular cell apoptosis.100 Likewise,
reduced levels of Cx43 are associated with retinal vascular
lesions in human DR.61

Neuroprotectants

Although there is evidence that the death of retinal neurons
develops before that of vascular cells in both animal and
human models,101 suggesting the importance of neuro-
degeneration in the pathogenesis of DR, it is not yet clear that
cell death is the culprit, as opposed to less obvious metabolic
or functional defects within remaining neurons. Nonetheless,
neuroprotective treatment strategies have been shown to treat
retinopathy and accompanying visual impairment or loss.102

Pigment epithelium-derived factor injections in diabetic rats
have been shown to suppress induction of glial fibrillary
acidic protein, reduce oxidative stressemediated neuro-
degeneration, and inhibit blood retinal barrier breakdown in
diabetes.103 In addition, intravitreal injections of pigment
epithelium-derived factor in diabetic rats protected retinal
neurons from glutamate toxicity, likely by decreasing IL-1b
levels.104 Intravitreal injections of exogenous erythropoietin
inhibit retinal cell death and protect blood retinal barrier
structure in diabetic rats105 and improve visual acuity in
patients with chronic DME.106 Administration of a somato-
statin analog had a direct antiangiogenic effect in the retina of
patients with proliferative diabetic retinopathy.107

Are Laboratory Rodent Models of DR Suitable
for the Assessment of Potential Therapies?

Rodent models of diabetes have played a critical role in
improving our understanding of the pathogenesis of diabetic
retinopathy. These animal models were used for identifica-
tion of biochemical and structural changes associated with
structural or functional defects of the retina in dia-
betes.24,49,80,108 Investigators have made significant prog-
ress in identifying changes associated with gene expression
in different retinal cell types, and biochemical sequelae
triggered by hyperglycemia, which have contributed to
improved understanding of the development of molecular
and cellular events that occur in DR.100,109e112

Despite the enormous popularity of rodent models in DR
research, the applicability and suitability of rodent models for
the assessment of potential therapies remains an open question.
Rodentmodels have certainly proved useful in providingmuch
of our current understanding regarding the response of the
retinal cells to the diabetic milieu, and it is expected that these
models would continue to provide insight into the molecular
The American Journal of Pathology - ajp.amjpathol.org
mechanisms contributing to specific abnormalities, including
capillary degeneration, vascular permeability, and neo-
vascularization. However, the rodent model has its limitations
for the study of DR, because it lacks the macula, the region
responsible for vision acuity, which is severely affected in
diabetes. This makes it inherently difficult to study mecha-
nisms underlying the development and progression of DME as
well as development of new therapies directed for macula-
related diseases. It is certain thatwhile rodentmodelswill retain
their usefulness and applicability in the area of research, other
animal models would offer the ability to study unique areas
presently lacking in the rodent models.

Primates

Primates are evolutionarily closer to humans than rodents
and, therefore, knowledge gained from studying primate
models of diseases is likely to be more physiologically
relevant and applicable toward treatment strategies for
humans. Significant impediments in using the primate
model for DR research currently are the long durations for
retinopathy to develop in primates, and the cost involved in
maintaining these primates in institutional animal research
facilities over that interval. The common marmoset, a new
world primate, has been shown to be an excellent model for
studying diseases, including ocular diseases such as
exudative age-related macular degeneration with choroidal
neovascularization, glaucoma, and myopia.113e116

Experimentally galactosemic marmosets recently have
been shown to develop lesions that are characteristic of
nonproliferative DR in patients (including degenerate cap-
illaries, microaneurysms, and vascular permeability) within
2 years of disease onset.117,118 There are two significant
additional features of this primate model. The first is that
these animals are small, and so are well suited for the space
limitations of most research facilities. The second is that, in
addition to the lesions of early DR, galactose-fed marmosets
develop also DME, which cannot be studied in any rodent
models of diabetes (rodents and other laboratory animals
lack a macula). Therefore, this model offers a unique plat-
form for studying vascular and macular changes in diabetic-
like retinopathy as well as testing novel drugs in an animal
model that is a step closer to human DR.

Conclusions

Ongoing research continues to offer new insights into the
pathogenesis of DR. Vascular lesions seem to account for
most clinically meaningful vision loss in DR, but accumu-
lating evidence shows that multiple different cell types
(from inside and outside the eye) actively contribute to the
development of those structural and functional changes that
compose the retinopathy. Each of these different cell types
and molecular alterations identified offer new potential
therapeutic sites at which to inhibit the retinopathy. Studies
15
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to date have offered statistical insight on the efficacy of a
given therapy toward a population of patients or animals,
but biomarkers or other ways to predict which patients are
most at risk of developing sight-threatening DR, or who will
respond to a particular therapy, are needed in the future.
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