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Abstract

Diabetic retinopathy is the major ocular complication associated with diabetes, and represents the leading cause of legal blindness in the
working-age population of developed countries. Although classically diagnosed based on abnormalities of the retinal microvasculature,
diabetic retinopathy is now widely recognized as a neurovascular disease. While all patients with diabetes are at increased risk for eye disease
including diabetic retinopathy, proactive measures, and timely intervention can prevent or delay subsequent vision loss. Systemic management
of diabetes by combined control of glycemia, blood pressure, and serum lipid levels remains the most important method of preventing diabetic
retinopathy onset and progression. Once detected, surgical and medical interventions including photocoagulation, vitrectomy, and intravitral
drug injection can help preserve vision. However, the need for improved detection methods and therapies that will allow earlier diagnosis
and treatment remains apparent. This review summarizes current techniques for the prevention and intervention for diabetic retinopathy, and
examines ongoing developments in the search for new endpoints and therapies as they apply to preventing vision loss associated with diabetes.
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Diabetes is a metabolic disease resulting from the body’s insufficient
production or use of insulin, a peptide hormone responsible for
regulating glucose levels in the blood and tissues. Especially when
improperly managed, diabetes results in a number of complications
over time, affecting nearly every organ system, including the ocular
tissue. In addition to increased risk for glaucoma and cataracts, the
most threatening ocular implication of diabetes is diabetic retinopathy,
an aggressive disorder historically clinically associated with a variety of
retinal microvascular abnormalities. Disease severity is typically classified
into two types: nonproliferative diabetic retinopathy (NPDR), marked by
microaneurysms, intraretinal hemorrhaging, and other microvascular
aberrations, and proliferative diabetic retinopathy (PDR), characterized
by the onset of neovascularization and vitreal hemorrhaging." Diabetic
macular edema (DME), another manifestation of diabetic retinopathy
involving macular thickening due to fluid accumulation, is accountable
for a great proportion of diabetes-related vision loss.? While advanced
stages of PDR have classically been regarded as the most threatening
to sight, visual dysfunction at all stages, even those deemed mild by
clinical evaluation, is now apparent. As the leading cause of blindness
in US working-age adults,® diabetic retinopathy has many economic
implications for healthcare systems and the overall population,* as well as
a variety of personal consequences on patient quality of life.>¢ However, if
addressed early and proactively, the incidence of severe vision loss from
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diabetic retinopathy can be significantly reduced. This review will discuss
the systemic measures necessary for diabetic retinopathy prevention,
as well as interventions currently available to delay or stop retinopathy
progression once diagnosed. The limitations of present treatment options
will also be addressed, as well as current developments in the search
for new endpoints and technologies that may allow for earlier detection.
Finally, investigations of some of the new therapies and future approaches
to diabetic retinopathy research will be reviewed.

Systemic Control and Preventive Intervention

As the prevalence of diabetes worldwide continuously increases,
incidence of vision-threatening diabetic retinopathy is projected to nearly
triple in the next 40 years.” For patients diagnosed with diabetes, the most
important method of preventing visual complications, such as retinopathy;,
is to control the diabetes at a systemic level. Tight regulation of glycemia
via intensive insulin therapy significantly reduces the risk for retinopathy
prevalence and progression.t In addition to its effect on glycemic and
circulating insulin levels, systemic insulin therapy has been shown to have
a local impact on ocular tissue as well, including restoration of retinal
insulin receptor signaling cascade and rod photoreceptor function.”™
We recently demonstrated that both components of systemic insulin
treatment—normalization of glycemia and insulin signaling, including
locally—were critical in restoring normal retinal function.” Hypertension
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is another well-known systemic effect of diabetes that can necessitate
specific intervention. Indeed while there are conflicting reports on the
benefit of antihypertensive therapies alone, combined control of glycemia
and blood pressure has been clearly shown to significantly delay the
onset and slow the progression of diabetic retinopathy.’>®

Serum lipid levels have also gained recent attention for their potential
impact on vision loss in patients with diabetes. Specifically, dyslipidemia
and elevated low-density lipoprotein (LDL) have been shown to be
significantly associated with retinal hard exudate formation. These
factors, along with total cholesterol elevation, are also associated with
the occurrence of DME.''” A correlation between triglyceride levels and
diabetic eye disease has been suggested as well, though its impact on
retinopathy specifically is debated.®2° Further studies are investigating
the preventive impact of lipid-lowering agents, such as fibrates and
statins, and the first reports have showed a positive impact on reducing
diabetic retinopathy onset and progression.?'2 However well achieved,
careful regulation of glycemia, blood pressure, and lipid serum levels
does not eliminate the potential for vision complications, demonstrating
the existence of other risk factors. Different epidemiologic studies have
shown that smoking males with type 1 diabetes have a higher prevalence
of ocular disease.?*? An association was also reported between
ocular perturbations and previous diagnosis of albuminuria or diabetic
nephropathy.?¢?” Additional risk factors include puberty, pregnancy, and,
most obviously, duration of disease.?*?’ Therefore consistent screening is
necessary for early detection. It is recommended for type 1 patients with
diabetes to receive a comprehensive ophthalmic examination 3 to 5 years
after diagnosis, while type 2 diabetics should begin being monitored
immediately after diagnosis. Women trying to conceive should have
an additional exam prior to conception and during the first trimester.®
Continued dilated eye examinations are recommended annually for
asymptomatic patients, with suggested follow-up frequency increasing
with diabetes duration and symptom severity.?

Current Therapies

Surgical

The standard of care for patients with high-risk PDR remains pan-
retinal (scatter) photocoagulation surgery, administered in effort to halt
neovascularization and prevent hemorrhaging. Scatter laser treatment is
alsoanoptiontoslow progression of retinopathy and subsequentvisionloss
in select patients with non-high-risk PDR and even severe NPDR; however,
side effects such as loss of peripheral and night vision often deem the
treatment at this level less favorable.**3" When clinically significant DME
is present, focal photocoagulation surgery is recommended, preferably
before pan-retinal treatment if both are required.®® While laser treatment
does not restore vision already lost, the damage it inflicts is in preference
over that which would occur if retinopathy continued to progress. In
advanced cases where laser treatment is either not recommended or
insufficient, vitrectomy is an option to address hemorrhaging, as well
as to correct retinal detachment and scarring. Vitreous surgery has
proved to be a useful therapy for both severe PDR and DME, % and
drastic improvement of quality of life has been reported in both cases.®
Supplementing the procedure with epiretinal membrane removal can also
increase visual acuity in patients with scarred retinal tissue,* and peeling
of the inner limiting membrane may vyield similar visual and anatomical
improvements in patients with DME.3%

US OPHTHALMIC REVIEW

Pharmaceutical

In addition to surgical procedures, there are two major classes of locally
administered pharmacotherapy available to manage diabetic retinopathy:
molecular target agents and synthetic corticosteroids. While molecular
target agents aim at controlling one or more of the many pathways
involved in the pathogenesis of diabetic retinopathy, corticosteroids are
primarily used for their anti-inflammatory function.

At thistime, the leadersin the area of molecular target agents are inhibitors
of vascular endothelial growth factor (VEGF), a factor known to be involved
in angiogenesis and increased permeability of the blood-retinal barrier,
contributing to both PDR and DME.*# Intravitreal injections of anti-VEGF
agents are thus novel therapies for the reduction of neovascularization
and vessel leakage, and its efficacy has been well demonstrated in both
clinical trials and practice.®*40 Combination treatment supplementing
pan-retinal photocoagulation with anti-VEGF injections has consistently
demonstrated greater vascularization regression and leakage reduction
than laser treatment alone.*#? In fact, comparative studies even suggest
that the efficacy of injection-only treatment surpasses that of the more
damaging laser option in patients with DME.*# There are a number of
molecular agents under investigation that act to inhibit VEGF in different
ways, including full and fragmented antibodies, small interfering RNAs
(SiRNAs), and recombinant fusion proteins, although most remain
in developmental or trial phases.®” While agents acting on VEGF by
alternative mechanisms may prove more robust once implemented in
practice, the efficacy of the anti-VEGF therapies available to patients is
limited, primarily restricted to the treatment of DME and even then with a
variable success rate of 30-50 %.44

In addition to molecular target agents, the second class of medical
treatment involves injection of synthetic corticosteroids, namely
intravitreal triamcinolone acetonide (IVTA). Historically utilized for
their anti-inflammatory effects, corticosteroids seem to act by many
mechanisms in the retina, and ocular administration has been
associated with a variety of benefits for diabetic retinopathy. By inhibiting
prostaglandin production, IVTA also suppresses VEGF along with
various other cytokines suspected to be involved in the pathogenesis
of DME, proving to be a more effective treatment than strictly anti-VEGF
agents.#-#? Most recent studies are now suggesting a neuroprotective
function of corticosteroids as well, specifically by demonstrating anti-
apoptotic effects in retinal neurons under diabetic conditions.*® The
restorative effects of IVTA are also notably longer lasting than anti-VEGF
therapies, thus requiring less frequent treatment and lowering the risk for
injection-associated complications such as endophthalmitis and retinal
detachment over time. #5152

However, while anti-VEGF therapy appears relatively void of short-term
side effects, the incidence of complications from corticosteroid injection
is high. The most common of those observed are intraocular pressure
elevation and cataract formation,** both of which must be monitored for
and promptly addressed to avoid subsequent vision loss. Although clinical
trials have deemed anti-VEGF therapies safe and with low indication of
serious side effects, long-term effects have yet to be reported. Recent
attention has been given to VEGF's important natural role in retinal
function and the dangers of its continued antagonism.>>* Because of
their relatively recent implication, additional research is necessary to
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confirm the ultimate safety of evolving medical therapies, and their risks
are important to consider when assessing treatment options.

Research for Improved Therapies

Novel Endpoints

While research continues for the development of new treatment options,
optimization of screening techniques s critical for prevention of vision l0ss.
Timely intervention at specific phases in retinopathy progression remains
most effective in preserving vision and delaying progression to irreversibly
damaging stages. In the past, these stages were classified by the Early
Treatment Diabetic Retinopathy Study (ETDRS) severity scale, which
grades disease severity based on patient fundus photographs. However,
the scale is largely outdated and proving insufficient in accommodating
new advancements in disease detection.® A simpler classification system
has since been developed that refines disease pathology to five main
stages: no apparent retinopathy; mild NPDR; moderate NPDR; severe
NPDR; and PDR." These stages, like in the ETDRS severity scale, are defined
by the observation of vascular abnormalities such as microaneurysms,
hemorrhaging, and neovascularization. Automated grading of these
criterion has been a long-standing goal for screening efficiency, but
despite recent advances,” remains to be achieved. The advent of digital
fundus cameras has made manual screening for visible indicators more
accessible; however, diabetic retinopathy causes changes not only in
retinal vasculature but also in the neuronal network as well.* It is now
established that the retina exhibits important morphologic and functional
changes even before vascular lesions are evident.*' Optical coherence
tomography (OCT) can be used to detect relatively severe loss of
neuroglia in the nerve fiber layer,®? as well as early development of edema
by measuring retinal thickness in clinically asymptomatic patients.®¢*
Magnetic resonance imaging (MRI) may also be an effective screening
method for early diagnosis by detecting subtle structural changes in the
blood-retinal barrier.¢>% Most recently, however, attention is being shifted
to the physiologic indicators of diabetic retinopathy. Since apparent
structural changes indicate that fairly substantial perturbation of the
retina has already occurred, antecedent endpoints or more sensitive
detection methods must be identified to allow for earlier, more effective
intervention. Ongoing studies using multifocal electroretinogram (mfERG)
technology are revealing that measurable functional changes exist in
patients with diabetes with no classic indicators of retinopathy,®¢¢ and
suggest that these changes occur before the initiation of morphological
changes.®” The measure of local ERG implicit time delay using mfERG is
now being investigated for application as a quick and sensitive screening
tool, due to its ability to not only predict patient risk for developing
retinopathy, but also to locally pinpoint potential problem areas in the
retina. As sites exhibiting neuronal dysfunction have been correlated with
those that later develop vascular abnormalities and eventually threaten
vision,” mfERG technology may provide an informed method to quantify
the risk for disease and the course of its progression. Models considering
MfERG results along with other factors, such as patient glucose levels,
have been extremely successful in the prognosis of patients with diabetes
both with and without retinopathy at baseline.”*”® Most recently, tests of
visual fields have also been reported to be more indicative of functional
deficiency than visual acuity tests when determining retinopathy severity.”*
Frequency doubling technology (FDT) perimetry is now being used to
investigate the neuronal consequences of early diabetic retinopathy by
testing the visual field. Studies applying the technology have revealed
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severe impairment of retinal function, particularly affecting the inner
retina and rod photoreceptors, even before visual acuity decline.”> The
ability to detect these impairments has ignited promising investigations of
FDT application as a screening tool for sight-threatening retinopathy,’s””
as well as its use in studying early disease pathogenesis.

Novel Targets/Treatments

While new screening methods may allow for earlier detection of diabetic
retinopathy onset, the need for subsequent therapies remains evident.
Drugs currently available primarily target late stages of the disease when
vision has already been significantly and often irreversibly affected. As
the intricate mechanisms underlying retinopathy onset and progression
become more understood, new molecular targets are being identified that
may prove therapeutic due to their involvement in a variety of pathways,
including those instigating vascular modeling, inflammatory response,
and neuroprotective mechanisms.

Although VEGF is an established molecular target contributing to
microvascular abnormalities, anti-VEGF drugs are only indicated and
efficient in a relatively small subset of diabetic retinopathy patients. Both
classical and atypical protein kinase C (PKC) have been identified as
required components of pathways involving VEGF and associated factors,
controlling the permeability of the blood-retinal barrier and other vascular
alterations.”®# Inhibitors of PKC isoforms have long been considered
and remain under investigation as more effective therapies to delay or
reduce the damaging vascular consequences of developing diabetic
retinopathy.®'-#2 Pro-inflammatory pathways have also been demonstrated
to be instrumental in blood-retinal barrier breakdown, apoptosis of vascular
endothelial cells, and retinal leukostasis, collectively contributing to lesions,
vessel leakage, and, ultimately, vision 10ss.8-#° Inhibition of a variety of major
mediators involved in inflammatory responses, such as tumor necrosis
factor alpha (TNFa),%# cyclooxygenase (COX-2),% nuclear factor-kappaB
(NFkB),®” and its proposed cofactor poly(ADP-ribose) polymerase (PARP)?
has proved the therapeutic benefit of anti-inflammatory drugs in delaying
diabetes-associated retinal vascular complications.

The relatively recent recognition of diabetic retinopathy as both a
structural and functional disease has drawn increasing attention to the
neuronal aspects of diabetes-related retinal damage, which may ultimately
contribute to therapies more preventive in nature. Neurodegeneration, a
prominent feature of early disease development and large contributor to
subsequent vision loss, has been shown to result from a variety of factors
instigated by diabetes pathology, such as oxidative stress?*?and improper
retinal activation of the renin-angiotensin system (RAS).”>% Pathways
provoked by reactive oxygen species (ROS) impact the neuroglia that, in
turn, evokes vascular consequences. Disruption of these pathways by
inhibiting important mediators such as advanced glycation endproducts
(AGEs) and their receptors have demonstrated protective effects against
vision loss.?*% Similarly, studies investigating the blockade of the RAS via
associated target agents including angiotensin converting enzyme (ACE)
inhibitors and angiotensin receptor blockers (ARBs) have shown positive
effects in reducing diabetic retinopathy progression.””%

Also important to the pathogenesis of diabetic retinopathy is the

progressive disruption of intrinsic protective mechanisms. The next
generation of retinopathy research is uncovering the reduction or
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dysfunction of several agents that, under normal conditions, serve
neuroprotective and reparative roles. Pigment epithelial derived factor
(PEDF), for example, is a multifunctional protein typically operating as a
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neuroprotective, antioxidative, and anti-inflammatory agent, but its levels

are substantially decreased in early diabetic retinopathy.”® Conversely,
levels of ocular crystallins and other heat shock proteins (HSPs) that
normally elicit neuroprotective responses in stress conditions have
been shown to be overexpressed in the diabetic retina; however, their
protective functions are impaired.’©-'% Erythropoietin (EPO) is another
agent proved imperative for retinal cell survival and compensatory
mechanisms in response to early neuronal damage in retinopathy;
however, its upregulation in advanced stages of disease development can
alternately contribute to neovascularization and worsen PDR." Studies

conclusions

in diabetes. |

are underway to further characterize the therapeutic potential of these
natural protective agents, either in their native or slightly modified form,
in early stages of diabetic retinopathy.’>1%?

Diabetic retinopathy is a complex neurovascular disorder that may
threaten vision in all patients with diabetes. A proactive, multidisciplinary
approach can help significantly reduce the risk for vision loss from
diabetes and associated eye disease such as diabetic retinopathy. While
the intricate mechanisms contributing to disease pathogenesis continue to
be elucidated, future research should be integrative in nature, addressing
both systemic and ocular factors as they contribute to vision impairment

20.

21.

22.

Wilkinson CP, Ferris FL 3rd, Klein RE, et al., Proposed
international clinical diabetic retinopathy and diabetic
macular edema disease severity scales, Ophthalmology,
2003;110(9):1677-82.

Bandello F, Battaglia Parodi M, Lanzetta P, et al., Diabetic
macular edema, Dev Ophthalmol, 2010;47:73-110.

Fong DS, Aiello LP, Ferris FL 3rd, et al., Diabetic retinopathy,
Diabetes Care, 2004,27:2540-53.

Rein DB, Zhang P, Wirth KE, et al., The economic burden of
major adult visual disorders in the United States,

Arch Ophthalmol, 2006;124:1754-60.

Mazhar K, Varma R, Choudhury F, et al., Severity of diabetic
retinopathy and health-related quality of life: the Los Angeles
Latino Eye Study, Ophthalmology, 2011;118:649-55.

YuY, Feng L, Shaoy, et al., Quality of life and emotional change
for middle-aged and elderly patients with diabetic retinopathy,
Int J Ophthalmol, 2013,6:71-4.

Saaddine JB, Honeycutt AA, Narayan KM, et al., Projection of
diabetic retinopathy and other major eye diseases among
people with diabetes mellitus: United States, 2005-2050,

Arch Ophthalmol, 2008;126:1740-47.

Zhu CH, Zhang SS, Kong Y, et al., Effects of intensive control

of blood glucose and blood pressure on microvascular
complications in patients with type Il diabetes mellitus,

Int J Ophthalmol, 2013;6:141-5.

Reiter CE, Wu X, Sandirasegarane L, et al., Diabetes reduces
basal retinal insulin receptor signaling: reversal with systemic
and local insulin, Diabetes, 2006;55:1148-56.

Holfort SK, Norgaard K, Jackson GR, et al., Retinal function in
relation to improved glycaemic control in type 1 diabetes,
Diabetologia, 2011;54:1853-61.

Fort PE, Losiewicz MK, Reiter CE, et al., Differential roles of
hyperglycemia and hypoinsulinemia in diabetes induced retinal
cell death: evidence for retinal insulin resistance, PloS One,
2011,6:€26498.

Tight blood pressure control and risk of macrovascular and
microvascular complications in type 2 diabetes: UKPDS 38. UK
Prospective Diabetes Study Group, BMJ, 1998;317,703-13.
Leske MC, Wu SY, Hennis A, et al., Hyperglycemia, blood
pressure, and the 9-year incidence of diabetic retinopathy: the
Barbados Eye Studies, Ophthalmology, 2005;112:799-805.
Beulens Jw, Patel A, Vingerling JR, et al., Effects of blood
pressure lowering and intensive glucose control on the
incidence and progression of retinopathy in patients with type
2 diabetes mellitus: a randomised controlled trial, Diabetologia,
2009;52:2027-36.

Group AS, Group AES, Chew EY, et al., Effects of medical
therapies on retinopathy progression in type 2 diabetes,

N Engl J Med, 2010;363:233-44.

Idiculla J, Nithyanandam S, Joseph M, Mohan, et al., Serum
lipids and diabetic retinopathy: A cross-sectional study,

Indian J Endocrinol Metab, 2012;16:5492-94.

Miljanovic B, Glynn RJ, Nathan DM, et al., A prospective study
of serum lipids and risk of diabetic macular edema in type 1
diabetes, Diabetes, 2004;53:2883-92.

Zhang Y, Wang Y, Ying GS, et al., Serum lipids and other risk
factors for diabetic retinopathy in Chinese type 2 diabetic
patients, J Zhejiang Univ Sci B, 2013;14:392-9.

Benarous R, Sasongko MB, Qureshi S, et al., Differential
association of serum lipids with diabetic retinopathy

and diabetic macular edema, Invest Ophthalmol Vis Sci,
2011;52:7464-69.

Lyons TJ, Jenkins AJ, Zheng D, et al., Diabetic retinopathy and
serum lipoprotein subclasses in the DCCT/EDIC cohort, Invest
Ophthalmol Vis Sci, 2004,45:910-18.

Dodson PM, Management of diabetic retinopathy: could
lipid-lowering be a worthwhile treatment modality?, Eye,
2009;23:997-1003.

Wright AD, Dodson PM, Medical management of diabetic
retinopathy: fenofibrate and ACCORD Eye studies, Eye,

US OPHTHALMIC REVIEW

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

2011,25:843-9.

Wong TY, Simo R, Mitchell P, Fenofibrate—a potential systemic
treatment for diabetic retinopathy?, Am J Ophthalmol,
2012;154:6-12.

Hammes HP, Kerner W, Hofer S, et al., Diabetic retinopathy in
type 1 diabetes-a contemporary analysis of 8,784 patients,
Diabetologia, 2011;54:1977-84.

Rani PK, Raman R, Chandrakantan A, et al., Risk factors for
diabetic retinopathy in self-reported rural population with
diabetes, J Postgrad Med, 2009;55:92-6.

Wirta O, Pasternack A, Mustonen J, et al., Retinopathy is
independently related to microalbuminuria in type 2 diabetes
mellitus, Clin Nephrol, 1999;51:329-34.

Gilbert RE, Tsalamandris C, Allen TJ, et al., Early nephropathy
predicts vision-threatening retinal disease in patients with type
| diabetes mellitus, J Am Soc Nephrol, 1998;9:85-9.

Ding J, wong TY, Current epidemiology of diabetic retinopathy
and diabetic macular edema, Curr Diab Rep, 2012;12:346-54.
Klein R, Klein BE, Moss SE, Visual impairment in diabetes,
Ophthalmology, 1984,91:1-9.

Aiello LP, Gardner TW, King GL, et al., Diabetic retinopathy,
Diabetes Care, 1998;21:143-56.

Fong DS, Girach A, Boney A, Visual side effects of successful
scatter laser photocoagulation surgery for proliferative diabetic
retinopathy: a literature review, Retina, 2007;27:816-24.
Gupta B, Sivaprasad S, Wong R, et al., Visual and anatomical
outcomes following vitrectomy for complications of diabetic
retinopathy: the DRIVE UK study, Eye, 2012;26:510-16.

Jahn CE, Topfner von Schutz K, Richter J, et al., Improvement
of visual acuity in eyes with diabetic macular edema after
treatment with pars plana vitrectomy, Ophthalmologica,
2004;218:378-84.

Flaxel CJ, Edwards AR, Aiello LP, et al., Factors associated with
visual acuity outcomes after vitrectomy for diabetic macular
edema: diabetic retinopathy clinical research network, Retina,
2010;30:1488-95.

Gandorfer A, Messmer EM, Ulbig MW, Kampik A, Resolution
of diabetic macular edema after surgical removal of the
posterior hyaloid and the inner limiting membrane, Retina,
2000;20:126-33.

Stefaniotou M, Aspiotis M, Kalogeropoulos C, et al., Vitrectomy
results for diffuse diabetic macular edema with and without
inner limiting membrane removal, Eur J Ophthalmol,
2004;14:137-43.

Gupta N, Mansoor S, Sharma A, et al., Diabetic retinopathy and
VEGF, Open Ophthalmol J, 2013;7:4-10.

Shibuya M, Vascular endothelial growth factor and its
receptor system: physiological functions in angiogenesis

and pathological roles in various diseases, J Biochem,
2013;153:13-19.

Rodriguez-Fontal M, Alfaro V, Kerrison JB, Jablon EP,
Ranibizumab for diabetic retinopathy, Curr Diabetes Rev,
2009;5:47-51.

Arevalo JF, Sanchez JG, Lasave AF, et al., Intravitreal
Bevacizumab (Avastin) for Diabetic Retinopathy: The 2010
GLADAOF Lecture, J Ophthalmol, 2011:584238.

Tonello M, Costa RA, Almeida FP, et al., Panretinal
photocoagulation versus PRP plus intravitreal bevacizumab
for high-risk proliferative diabetic retinopathy (IBeHi study),
Acta Ophthalmol, 2008;86:385-89.

Filho JA, Messias A, Aimeida FP, et al., Panretinal
photocoagulation (PRP) versus PRP plus intravitreal
ranibizumab for high-risk proliferative diabetic retinopathy,
Acta Ophthalmol, 2011,89:€567-72.

Soheilian M, Ramezani A, Bijanzadeh B, et al., Intravitreal
bevacizumab (avastin) injection alone or combined with
triamcinolone versus macular photocoagulation as primary
treatment of diabetic macular edema, Retina, 2007,27:1187-95.
Wang H, Sun X, Liu K, Xu X, Intravitreal ranibizumab (lucentis)
for the treatment of diabetic macular edema: a systematic

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

review and meta-analysis of randomized clinical control trials,
Curr Eye Res, 2012,37:661-70.

Nguyen QD, Brown DM, Marcus DM, et al., Ranibizumab for
diabetic macular edema: results from 2 phase Ill randomized
trials: RISE and RIDE, Ophthalmology, 2012;119:789-801.

Fong AH, Lai TY, Long-term effectiveness of ranibizumab

for age-related macular degeneration and diabetic macular
edema, Clin Interv Aging, 2013;8:467-83.

Sohn HJ, Han DH, Kim IT, et al., Changes in aqueous
concentrations of various cytokines after intravitreal
triamcinolone versus bevacizumab for diabetic macular
edema, Am J Ophthalmol, 2011;152:686-94.

Shahin MM, El-Lakkany RS, A prospective, randomized
comparison of intravitreal triamcinolone acetonide versus
intravitreal bevacizumab (avastin) in diffuse diabetic macular
edema, Middle East Afr J Ophthalmol, 2010;17:250-53.

song JH, Lee JJ, Lee SJ, Comparison of the short-term effects
of intravitreal triamcinolone acetonide and bevacizumab
injection for diabetic macular edema, Korean J Ophthalmol,
2011;25:156-60.

Zhang X, Lai D, Bao S, et al., Triamcinolone Acetonide Inhibits
P38MAPK Activation and Neuronal Apoptosis in Early Diabetic
Retinopathy, Curr Mol Med, 2013;13:946-58.

Ding X, Li J, Hu X, et al., Prospective study of intravitreal
triamcinolone acetonide versus bevacizumab for macular
edema secondary to central retinal vein occlusion, Retina,
2011;31:838-45.

Jager RD, Aiello LP, Patel SC, Cunningham ET Jr, Risks of
intravitreous injection: a comprehensive review, Retina,
2004;24:676-98.

Sonmez K, Ozturk F, Complications of intravitreal triamcinolone
acetonide for macular edema and predictive factors

for intraocular pressure elevation, Int J Ophthalmol,
2012;5:719-25.

Rhee DJ, Peck RE, Belmont J, et al., Intraocular pressure
alterations following intravitreal triamcinolone acetonide,

Br J Ophthalmol, 2006;90:999-1003.

Quaggin SE, Turning a blind eye to anti-VEGF toxicities,

J Clin Invest, 2012;122:3849-51.

Kurihara T, Westenskow PD, Bravo S, et al., Targeted deletion
of Vegfa in adult mice induces vision loss, J Clin Invest,
2012;122:4213-17.

Fleming AD, Goatman KA, Philip S, et al., Automated grading
for diabetic retinopathy: a large-scale audit using arbitration by
clinical experts, Br J Ophthalmol, 2010;94:1606-10.

Barber AJ, A new view of diabetic retinopathy:

a neurodegenerative disease of the eye, Prog
Neuropsychopharmacol Biol Psychiatry, 2003;27:283-90.
Jackson GR, Barber AJ, Visual dysfunction associated with
diabetic retinopathy, Curr Diab Rep, 2010;10:380-84.

van Dijk HW, Verbraak FD, Kok PH, et al., Early
neurodegeneration in the retina of type 2 diabetic patients,
Invest Ophthalmol Vis Sci, 2012;53:2715-19.

Verma A, Raman R, Vaitheeswaran K, et al., Does neuronal
damage precede vascular damage in subjects with type 2
diabetes mellitus and having no clinical diabetic retinopathy?,
Ophthalmic Res, 2010,47:202-07.

Peng PH, Lin HS, Lin S, Nerve fibre layer thinning in patients
with preclinical retinopathy, Can J Ophthalmol, 2009;44:417-22.
Sugimoto M, Sasoh M, Ido M, et al., Detection of early diabetic
change with optical coherence tomography in type 2 diabetes
mellitus patients without retinopathy, Ophthalmologica,
2005;219:379-85.

Biallosterski C, van Velthoven ME, Michels RP, et al., Decreased
optical coherence tomography-measured pericentral retinal
thickness in patients with diabetes mellitus type 1 with minimal
diabetic retinopathy, Br J Ophthalmol, 2007;91:1135-8.

Trick GL, Edwards PA, Desai U, et al., MRI retinovascular studies
in humans: research in patients with diabetes, NMR Biomed,
2008;21:1003-12.

57



Posterior Segment Retina

66.
67.
68.

69.

70.
71.
72.

73.

74.
75.
76.
77.

78.
79.

80.

58

Yang Y, Zhu XR, Xu QG, et al., Magnetic resonance imaging
retinal oximetry: a quantitative physiological biomarker for
early diabetic retinopathy? Diabet Med, 2012;29:501-5.
Bronson-Castain KW, Bearse MA Jr.,, Neuville J, et al., Early
neural and vascular changes in the adolescent type 1 and type
2 diabetic retina, Retina, 2012;32:92-102.

Chan HH, Chu PH, Lung JC, et al., Detection of early functional
changes in diabetic retina using slow double-stimulation
mfERG paradigm, Br J Ophthalmol, 2011,95:1560-3.

Lung JC, Swann PG, Wong DS, Chan HH, Global flash multifocal
electroretinogram: early detection of local functional changes
and its correlations with optical coherence tomography

and visual field tests in diabetic eyes, Doc Ophthalmol,
2012;125:123-35.

Han 'Y, Bearse MA Jr.,, Schneck ME, et al., Multifocal
electroretinogram delays predict sites of subsequent diabetic
retinopathy, Invest Ophthalmol Vis Sci, 2004;45:948-54.
Bearse MA Jr, Adams AJ, Han Y, et al., A multifocal
electroretinogram model predicting the development of
diabetic retinopathy, Prog Retin Eye Res, 2006,25:425-48.

Ng JS, Bearse MA Jr, Schneck ME, et al., Local diabetic
retinopathy prediction by multifocal ERG delays over 3 years,
Invest Ophthalmol Vis Sci, 2008;49:1622-8.

Harrison WW, Bearse MA Jr, Ng JS, et al., Multifocal
electroretinograms predict onset of diabetic retinopathy

in adult patients with diabetes, Invest Ophthalmol Vis Sci,
2011,52:772-77.

Bengtsson B, Heijl A, and Agardh E, Visual fields correlate
better than visual acuity to severity of diabetic retinopathy,
Diabetologia, 2005,48:2494-500.

Jackson GR, Scott IU, Quillen DA, et al., Inner retinal visual
dysfunction is a sensitive marker of non-proliferative diabetic
retinopathy, Br J Ophthalmol, 2012,96:699-703.

Parravano M, Oddone F, Mineo D, et al., The role of Humphrey
Matrix testing in the early diagnosis of retinopathy in type 1
diabetes, Br J Ophthalmol, 2008;92:1656-60.

Parikh R, Naik M, Mathai A, et al., Role of frequency doubling
technology perimetry in screening of diabetic retinopathy,
Indian J Ophthalmol, 2006,54:17-22.

Harhaj NS, Felinski EA, Wolpert EB, et al., VEGF activation of
protein kinase C stimulates occludin phosphorylation and
contributes to endothelial permeability, Invest Ophthalmol Vis
Sci, 2006;47:5106-15.

Geraldes P, Hiraoka-Yamamoto J, Matsumoto M, et al.,
Activation of PKC-delta and SHP-1 by hyperglycemia causes
vascular cell apoptosis and diabetic retinopathy, Nat Med,
2009;15:1298-306,

Titchenell PM, Lin CM, Keil JM, et al., Novel atypical PKC

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

inhibitors prevent vascular endothelial growth factor-
induced blood-retinal barrier dysfunction, Biochem J,
2012,446:455-67.

Danis RP, Sheetz MJ, Ruboxistaurin: PKC-beta inhibition

for complications of diabetes, Expert Opin Pharmacother,
2009;10:2913-25.

Sheetz MJ, Aiello LR, Davis MD, et al., The effect of the oral
PKC beta inhibitor ruboxistaurin on vision loss in two phase 3
studies, Invest Ophthalmol Vis Sci, 2013;54:1750-57.

Kern TS, Contributions of inflammatory processes to the
development of the early stages of diabetic retinopathy,

EXp Diabetes Res, 2007;2007:95103.

Adamis AP, Berman AJ, Immunological mechanisms in the
pathogenesis of diabetic retinopathy, Semin Immunopathol,
2008;30:65-84.

Tang J, Kern TS, Inflammation in diabetic retinopathy, Prog Retin
Eye Res, 2011;30:343-58.

Huang H, Gandhi JK, Zhong X, et al., TNFalpha is required for
late BRB breakdown in diabetic retinopathy, and its inhibition
prevents leukostasis and protects vessels and neurons from
apoptosis, Invest Ophthalmol Vis Sci, 2011;52:1336-44.
Joussen AM, Doehmen S, Le ML, et al., TNF-alpha mediated
apoptosis plays an important role in the development of
early diabetic retinopathy and long-term histopathological
alterations, Mol Vis, 2009;15:1418-28.

Kern TS, Miller CM, Du Y, et al., Topical administration of
nepafenac inhibits diabetes-induced retinal microvascular
disease and underlying abnormalities of retinal metabolism
and physiology, Diabetes, 2007;56:373-9.

Zheng L, Howell SJ, Hatala DA, et al., Salicylate-based
anti-inflammatory drugs inhibit the early lesion of diabetic
retinopathy, Diabetes, 2007;56:337-45.

Zheng L, Szabo C, Kern TS, Poly(ADP-ribose) polymerase

is involved in the development of diabetic retinopathy via
regulation of nuclear factor-kappaB, Diabetes, 2004;53:960-67.
Sasaki M, Ozawa Y, Kurihara T, et al., Neurodegenerative
influence of oxidative stress in the retina of a murine model of
diabetes, Diabetologia, 2010;53:971-9.

Ozawa Y, Kurihara T, Sasaki M, et al., Neural degeneration in the
retina of the streptozotocin-induced type 1 diabetes model,
Exp Diabetes Res, 2011;2001:108328.

Kurihara T, Ozawa Y, Ishida S, et al., Renin-Angiotensin system
hyperactivation can induce inflammation and retinal neural
dysfunction, Int J Inflam, 2012:581695.

Yamagishi S, Advanced glycation end products and receptor-
oxidative stress system in diabetic vascular complications,
Ther Apher Dial, 2009;13:534-9.

Curtis TM, Hamilton R, Yong PH, et al., Muller glial dysfunction

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

a

106.

107.

108.

109.

during diabetic retinopathy in rats is linked to accumulation of
advanced glycation end-products and advanced lipoxidation
end-products, Diabetologia, 2011;54:690-98.

Milne R, Brownstein S, Advanced glycation end products and
diabetic retinopathy, Amino Acids, 2013;44:1397-407.

Bui BV, Armitage JA, Tolcos M, et al., ACE inhibition salvages
the visual loss caused by diabetes, Diabetologia,
2003;46:401-8.

Mauer M, Zinman B, Gardiner R, et al., Renal and retinal effects
of enalapril and losartan in type 1 diabetes, N Engl J Med,
2009;361:40-51.

Shen X, Xie B, Cheng Y, et al., Effect of pigment epithelium
derived factor on the expression of glutamine synthetase in
early phase of experimental diabetic retinopathy, Ocul Immunol
Inflamm, 2011;19:246-54.

Liu X, Chen HH, Zhang LW, Potential therapeutic effects of
pigment epithelium-derived factor for treatment of diabetic
retinopathy, Int J Ophthalmol, 2013;6:221-7.

Heise EA, Fort PE, Impact of diabetes on alpha-crystallins
and other heat shock proteins in the eye, J Ocul Biol Dis Infor,
2011,4:62-9.

Kase S, Ishida S, Rao NA, Increased expression of alphaA-
crystallin in human diabetic eye, int J Mol Med, 2011,28:505-11.
Losiewicz MK,and Fort PE, Diabetes impairs the
neuroprotective properties of retinal alpha-crystallins, Invest
Ophthalmol Vis Sci, 2011;52:5034-42.

Hernandez C, Simo R, Erythropoietin produced by the retina:
its role in physiology and diabetic retinopathy, Endocrine,
2012;41:220-26.

Yoshida Y, Yamagishi S, Matsui T, et al., Protective role of
pigment epithelium-derived factor (PEDF) in early phase of
experimental diabetic retinopathy, Diabetes Metab Res Rev,
2009;25:678-86.

Kim YH, Park SY, Park J, et al., Reduction of experimental
diabetic vascular leakage and pericyte apoptosis in mice by
delivery of alphaA-crystallin with a recombinant adenovirus,
Diabetologia, 2012;55:2835-44.

Mitsuhashi J, Morikawa S, Shimizu K, Intravitreal injection of
erythropoietin protects against retinal vascular regression

at the early stage of diabetic retinopathy in streptozotocin-
induced diabetic rats, Exp Eye Res, 2013;106:64-73.

Zhang J, Wu Y, Jin Y, Intravitreal injection of erythropoietin
protects both retinal vascular and neuronal cells in early
diabetes, Invest Ophthalmol Vis Sci, 2008;49:732-42.

Wang Q, Pfister F, Dorn-Beineke A, et al., Low-dose
erythropoietin inhibits oxidative stress and early vascular
changes in the experimental diabetic retina, Diabetologia,
2010;53:1227-38.

US OPHTHALMIC REVIEW



