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Preface

Diabetic retinopathy is the most common microvascular complication of diabetes and 
remains a major cause of new-onset visual loss in the United States and other indus-
trialized nations.  In addition to the morbidity and suffering caused by visual loss, the 
economic impact from diabetic retinopathy is tremendous.  Despite significant advances 
in scientific understanding of diabetic retinopathy, the major treatments for this condi-
tion have largely remained the same for many years.  Indeed, laser photocoagulation for 
proliferative diabetic retinopathy emerged in the late 1960’s, and the Early Treatment 
Diabetic Retinopathy Study (ETDRS) guidelines for laser treatment of macular edema 
were formulated around the mid-1980’s.  Guidelines for vitrectomy for vitreous hemor-
rhage and retinal detachment were also formulated in the 1980’s.     

However, new therapeutic strategies are being advanced, which raise the prospect that 
the years ahead will see very significant additions to the options for treatment of diabetic 
retinopathy.  Both corticosteroids and anti-VEGF treatments are serving as additional 
options in the clinical management of DR.  The emergence of anti-VEGF treatments 
strongly highlights the advent of rational drug therapy based on the identification of caus-
ative mechanisms and molecular targets.  There is ample reason to anticipate additional 
significant therapeutic advances in the not too distant future, made possible by the great 
progress that has been made in identifying new molecules, pathways, and processes that 
promote diabetic retinopathy, all of which serve as potential therapeutic targets.  

For these reasons, this is a very appropriate time to assess the current state of knowledge 
regarding the clinical management of DR as well as its underlying mechanisms.  This 
book is intended to depict the current clinical understanding of DR as well as the many 
scientific advances in understanding this condition.  The first section encompasses the 
current understanding of diabetic retinopathy from a clinical standpoint, including current 
clinical practice.  The second section serves as a description of the current understand-
ing of the pathophysiology of DR from the standpoint of biomedical research.  Many 
of these advances may serve as the basis for the development of additional therapeutic 
strategies.  The pathogenesis of DR is certainly multi-factorial, and there is clearly 
interplay between many of these factors.  Although a wide array of topics is covered, 
this section certainly does not encompass the entire gamut of pathogenic mechanisms 
of this complex disease, and it is anticipated that further important molecules and pro-
cesses will emerge in the years ahead.  The third and final section discusses new and 
more recent concepts relating to management and treatment of DR.  

I am grateful to the many authors who contributed the chapters in this text.  These 
individuals are internationally recognized leaders in diabetic retinopathy, and their promi-
nence and expertise in their respective fields are invaluable to this discussion.  Indeed, 
I have every expectation that they will continue to be among the leaders in advancing 
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the understanding and treatment of diabetic retinopathy in the years to come.  This is 
an exciting time in the research and management of DR, and it is my hope that this text 
will help in stimulating further advances in this field.

 Elia J. Duh, MD
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I CLINICAL ASPECTS OF DIABETIC 
RETINOPATHY



Abstract

Nonproliferative diabetic retinopathy (NPDR) is a microvascular complication of diabetes 
mellitus that can lead to irreversible visual loss. Intraretinal microvascular changes, such as 
altered retinal vascular permeability and eventual retinal vessel and capillary closure, 
characterize NPDR. Macular edema, the most frequent cause of visual loss in NPDR, may 
result from increased vascular leakage. Retinal hypoxia, secondary to chronic hyperglycemia, 
triggers the pathologic processes of NPDR. Additionally, there is increasing evidence that 
inflammatory mechanisms may play a role in the pathogenesis. Systemic factors such as 
glycemic control, hypertension, and serum lipid level also contribute to the development and 
progression of NPDR. Prompt and appropriate initiation of laser photocoagulation for 
macular edema or severe retinal nonperfusion, along with optimal control of systemic 
factors, can prevent visual loss.

Key Words: Diabetes mellitus; Diabetic retinopathy; Macular edema; Laser photo coagulation.
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NONPROLIFERATIVE DIABETIC RETINOPATHY

Diabetes is an epidemic affecting more than 18 million people in the United States 
(1). Chronic hyperglycemia triggers a cascade of molecular events that leads to micro-
vascular damage. Diabetic retinopathy is the most prevalent microvascular complication 
and can lead to irreversible visual loss. Epidemiologic studies show that diabetic retin-
opathy is a leading cause of acquired blindness in people aged 20–74 years in the United 
States, with 12,000–24,000 new cases of legal blindness each year (1–3). The retinal 
manifestations of diabetes mellitus are broadly classified as either nonproliferative 
diabetic retinopathy (NPDR) or proliferative diabetic retinopathy (PDR).

Nonproliferative diabetic retinopathy occurs when there are only intraretinal micro-
vascular changes, such as altered retinal vascular permeability and eventual retinal vessel 
closure. Clinically, the hallmark of the nonproliferative phase is microaneurysms and 
intraretinal abnormalities. Neovascularization is not a component of the nonproliferative 
phase. However, in advanced NPDR, nonperfusion of the retina may develop and lead 
to the proliferative phase. Proliferative diabetic retinopathy is characterized by new vessels 
and sometimes fibrous bands proliferating on the retinal surface. In both nonproliferative 
and proliferative diabetic retinopathy, macular edema can occur as increased retinal 
vascular permeability leads to accumulation of fluid in the retinal area serving central 
vision. This chapter focuses on the clinical aspects of NPDR.

PATHOPHYSIOLOGY OF NONPROLIFERATIVE DIABETIC 
RETINOPATHY

Effective and appropriate management of NPDR is dependent on a clear understanding 
of the disease course. Chronic hyperglycemia in poorly controlled diabetes results in 
biochemical alterations and altered hemodynamics of the retinal vasculature, which lead 
to chronic hypoxia (4, 5). Since the retina is a highly metabolic tissue dependent on 
optimal oxygenation, compensatory pathways, such as upregulation of vascular 
endothelial growth factor (VEGF) protein, are targeted against this retinal hypoxia. 
These efforts are futile, however, and ultimately result in the pathologic processes of 
NPDR: retinal capillary microaneurysms, vascular permeability, and eventual vascular 
occlusion, or capillary closure.

Inflammatory Mechanisms
Increasing evidence suggests that inflammation may play a role in the pathogenesis 

of diabetic retinopathy. Multiple animal and human tissue studies have indicated that 
chronic inflammation contributes to diabetic vascular damage.

Intercellular adhesion molecule 1 (ICAM-1), a member of the immunoglobulin 
superfamily involved in immune activation and inflammation, and its counter-receptor 
CD18 are thought to play a pivotal role (6, 7). ICAM-1 mediates leukocyte migration 
into inflammatory sites via its interaction with different cytokines. Increased leukocyte 
adhesion to the diabetic vascular endothelium can promote endothelial apoptosis, resulting 
in vascular permeability and capillary nonperfusion (7, 8). In the rat model of strepto-
zotocin-induced diabetes (9), retinal leukostasis increased within days of developing 
diabetes and correlated with the increased expression of retinal ICAM-1. Additionally, 
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ICAM-1 blockade in this rat model prevented diabetic retinal leukostasis and vascular 
leakage by 48.5 and 85.6%, respectively. Other rat models have shown that antibody-
based inhibition of ICAM-1 and CD18 may prevent acellular capillary formation via the 
suppression of endothelial cell injury and death (10).

Studies of human tissue have also suggested an inflammatory role in the pathogenesis 
of diabetic retinopathy. Immunoassays for the quantitative determination of soluble 
ICAM-1 in the vitreous of PDR patients undergoing vitrectomy showed elevated ICAM-1 
levels when compared with that in the control group (6). In another study (11), frozen 
sections of a donor eye obtained at autopsy from a patient with documented severe 
NPDR and diabetic macular edema were compared with a normal nondiabetic eye. 
Immunoperoxidase staining was positive for inflammatory chemokines such as mono-
cyte chemoattractant protein, RANTES (Regulated on Activation Normal T Cell 
Expressed and Secreted), and ICAM-1 in the retina of the diabetic eye, while the non-
diabetic eye showed little reactivity. Serum levels of inflammatory mediators also 
appear to correlate with increasing diabetic retinopathy severity. In one study of 93 
participants, the serum levels of proinflammatory RANTES and stromal cell-derived 
factor were significantly elevated in patients with at least severe NPDR, compared with 
those in patients with less severe diabetic retinopathy (11). Similar to the animal studies, 
these human studies suggest that inflammation may play a central role in the development 
of diabetic retinopathy.

While the precise components of the inflammatory pathways in the pathogenesis of 
diabetic retinopathy are still being investigated, the recognition of the role of inflammation 
in this retinal disease suggests the potential utility of using anti-inflammatory therapies. 
Further research is required to translate these scientific findings into clinical care.

Microaneurysms
The retinal capillary microaneurysm usually is the first visible sign of diabetic 

retinopathy. Microaneurysms, identified clinically by ophthalmoscopy as deep-red dots 
varying from 15 to 60 µm in diameter, are most common in the posterior pole. Although 
microaneurysms can be associated with other retinal vascular diseases, particularly 
those associated with vascular occlusion such as branch and central vein occlusions, 
they are the hallmark of NPDR.

Histologically, microaneurysms are hypercellular saccular outpouchings of the capil-
lary wall, as demonstrated by trypsin digest retinal mounts (12). Experimental models 
of diabetic retinopathy in dogs and rats and studies of human autopsy eyes indicate that 
the initial step in the pathogenesis of diabetic retinopathy is the loss of intramural capillary 
pericytes. Subsequently, microaneurysms form and capillary closure ensues, leading to 
the development of acellular capillaries. Another early morphologic finding in diabetic 
retinopathy is the thickening of the basement membrane of the retinal capillaries. The 
importance of this thickening in the pathogenesis of diabetic retinopathy is unknown 
(13–15).

The mechanism for the formation of microaneurysms is also unknown. Possible 
mechanisms include release of a vasoproliferative factor with endothelial cell prolifera-
tion, weakness of the capillary wall (from loss of pericytes), abnormalities of the adja-
cent retina, and increased intraluminal pressure (16–18).



6 Meyerle et al.

Microaneurysms may be difficult to differentiate from punctate hemorrhages seen in 
diabetic retinopathy. However, on the early frames of a fluorescein angiogram, micro-
aneurysms are easily distinguished from intraretinal hemorrhages because they exhibit 
bright hyperfluorescence against the darker choroidal background, whereas retinal hem-
orrhages block fluorescence (Figs. 1 and 2). Microaneurysms may show little change 
over many years, but the lumens can occlude, as demonstrated by hyperfluorescence on 
fluorescein angiography, and after recanalization the microaneurysms can disappear 
(19). It is typical for individual microaneurysms to appear and disappear with time. 
Without the other components of diabetic retinopathy, microaneurysms alone have no 
apparent clinical significance. However, an increase in the number of microaneurysms 
in the retina is associated with progression of retinopathy (20–22). When the number of 
microaneurysms increases, there is an increased likelihood that the other microvascular 
changes of diabetic retinopathy may also be present.

Vascular Permeability
As microvascular damage increases in the presence of excessive blood glucose, 

increased vascular permeability occurs through multiple pathways. Vascular endothelial 
growth factor (VEGF) protein is thought to play a pivotal role. A healthy human retina 
contains little VEGF, but its level is increased in response to hypoxia that can occur in 
states such as diabetic retinopathy. Originally described as vascular permeability factor, 
VEGF is not only a mediator of new blood vessel formation seen in PDR, but also an 
inducer of vascular permeability, which can lead to retinal edema seen in both nonpro-
liferative and proliferative diabetic retinopathy (23–25). The molecular pathway for this 

Fig. 1. The right eye of a 55-year-old woman with mild macular edema. (A) Color photograph 
shows circinate ring of lipid and microaneurysms. Best-corrected vision is 20/25. (B) Optical coher-
ence tomography shows mild macular edema with preservation of the foveal contour. (C) Early phase 
of fluorescein angiogram highlights the multiple microaneurysms. (D) Late phase of fluorescein 
angiogram shows patchy areas of leakage.
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pro-angiogenic factor involves VEGF tyrosine kinase receptors located on endothelial 
cells. This homodimeric protein promotes endothelial cell proliferation, migration, 
apoptosis, and vascular tube formation. On a molecular level, VEGF induces vessel 
permeability by causing conformational changes in the tight junctions of the retinal 
vascular endothelial cells (26). Additionally, some animal studies suggest that VEGF 
contributes to the inflammatory component of diabetic retinopathy by upregulating 
ICAM-1 (7). Other molecules suspected to be involved in vascular permeability include 
protein kinase C-beta (PKC-beta) (27, 28). In addition to vessel permeability changes, 
PKC-beta is associated with other classic pathological changes seen in diabetes, such as 
basement membrane thickening and prolonged retinal circulation time (29–32).

Retinal edema resulting from increased vascular permeability is particularly significant 
if it occurs in the macula. Macular edema is defined clinically as retinal thickening from 
accumulation of fluid within 1 disc diameter of the macula (24, 33, 34). As the fluid 
disrupts the architecture of the macular region serving central visual acuity, macular 
edema can cause significant visual loss. Fluorescein angiography can be used to identify 
excessive permeability and may demonstrate the classic petalloid leakage pattern that 
occurs as fluid accumulates in the radially oriented layer of Henle (Fig. 2). While fluo-
rescein angiography may be useful to guide focal laser treatment of macular edema and 
to identify macular nonperfusion contributing to visual loss, it is not required to make 
the diagnosis of macular edema. Macular edema is best detected with a combination of 

Fig. 2. The right eye of a 68-year-old man with chronic macular edema. (A) Red-free photograph 
shows multiple microaneurysms in this patient with type 2 diabetes for 45 years. Best-corrected visual 
acuity was 20/63 despite multiple treatments over many years, including focal laser, subtenon triam-
cinolone, and intravitreal bevacizumab. (B) Optical coherence tomography shows large intraretinal 
cysts and foveal distortion. (C) Early fluorescein angiogram highlights the multiple microaneurysms. 
(D) Late fluorescein angiogram shows petalloid edema.



8 Meyerle et al.

techniques, including slit-lamp biomicroscopy, stereoscopic fundus photography, and 
optical coherence tomography. On clinical examination, a contact lens is particularly 
helpful for detecting subtle fluid changes in the macula. Stereoscopic fundus photography 
is useful, but requires a skilled photographer. Optical coherence tomography is an imaging 
modality that uses near-infrared light beams to create high-resolution cross-sections of 
the vitreoretinal interface, retina, and subretinal space. Essentially, it provides an in vivo 
histological section that can demonstrate the cystic spaces that occur in macular edema 
(Figs. 1–3). Optical coherence tomography can also detect any traction contributing to 
the macular edema and provide quantitative measurements of the macular fluid.

Clinically, hard exudates often accompany macular edema and appear as well-defined, 
yellowish white intraretinal deposits. They generally occur in the posterior pole at the 
border of edematous and nonedematous retinas. These hard exudates are lipid deposits 
that presumably accumulate in association with lipoprotein leakage caused by break-
down of endothelial tight junctions in microaneurysms or retinal capillaries.

Edema fluid may wax and wane within the retina without visual consequence in 
some cases, but can result in permanent visual loss if the fluid chronically disrupts the 
delicate macular architecture. Lipid deposits, especially when under the center of the 
macula, are a poor prognostic sign as they are often associated with permanent visual 
loss (35, 36). Increased serum lipid is significant because it correlates with the degree 
of retinal lipid deposits (37, 38).

Capillary Closure
One of the most serious consequences of diabetic retinopathy is the obliteration of 

the retinal capillaries. When patches of acellular capillaries, seen early in the course 
of diabetic retinopathy, increase and become confluent, the terminal arterioles that 
supply these capillaries often become occluded. Adjacent to these areas of nonperfused 
retina, clusters of microaneurysms and tortuous, hypercellular vessels often develop. 
It is difficult to determine whether these vessels are dilated preexisting capillaries or 

Fig. 3. The right eye of a 65-year-old woman with a history of nonperfusion and severe macular 
edema. (A) Red-free photograph shows a ring of hard exudates with marked retinal thickening and 
edema involving the center of the macula, although not visible in this nonstereoscopic photograph. 
Several microaneurysms are also visible within the thickened areas. Best-corrected visual acuity was 
20/200. Panretinal photocoagulation scars initiated for severe nonperfusion are also evident in this 
photograph. (B) Fluorescein angiogram at 28 s shows patches of nonperfusion temporal to the fovea 
and some perifoveal leakage. (C) Optical coherence tomography illustrates the loss of foveal contour 
in the setting of extensive cystic edema.
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neovascularization within the retina. These vessels have been referred to as intraretinal 
microvascular abnormalities (IRMA) clinically to include both possibilities (Fig. b).

As capillary closure becomes extensive, it is common to see many intraretinal hemor-
rhages or dilated segments of retinal veins (venous beading), or both. The severity of IRMA, 
intraretinal hemorrhages, and venous beading is directly associated with increasing 
nonperfusion and resulting ischemia. This ischemia has a major pathogenic role in the 
development of retinal neovascularization. Endothelial proliferation occurs following 
ischemia with the subsequent preretinal new vessel proliferation and progression to the 
proliferative phase of diabetic retinopathy.

CLASSIFICATION OF NONPROLIFERATIVE RETINOPATHY

Diabetic retinopathy is broadly categorized as nonproliferative (NPDR) or  proliferative. 
In the nonproliferative stage, retinopathy is categorized further into four levels of 
 severity: mild, moderate, severe, and very severe (Table 1). Accurate diagnosis of the 
stage of NPDR is essential as it determines the risk for progression to PDR and the 
appropriate timing for clinical examinations. The extent of IRMA, venous abnormalities, 
and the retinal hemorrhages are the factors that determine the level of severity of non-
proliferative disease. In the mild-to-moderate nonproliferative categories (formerly 
termed background retinopathy), there are relatively few intraretinal hemorrhages and 
microaneurysms. The severe nonproliferative stage (formerly termed preproliferative 
retinopathy) represents increasing ischemia and is clinically detected by evaluating the 
four midperipheral retinal quadrants using the so-called 4–2–1 rule (39). Patients with any 
one of the following features are considered to have severe nonproliferative retinopathy: 
(1) severe intraretinal hemorrhages and microaneurysms in all four quadrants (Fig. 4a), 
(2) venous beading in two or more quadrants (Fig. 4b), or (3) moderate IRMA in at least 
one quadrant (Fig. 4b). If any two of these features are present, the retinopathy level is 
considered to be very severe nonproliferative.

Table 1
Classification of Severity of Nonproliferative Diabetic Retinopathy

Level of severity Lesions present

No retinopathy No retinal lesions
Mild Mild levels of microaneurysms and intraretinal hemorrhage
Moderate Moderate levels of microaneurysms and intraretinal hemorrhage
Severe Presence of one of the following features (4:2:1 rule) (39):

1. Severe intraretinal hemorrhage in all 4 quadrants
2. Venous beading in 2 or more quadrants
3. Moderate IRMA in at least 1 quadrant

Very severe Presence of two or more of the above-mentioned features described in 
severe nonproliferative diabetic retinopathy

IRMA intraretinal microvascular abnormalities
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MACULAR EDEMA

Macular edema is the most frequent cause of visual impairment in patients with 
NPDR. The breakdown of endothelial tight junctions and loss of the “blood–retinal” 
barrier seen in diabetic macular edema can occur in either nonproliferative or proliferative 
diabetic retinopathy at any stage. The prevalence of macular edema after 15 years of 
known diabetes, according to the Wisconsin Epidemiologic Study of Diabetic Retinopathy, 
is ∼20% in patients with type 1 diabetes, 25% in patients with insulin-dependent type 2 
diabetes, and 14% in patients with non-insulin dependent type 2 diabetes (40). In macular 
edema, as VEGF is upregulated, excessive vascular permeability occurs because of 
increasing endothelial cell fenestrations (26). This vascular permeability results in the 
leakage of fluid and plasma constituents, such as lipoproteins, into the retina and even-
tually leads to thickening of the retina. Macular edema is best detected by stereoscopic 
examination techniques and optical coherence tomography (Fig. 1–3). One study com-
paring the detection of diabetic foveal edema with contact lens biomicroscopy and OCT 
suggested that mild diabetic macular edema may be more readily detected by OCT (41).

When thickening involves or threatens the center of the fovea, there is a higher risk 
of visual loss. In the Early Treatment Diabetic Retinopathy Study (ETDRS), the 3-year 
risk of moderate visual loss (a doubling of the initial visual angle, e.g., 20/30 to 20/60, 
or a decrease of 3 lines or more on a logarithmic visual acuity chart) was 32%. The 
ETDRS investigators classified macular edema by its severity. It was defined as clini-
cally significant macular edema if any of the following features were present: (1) thick-
ening of the retina at or within 500 µm of the center of the macula, (2) hard exudates at 
or within 500 µm of the center of the macula, if associated with thickening of the adjacent 
retina (not residual hard exudates remaining after the disappearance of retinal thickening), 
or (3) a zone or zones of retinal thickening 1 disc area or larger, any part of which is 
within 1 disc diameter of the center of the macula (Table 2) (42).

Fig. 4. “4–2–1” Rule. (A) Using the 4–2–1 rule, the presence of hemorrhages and microaneurysms in 
at least four midperipheral fields, equaling or exceeding this standard photograph, would qualify as 
severe nonproliferative diabetic retinopathy. (B) This standard photograph shows both venous beading 
and intraretinal microvascular abnormalities (IRMA). If there is venous beading in at least two quad-
rants or if there is IRMA in at least one quadrant, the patient has severe nonproliferative diabetic 
retinopathy according to the 4–2–1 rule.
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RISK FACTORS FOR PROGRESSION OF RETINOPATHY

Severity of Retinopathy
As NPDR progresses, the risk of developing PDR or visual loss also increases. In the 

ETDRS Study, eyes with very severe NPDR or mild-to-moderate PDR, or both, had a 
60-fold increased risk of developing high-risk PDR after 1 year of follow-up, compared 
with eyes with mild NPDR (48.5% vs. 0.8%). After 5 years of follow-up, there was still 
a fivefold increased risk (74.4% vs. 14.3%) (43).

The importance of retinopathy severity in predicting progression of retinopathy also 
was evaluated in the population-based Wisconsin Epidemiological Study of Diabetic 
Retinopathy (44). In 708 insulin-dependent patients younger than 30 years at time of 
diagnosis of diabetes, the odds ratio for 4-year progression to PDR was 2.1 for each step 
increase in baseline retinopathy severity on an 11-step scale. For patients with bilateral 
moderate NPDR, the 4-year risk of progression to PDR increased by 40-fold when 
compared with patients who had microaneurysms in only one eye.

Glycemic Control
Hyperglycemia is the instigator of a cascade of events leading to microvascular 

complications in diabetes. The landmark studies investigating glycemic control and its 
effects on diabetic complications include the Diabetes Control and Complications Trial 
(DCCT), Epidemiology of Diabetes Interventions and Complications Trial (EDIC), and 
the United Kingdom Prospective Diabetes Study (UKPDS). These studies all demon-
strated that tight blood glucose control decreases, but does not eliminate, the risk of 
diabetic retinopathy development and progression (Table 3).

The Diabetes Control and Complications Trial
The DCCT was a randomized, multicenter, prospective trial designed to determine 

whether intensive insulin treatment, with the goal of near-normal glucose levels, would 
affect the development and progression of diabetic complications. The 1,441 participant 
patients with type 1 diabetes were randomly assigned to either conventional or intensive 

Table 2
Definition of Clinically Significant Macular Edema

Clinically significant macular edema

Thickening of the retina at or within 500 µm of the center of the macula
Or

Hard exudates at or within 500 µm of the center of the macula, if associated with thickening of 
the adjacent retina (not residual hard exudates remaining after the disappearance of retinal 
thickening)

Or
Zone of retinal thickening 1 disc area or larger, any part of which is within 1 disc diameter of 

the center of the macula
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insulin treatment and followed up for a period of 4–9 years (45–49). Of the participants, 
726 had no retinopathy at baseline (the primary-prevention cohort) and 715 had mild 
nonproliferative retinopathy (the secondary-intervention cohort). Intensive therapy 
consisted of an external insulin pump or three or more daily insulin injections guided 
by frequent blood glucose monitoring, while conventional therapy consisted of one or 
two daily insulin injections.

Intensive insulin treatment in the DCCT study was associated with a decreased risk 
of either the development or progression of diabetic retinopathy in patients with type 1 
diabetes. In patients without any visible retinopathy when enrolled in the DCCT, the 
3-year risk of developing retinopathy was reduced by 75% in the intensive insulin 
treatment group when compared with the standard treatment group. However, even in 
the intensively treated group, retinopathy could not be completely prevented over the 
9-year course of the study.

Table 3
Glycemic control studies

Diabetes Control and 
Complications Trial (DCCT)

Epidemiology of Diabetes 
Interventions and 

Complications Trial (EDIC)
United Kingdom Prospective 

Diabetes Study (UKPDS)

Summary
• Type 1 diabetes mellitus
•  Intensive vs. conventional 

glucose control

•  Follow-up to DCCT cohort 
(type 1 diabetes mellitus)

•  Both the DCCT conventional-
therapy and intensive-
therapy groups were treated 
with the same intensive 
glucose control therapy

• Type 2 diabetes mellitus
•  Intensive vs. conventional 

glucose control

Results
•  For participants with no 

retinopathy at baseline – 
75% reduction in 3-year 
risk of developing retinopathy 
for intensive group 
when compared with 
conventional controls

•  For participants with 
preexisting retinopathy – 
50% reduction in rate of 
progression, as compared 
with conventional controls

•  After 4 years, proportion 
of patients who had worsen-
ing retinopathy was lower in 
the DCCT intensive-therapy 
group than in the DCCT 
conventional-therapy group 
despite both having the 
same HbA

1
C level on inten-

sive treatment in EDIC

•  25% reduction in risk of 
any diabetic microvascular 
endpoint (e.g., need for reti-
nal photocoagulation) for 
intensive group, compared 
with conventional controls

•  35% reduction in risk of 
microvascular complications 
for every point decrease in 
HbA

1
C (e.g., 8% – 7%)

•  Suggestive of metabolic 
memory

•  35–40% reduction of risk 
of retinopathy progression for 
every 10% decrease in HbA

1
C 

(e.g. 8% – 7.2%)
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The benefit of the strict control was also evident in patients with existing retinopathy. 
There was a 50% reduction in the rate of progression of retinopathy when compared 
with controls. At 6- and 12-month visits, a small adverse effect of intensive treatment 
on retinopathy progression was seen, similar to that described in other trials of glucose 
control. However, in eyes with little or no retinopathy at the time of initiating intensive 
glucose control, this early worsening of retinopathy is unlikely to threaten vision. When 
the DCCT results were stratified by glycosylated hemoglobin (HbA

1
C) levels, there was 

a 35–40% reduction in the risk of retinopathy progression for every 10% decrease in 
HbA

1
C (e.g., from 8% to 7.2%). This represented a fivefold increase in the risk for 

patients with HbA
1
C of about 10% vs. those with a HbA

1
C of 7%. Furthermore, there 

was a statistically significant reduction in both diabetic neuropathy and nephropathy 
with intensive blood glucose control in the DCCT. The current recommendation for 
glycemic control is to achieve a HbA

1
C level below 7% for patients in general and a 

level as close to normal (<6%) as possible without significant hypoglycemia for individual 
patients (50).

Epidemiology of Diabetes Interventions and Complications Trial
EDIC is the long-term follow-up to the DCCT (51). At the conclusion of the DCCT, 

intensive glucose control was recommended for all participants and the conventional 
group started intensive diabetic management. Care of all participants was transferred to 
personal physicians during the EDIC study. Four years after the end of DCCT, the dif-
ference in HbA

1
C levels between the DCCT conventional-therapy and intensive-therapy 

groups had narrowed and both groups had a HbA
1
C level of ∼8%. This likely occurred 

in EDIC because the original intensive group was not monitored as frequently and the 
conventional group started intensive therapy. Retinopathy during the fourth year after 
the conclusion of DCCT was evaluated on the basis of centrally graded fundus photo-
graphs. Interestingly, despite the same HbA

1
C level in EDIC, the proportion of patients 

who had worsening retinopathy, including proliferative retinopathy, macular edema, 
and the need for laser therapy, was lower in the original intensive-therapy group than in 
the original conventional-therapy group (odds reduction, 72–87%; P < 0.001). These 
data suggest that the original intensive-therapy group had a prolonged benefit in delaying 
progression of retinopathy. This phenomenon of cells “remembering” tight control for 
extended periods is known as metabolic memory. Clinically, as per the concept of meta-
bolic memory and EDIC results, early intervention with intensive glucose management 
is critical for preventing long-term complications of retinopathy.

The United Kingdom Prospective Diabetes Study
The effect of glycemic control on the incidence and progression of diabetic retinopathy 

is similar in patients with type 2 diabetes. UKPDS (52), the largest and longest study of 
patients with type 2 diabetes, evaluated the effect of conventional vs. intensive glucose 
management on diabetic complications in 3,867 newly diagnosed patients. Intensive 
management involved either sulphonylureas or insulin, while conventional treatment 
relied on diet alone, with drugs added only if there were hyperglycemic symptoms or 
fasting plasma glucose greater than 15 mmol L−1. The UKPDS showed a 25% reduction 
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in the risk of the “any diabetes-related microvascular end point,” including the need for 
retinal photocoagulation, in the intensive treatment group, compared with the conven-
tional treatment group. After 6 years of follow-up, a smaller proportion of patients in 
the intensive treatment group, compared with the conventional group, had a two-step 
progression (worsening) in diabetic retinopathy. Epidemiologic analysis of the UKPDS 
data showed a continuous relationship between the risk of microvascular complications 
and glycemia; for every percentage point decrease in HbA

1
C (e.g., 9% to 8%), there 

was a 35% reduction in the risk of microvascular complications.

Hypertension
Hypertension is theorized to exacerbate diabetic retinopathy through mechanical 

stretching of endothelial cells, resulting in increased VEGF release (53). The findings 
of multiple studies assessing the importance of blood pressure in the progression of 
NPDR, however, are inconsistent (54). Large studies correlating tight blood pressure 
control with reduced risk of retinopathy progression include the UKPDS and Appropriate 
Blood Pressure Control in Diabetes (ABCD) trials.

The United Kingdom Prospective Diabetes Study
In UKPDS, a randomized comparison of more intensive blood pressure control and 

less intensive blood pressure control in persons with type 2 diabetes demonstrated that 
intensive blood pressure control was associated with a decreased risk of retinopathy 
progression. Of the 1,148 hypertensive patients in the UKPDS, 758 were allocated to 
tight blood pressure control arm and 390 to less tight control arm, with a median fol-
low-up of 8.4 years (55). Tight blood pressure control resulted in a 37% reduction in 
microvascular diseases, predominantly reduced risk of retinal photocoagulation, when 
compared to less tight control. A previously published study of blood pressure medica-
tion in diabetic retinopathy suggested that there might be a specific benefit of angi-
otensin-converting enzyme (ACE) inhibition and blood pressure reduction, even in 
“normotensive” persons, on the progression of diabetic retinopathy (56). The UKPDS 
included a randomized comparison of beta-blockers and ACE inhibitors in the tight 
blood pressure control arm of that study. Benefits from tight blood pressure control 
were present in both the beta-blocker and ACE inhibitor treatment groups, with no 
statistically significant difference between them. This suggests that the treatment effect 
is more likely to be secondary to blood pressure reduction than to a specific effect of 
ACE inhibitors.

Appropriate Blood Pressure Control in Diabetes Trials
The ABCD trials also showed a correlation between tight blood pressure control and 

decreased risk of retinopathy (54, 57). This prospective, controlled, randomized study 
evaluated the effect of intensive vs. moderate diastolic blood pressure control on 
diabetic vascular complications in 480 normotensive type 2 diabetic patients. Over a 
5-year follow-up period, there was less progression of diabetic retinopathy 35% for the 
intensive therapy group vs. 46% for the moderate control group).
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Elevated Serum Lipid Levels
The Wisconsin Epidemiological Study of Diabetic Retinopathy, a population-based 

study, and the ETDRS found that elevated levels of serum cholesterol were associated 
with increased severity of retinal hard exudate (37, 38). Independent of the accompanying 
macular edema, the severity of retinal hard exudate at baseline was associated with 
decreased visual acuity in the ETDRS. The severity of retinal hard exudate also was a 
significant risk factor for moderate visual loss (15-letter or more loss) during the course 
of the study. In addition, the strongest risk factor for the development of subretinal 
fibrosis in ETDRS patients with diabetic macular edema was the presence of severe 
hard exudate (58).

The DCCT investigators also evaluated the association of severity of retinopathy and 
retinal hard exudates with serum lipids (59). The lipoproteins in the total cholesterol 
were further characterized by nuclear magnetic resonance lipoprotein subclass profile 
(NMR-LSP), apoA1, apoB, lipoprotein (a), and susceptibility of LDL to oxidation. 
They found that the severity of retinopathy was associated with increasing triglycerides 
and inversely associated with HDL cholesterol. The NMR-LSP results showed an 
increasing severity of retinopathy with small and medium VLDL and an inverse rela-
tionship with VLDL size. These data support the potential role of dyslipoproteinemia in 
the pathogenesis of diabetic retinopathy. More recently, a small controlled prospective 
study showed reduction in retinal hard exudates after treatment with atorvastatin, 
although visual acuity was not affected (60). Another small controlled prospective study 
found that simvastatin lowered the risk of retinopathy progression but did not cause any 
statistically significant change in visual acuity (61).

Given the well-known systemic benefits of serum lipid control and the current data 
regarding lipid levels and retinopathy, it is reasonable to recommend optimal control of 
hyperlipidemia in all diabetic patients. Further studies are required, however, to elucidate 
the specific benefits of various lipid-lowering therapies on diabetic retinopathy.

Pregnancy and Diabetic Retinopathy
Pregnancy is a risk factor for progression of diabetic retinopathy. The mechanism for 

disease acceleration may be a result of the pregnancy itself or the changes in metabolic 
control (62–65). Risk factors for The Diabetes in Early Pregnancy Study (62), a 
prospective cohort study of 155 diabetic women followed up from the periconceptional 
period to 1 month postpartum, demonstrate that the stage of retinopathy prior to concep-
tion is a predictor of disease progression. 10.3% of patients with no retinopathy, 21.1% 
of patients with only microaneurysms, and 18.8% with mild nonproliferative retinopathy 
progressed during this study. However, 54.8% of patients with moderate-to-severe non-
proliferative retinopathy at baseline worsened during the study period. Additional risk 
factors for retinopathy progression in the pregnant population include pregnancy-
associated hypertension and poor glycemic control prior to conception (66).

Ideally, patients who are planning to become pregnant should have their eyes exam-
ined before they attempt to conceive and should make every attempt to lower their blood 
glucose levels to as near normal as possible for the health of the fetus, as well as their 
own health. Panretinal photocoagulation for severe NPDR should be considered. During 
the first trimester, another eye examination should be performed; subsequent follow-up 
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will depend on the findings at the time of this examination. Pregnant women with less 
than severe NPDR should be examined every 3 months, whereas those with more severe 
stages should be seen every 1–3 months according to current guidelines.

Other Systemic Risk Factors
Diabetic nephropathy, as measured by albuminuria, proteinuria, or renal failure, is 

found to be a risk factor associated with progression of retinopathy in some, but not all, 
studies (43, 67, 68). Anemia has also been reported to be associated with progression of 
diabetic retinopathy in two small case series and two epidemiologic studies (43, 69–71). 
There was a progressive increase in the risk of development of high-risk PDR with 
decreasing hematocrit in an adjusted multivariate model in the ETDRS. This may add 
substantially to the evidence supporting the importance of anemia as a risk factor for 
diabetic retinopathy. History of diabetic neuropathy and cardiovascular autonomic neu-
ropathy have also been suggested to be associated with increased risk of progression of 
retinopathy (43, 72, 73).

MANAGEMENT OF NONPROLIFERATIVE DIABETIC RETINOPATHY

The treatment recommendations of diabetic retinopathy are based on the results of 
two major randomized clinical trials of laser photocoagulation, the Diabetic Retinopathy 
Study (DRS), and the Early Treatment Diabetic Retinopathy Study (ETDRS). The 
treatment of NPDR depends on the severity of retinopathy and the presence or absence 
of clinically significant macular edema, which may be present at any stage of NPDR.

Photocoagulation
The DRS enrolled patients with severe nonproliferative or proliferative diabetic 

retinopathy and visual acuity of 20/100 or better. The DRS results demonstrated a 50% 
reduction in severe visual loss (visual acuity of 5/200 or worse at two or more consecu-
tively completed follow-up visits scheduled at 4-month intervals) in eyes that had 
received photocoagulation (scatter and focal photocoagulation), compared with eyes 
that did not. DRS reports also identify retinopathy features associated with a particu-
larly high risk of severe visual loss (74–77). These “high-risk” characteristics seen in 
the proliferative phase, which can be summarized as either neovascularization accom-
panied by vitreous hemorrhage or obvious neovascularization on or near the optic disc, 
even in the absence of vitreous hemorrhage, are described in further detail in Chap. 2.

Patients in the DRS had severe nonproliferative or proliferative retinopathy and were 
randomly assigned to either immediate photocoagulation or no photocoagulation, regard-
less of retinopathy progression. Although that study identified a group of patients at high 
risk for visual loss, it could not assess the appropriate timing of scatter photocoagulation. 
However, the ETDRS was designed to address this clinical question, as well as to evaluate 
the effects of laser photocoagulation for diabetic macular edema (78). To be eligible for 
the ETDRS, patients had to have diabetic retinopathy in both eyes with less than high-risk 
proliferative retinopathy (allowing for mild, moderate, and severe nonproliferative and 
early proliferative retinopathy) with or without macular edema. One eye of each patient 
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was randomly assigned to early photocoagulation using one of several strategies, and the 
fellow eye was assigned to deferral of photocoagulation (79).

Scatter Photocoagulation for Nonproliferative Diabetic Retinopathy
The comparison of early photocoagulation vs. deferral in the ETDRS revealed a 

small reduction in the incidence of severe visual loss in the early-treated eyes, but 
5-year rates were low in both the early treatment and deferral groups (2.6% and 3.7%, 
respectively) (80). For eyes with only mild-to-moderate NPDR, rates of severe visual 
loss were even lower, and any reductions in visual loss from early photocoagulation did 
not seem sufficient to compensate for the unwanted side effects of scatter photocoagula-
tion. As the retinopathy advances to the severe or very severe nonproliferative or early 
proliferative stage, the risk–benefit ratio becomes more favorable, and it is reasonable 
to consider initiating scatter photocoagulation before the development of high-risk 
PDR. Recent analyses of ETDRS data suggested that early scatter treatment is particu-
larly effective in reducing severe visual loss in patients with type 2 diabetes (81). While 
no studies have been performed evaluating intraocular VEGF levels after scatter photo-
coagulation for NPDR, successful panretinal photocoagulation for ocular neovasculari-
zation was found to reduce intraocular VEGF by 75% in one study (82). These data 
provide an additional reason to recommend early scatter photocoagulation in older 
patients with very severe nonproliferative or early proliferative diabetic retinopathy.

If patients with either type 1 or 2 diabetes present with both clinically significant 
macular edema and very severe nonproliferative or early proliferative diabetic retinopathy, 
the treatment of the macular edema should be considered first, if possible. Data from 
the ETDRS demonstrated that initial scatter photocoagulation in such patients can 
actually worsen the macular edema.

Scatter Photocoagulation for Proliferative Retinopathy
The technique of scatter photocoagulation for PDR is discussed in Chap. 2. This 

technique is used for some eyes that are approaching high-risk PDR, for example, eyes 
with severe nonproliferative or early proliferative retinopathy. A standard “full” scatter 
panretinal photocoagulation should be applied (1,200–1,600 moderate intensity burns 
of ∼500 µm in diameter).

Focal Photocoagulation for Diabetic Macular Edema
The ETDRS results also provide clinically important information to guide the treatment 

of diabetic macular edema (42, 79, 83, 84). In the ETDRS, eyes with mild or moderate 
NPDR and macular edema were randomly assigned to early focal/grid photocoagulation 
or no photocoagulation unless high-risk PDR developed. The main outcome variable 
was a decrease of 3 lines on a logarithmic visual acuity chart. This 3-line decrease 
represents a doubling of the initial visual angle, for example, a change from 20/20 to 
20/40 or from 20/100 to 20/200. After 3 years of follow-up, 24% of the control group 
experienced such a visual loss when compared with 12% of the treated eyes. Focal/grid 
photocoagulation reduced the risk of moderate visual acuity loss for all eyes with 
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diabetic macular edema and mild-to-moderate NPDR by about 50%. The group of 
untreated eyes with macular edema at highest risk for visual loss was the group with 
edema involving the center of the macula. Prompt photocoagulation is indicated for 
these eyes, but treatment should be deferred for eyes with edema that is more remote 
from the macular center. Also, if a large plaque of hard exudate is threatening the center, 
prompt treatment may be advised.

The effect of focal laser photocoagulation on diabetic macular edema was evaluated 
in eyes with a broad range of baseline edema severity, visual acuity levels, and various 
baseline fluorescein angiographic characteristics in the ETDRS (85). Although these 
analyses were performed in eyes with mild-to-moderate NPDR only, the most important 
factor to consider in deciding whether to treat macular edema remains involvement of 
the center of the fovea.

Patients can sometimes notice scotomata related to the focal laser burns, although 
there was limited documentation of this using the visual fields as measured in the 
ETDRS. For eyes with leakage arising close to the center of the macula, it may be pref-
erable to observe closely or consider alternative treatment other than laser because of 
increased risk of damage from direct laser treatment and possible subsequent migration 
of laser treatment scars. Careful follow-up with intervention when retinal thickening or 
lipid deposits threaten or involve the center of the macula can reduce the risk of visual 
loss and limit the number of patients needing treatment.

The ETDRS used two types of treatment for diabetic macular edema, focal and grid. 
Focal refers to the direct treatment of all leaking microaneurysms in the edematous 
retina between 500 and 3,000 µm from the center of the macula. Individual microaneurysms 
are treated with a spot size of 50–100 µm and an exposure time of 0.1 s. The power in 
ETDRS was set initially low and slowly increased to obtain either whitening or darken-
ing of the microaneurysm with minimal power. The grid treatment in ETDRS was used 
primarily for areas of diffuse leakage with no identifiable focal areas of leakage. The grid 
was composed of light intensity burns, 50 to rarely 200 µm in diameter, producing a grid 
of equally spaced burns more than one burn width apart. One of the reported adverse 
effects of focal laser photocoagulation is the development of choroidal neovasculariza-
tion and subsequent subretinal fibrosis (86, 87). However, in the ETDRS, only 9 of 109 
eyes with subretinal fibrosis associated with diabetic macular edema could be directly 
attributed to focal photocoagulation. The strongest risk factor for the development of 
subretinal fibrosis was the presence of severe hard exudate deposition in the retina, 
which is associated with elevated serum lipid levels (58). With further clinical experience, 
we have learned that photocoagulation scars can expand with time, resulting in increased 
retinal and retinal pigment epithelial atrophy. Therefore, most ophthalmo logists today 
treat with lighter and less intense burns than originally described in ETDRS, aiming for 
a grey burn as opposed to a white burn, in order to avoid central visual acuity loss or 
central scotomata that can be associated with expanding laser scars.

Other Treatment of Diabetic Macular Edema
Although focal photocoagulation based on ETDRS guidelines is effective in most 

cases, there are limitations to laser therapy. First, laser scars can expand with time and 
encroach upon the fovea. Second, some cases of diabetic macular edema are refractory 



Nonproliferative Diabetic Retinopathy 19

to focal laser photocoagulation. One alternative treatment is pars plana vitrectomy. The 
rationale for surgical intervention is that removal of any vitreoretinal traction can result 
in amelioration of macular edema and improved visual acuity (88, 89). The major draw-
backs to this therapy are the invasive nature of vitrectomy and that it may be appropriate 
only for a subset of macular edema patients with vitreoretinal tractional.

Other treatment possibilities involve pharmacological intervention. Multiple case 
series and some small controlled trials have suggested that intravitreal injection of the 
slow-release steroid triamcinolone acetonide is an effective therapy(90–94). However, 
intravitreal triamcinolone acetonide has been associated with multiple complications 
such as steroid-induced intraocular pressure elevation and cataract, in addition to the 
typical risks from intravitreal injections such as retinal detachment and endophthalmitis. 
A study of rabbit eyes found that intravitreal triamcinolone can be toxic to the outer 
retina (95). Given the complications associated with steroids and our recent understanding 
of upregulation of VEGF, molecules targeting VEGF such as intravitreal ranibizumab 
or bevacizumab are sometimes used to treat refractory macular edema (96). Other thera-
pies targeting VEGF that are under investigation include PKC-beta inhibitors. These 
emerging treatment concepts are discussed further in Sect. 3.

Medical Therapy
ASPIRIN AND ANTIPLATELET TREATMENTS

Three randomized controlled clinical trials of antiplatelet treatments have been 
performed in patients with diabetic retinopathy. None has demonstrated a clinically 
beneficial effect of treatment. The Dipyridamole Aspirin Microangiopathy of Diabetes 
(DAMAD) Study (97) and the Ticlopidine Microangiopathy of Diabetes Study (98) 
enrolled 475 and 435 patients, respectively. These two studies found similar results with 
little difference in change in retinopathy severity as judged by visual acuity measure-
ments or ophthalmoscopy. Antiplatelet therapy had been a focus of research in the past 
because some earlier studies suggested that platelet aggregation may be increased early 
in diabetes mellitus and may be involved in the genesis of diabetic microangiopathy 
(99–103).

In the ETDRS, all patients were randomly assigned to 650 mg aspirin per day or a 
placebo, and one eye of each patient was randomly assigned to immediate photocoagu-
lation, whereas the fellow eye was assigned to deferral of photocoagulation, that is, 
careful follow-up and prompt scatter photocoagulation if high-risk retinopathy devel-
oped. The eyes assigned to deferral of laser photocoagulation were assessed for the 
effects of aspirin on the progression of diabetic retinopathy. Aspirin use did not affect 
the progression of retinopathy, nor did it affect the risk of visual loss (84). Additionally, 
aspirin did not increase the risk of vitreous hemorrhage in patients with proliferative 
retinopathy (104, 105). Aspirin use was associated with a 17% reduction in morbidity 
and mortality from cardiovascular disease (106). Therefore aspirin should be considered 
for persons with diabetes, not because of any effect on their diabetic retinopathy, but 
because of the benefits of aspirin that have been demonstrated for persons at increased 
risk of cardiovascular disease. The presence of PDR should not be considered a 
contraindication to aspirin use.
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While the DAMAD and ETDRS showed little benefit of salicylates to inhibit diabetic 
retinopathy, there is currently renewed interest in this therapy, given the new emphasis 
on the inflammatory component of diabetic retinopathy. A recent animal study (107) 
showed that salicylate-based anti-inflammatory drugs were able to significantly inhibit 
the degeneration of retinal capillaries in diabetic rats. Interestingly, this study used a 
higher dosage of salicylates per kilogram body weight than was given in the DAMAD 
and ETDRS studies. Also, this animal study began salicylate therapy as soon as diabetes 
was induced in the rats, compared with the human studies where intervention was not 
begun until the patients already had retinal manifestations of diabetes. As we learn more 
about the inflammatory cascade involved in diabetic retinopathy, further studies may 
investigate the role of salicylate therapy begun earlier in the course of diabetes at a 
different dose.

ALDOSE REDUCTASE INHIBITORS

A medical approach for preventing the development of retinopathy that has been 
hypothesized for decades involves blocking the effects of the enzyme aldose reduct-
ase (108). In hyperglycemic states, this enzyme facilitates the conversion of glucose 
to sorbitol. Build-up of sorbitol is thought to disrupt retinal cellular function via 
induction of apoptosis and osmotic changes (109). Animal experiments suggest that 
an aldose reductase inhibitor could slow the development of diabetic retinopathy 
(110–114). Clinical trials of aldose reductase inhibitors have resulted in a decrease in 
capillary cell death, microaneurysm count, fluorescein leakage, nonperfusion status, 
and VEGF expression (5, 115–119). However, none of these observations have 
resulted in any slowing of the progression of retinopathy. One of the largest human 
trials, the Sorbinil Retinopathy Trial, enrolled 497 diabetic patients with little or no 
retinopathy. After 3–4 years of follow-up, progression of diabetic retinopathy and 
neuropathy were apparently unaffected by the administration of the aldose reductase 
inhibitor (115, 120).

OTHER MEDICAL TREATMENTS

A variety of other medical approaches for reducing the secondary complications of 
diabetes are currently under evaluation. Current clinical studies are evaluating protein 
kinase C inhibitors, such as oral ruboxistaurin, as potential modulators of diabetes-in-
duced retinal hemodynamic abnormalities (29). This therapy was found to reduce the 
rate of sustained moderate visual loss in a randomized controlled clinical trial by 40% 
(P 0.034 with 9.1% in placebo-treated patients vs. 5.5% of ruboxistaurtin-treated 
patients) (121). Ultimately, prevention is more effective than treatment, and so a healthy 
lifestyle, including weight control and regular exercise, is essential as illustrated by the 
Diabetes Prevention Program (122).

This clinical trial (122) evaluated diabetes prevention in 3,234 nondiabetic, over-
weight persons with elevated fasting and postload plasma glucose concentrations. The 
mean body-mass index, weight in kilograms divided by the square of the height in 
meters, was 34. The participants were randomized to placebo, metformin (850 mg twice 
daily), or a lifestyle-modification program with the goals of at least a 7% weight loss 
and at least 150 min of physical activity per week. The results indicated success for the 
lifestyle modification group. Specifically, the incidence of diabetes was 11.0, 7.8, and 4.8 
cases per 100 person-years in the placebo, metformin, and lifestyle groups, respectively. 
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The lifestyle intervention reduced the incidence by 58% (95% confidence interval, 
48–66%) and metformin by 31% (95% confidence interval, 17–43%), compared with 
placebo. Therefore, a healthy lifestyle is a cost-saving, effective method to prevent the 
development of diabetic complications.

SUMMARY

On the basis of the results of controlled clinical trials that have accumulated over the 
past several decades, we now have beneficial methods for the treatment of diabetic 
retinopathy. However, diabetic retinopathy remains a leading cause of visual loss in the 
United States among working-age Americans. This is unfortunate, because when prop-
erly treated, the 5-year risk of blindness for patients with PDR is reduced by 90% and 
the risk of visual loss from macular edema is reduced by 50%. (80) Appropriate fol-
low-up (Tables 4 and 5) and timely intervention are essential and may help prevent 
blinding complications of diabetic retinopathy. With the advent of emerging therapies, 
prevention strategies, and heightened awareness of the extensive microvascular com-
plications in diabetes, the future for effective clinical management of diabetic retinopa-
thy is optimistic.
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Table 4
Recommended Scheduling of Examinations Based on the Timing of Diabetes Mellitus Onset

Time of onset Recommended time for Routine minimum follow-up
  first examination 

Age less than 30 years 5 years after onset Yearly
Age 30 and older At time of diagnosis Yearly
Before pregnancy Before or soon after conception At least every 3 months

Table 5
Recommended Follow-up Based on the Status of the Retinopathy

Status Follow-up (months)

No retinopathy or microaneurysms only 12
Mild/moderate NPDR without macular edema 6–12
Mild/moderate NPDR with macular edema that is not  4–6

clinically significant 
Mild/moderate NPDR with clinically significant macular edema 3–4
Severe/very severe NPDR 3–4

NPDR nonproliferative diabetic retinopathy
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Abstract

Proliferative diabetic retinopathy continues to be a major cause of blindness throughout 
the world. The natural history demonstrates that its development is primarily related to 
progressive retinal ischemia from diabetic retinopathy. The primary complications leading 
to vision loss, tractional retinal detachment and vitreous hemorrhage, are dependent upon 
the relationship between the neovascular tissue and the vitreous. The major risk factors 
are duration of diabetes and the level of glycemic control of the patient, with glycemic 
control being the modifiable risk factor as demonstrated in the DCCT/EDIC and UKPDS 
trials. Timely treatment with laser photocoagulation has been demonstrated to be of 
immense value for the preservation of vision, as reported by the DRS, ETDRS, and other 
studies. Pars plana vitrectomy is indicated for some patients with vitreous hemorrhage, 
retinal detachment, and other complications. With growing understanding of the cell 
biology of diabetes complications, pharmacologic therapies are emerging as promising 
treatment options.

Key Words: Diabetes mellitus; Diabetic retinopathy; Neovascularization; Laser photo-
coagulation Vitrectomy.

DEVELOPMENT AND NATURAL HISTORY

Histopathology and Early Development
Endothelial proliferation and new vessel formation in the retina are stimulated by 

ischemia of its inner layers secondary to regional closure of the retinal capillary bed 
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(1–4). Retinal hypoxia induces upregulation of genes such as hypoxia inducible factor 
that in turn stimulate the production of a variety of endothelial mitogens, most notably 
vascular endothelial growth factor (VEGF). Chronic ischemia also produces a localized 
low-grade inflammatory response within the vessels, with the subsequent migration and 
stimulation of immunogenic cells in the tissue, which also produce a variety of 
mitogenic cytokines. These growth factors promote a neovascular (NV) response locally 
and by diffusing through the vitreous to other areas of the retina, to the optic disc, and 
into the anterior chamber (5–7).

The background of intraretinal lesions against which preretinal new vessels arise is 
variable. The risk of proliferative diabetic retinopathy (PDR) is greatest in eyes with 
severe NPDR (nonproliferative diabetic retinopathy, also called preproliferative retin-
opathy), characterized by the presence of soft exudates (cotton-wool patches), intrareti-
nal microvascular abnormalities (IRMAs, a term chosen so as to be neutral about 
whether these abnormal vessels represent intraretinal new vessels or dilated preexisting 
vessels), venous beading, and extensive retinal hemorrhage or microaneurysms (Fig. 1). 
In the Diabetic Retinopathy Study (DRS) severe NPDR was basically defined as the 
presence of at least three of the four above-mentioned characteristics, each generally 
involving at least two quadrants of the fundus. About 50% of such eyes assigned to the 
untreated control group had developed PDR within 15 months (8). The presence and 
extent of retinal and optic nerve head NV in the diabetic retina are roughly correlated 
with the extent of capillary loss on fluorescein angiography (1).

Although there is little doubt that the presence of severe NPDR is predictive of subse-
quent NV, the characteristic intraretinal lesions are not always present when preretinal 

Fig. 1. Severe nonproliferative diabetic retinopathy. Two prominent cotton-wool spots (soft exudates) 
are noted on the left side with a large blot hemorrhage between them. Venous beading is present 
where the superior branch of the superotemporal vein passes by the upper exudate. On the right are 
two faint soft exudates (arrows) and many intraretinal microvascular abnormalities. (Courtesy Early 
Treatment Diabetic Retinopathy Study Research Group.)
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new vessels are first recognized. A possible explanation for this is the relatively transient 
nature of some of these lesions. Soft exudates usually disappear within 6–12 months. Blot 
hemorrhages and IRMA tend to disappear after extensive capillary closure, when the 
number of small vascular branches decreases and some small arterioles become white 
threads, producing a picture aptly described as featureless retina (Fig. 2).

Some, but probably a minority, of the IRMAs eventually develop into neovascular 
tissue (9). IRMAs feature endothelial proliferation and vascular caliber larger than reti-
nal capillaries with loose adventitia, similar to NV lesions. A critical distinction is that 
IRMAs lie exclusively below the level of the internal limiting membrane (ILM) of the 
retina, whereas NV lies above the ILM, growing along the interface between the retina 
and posterior vitreous face, where they can become elevated as vitreous detachment 
occurs.

Although new vessels may arise anywhere in the retina, they are most frequently seen 
within 10–15 mm of the optic disc, and on the disc itself (Davis (10): 69% of 155 eyes 
with PDR; Taylor and Dobree (11): 73% of 86 eyes). In the DRS, among 1,377 control 
group eyes with new vessels present in baseline photographs, 15% had new vessels only 
on or within 1 disc diameter (DD) of the disc, 40% had new vessels only outside this 
zone, and 45% had new vessels in both zones (12).

Neovascularization of the optic disc (NVD) begins as fine loops or networks of ves-
sels lying on the surface of the disc or bridging across the physiologic cup. The most 
satisfactory examining methods are those that provide a magnified stereoscopic view, 
either biomicroscopy with contact or precorneal lens or stereoscopic 30-deg photogra-
phy. If any doubt remains, it can usually be resolved by fluorescein angiography, which 
demonstrates the profuse leakiness characteristic of preretinal new vessels. Wide-angle 
angiography can be helpful in identifying ischemia and NV, particularly when NV 

Fig. 2. Early proliferative diabetic retinopathy. New vessels form a small wheel-like network (arrow) 
in the superotemporal quadrant of an eye with venous beading, cotton-wool spots (soft exudates), 
intraretinal microvascular abnormalities, and blot hemorrhages. (Courtesy Early Treatment Diabetic 
Retinopathy Study Research Group.)
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lesions are suspected (e.g., due to recent vitreous hemorrhage) but are not found on 
clinical examination. The possibility that the vitreous hemorrhage may come from a 
peripheral retinal tear, unrelated to diabetic retinopathy, should be kept in mind, and a 
careful examination of the peripheral fundus with scleral depression should be 
performed.

Early new vessels elsewhere (NVE) may be difficult to distinguish from IRMA, par-
ticularly if the IRMA are extensive and NVE do not yet show any of their unique fea-
tures, such as formation of wheel-like networks, extension across both arterial and 
venous branches of the underlying retinal vascular network, accompanying fibrous pro-
liferations, or elevation. The true nature of such borderline lesions soon becomes clear 
with careful follow-up.

NV requires a scaffold or matrix in which to grow (13); therefore, NV does not typi-
cally occur in areas where the vitreous has detached or has been surgically removed 
(14). In fact, in an eye with complete posterior vitreous detachment with severe NPDR, 
the clinical concern should be more for the possibility of the development of rubeosis 
iridis, NV of the iris, than of PDR. In some instances, small buds or “popcorn kernels” 
of NV may appear in eyes with vitreous separation, but such lesions rarely progress or 
lead to complication. Some investigators have suggested that iatrogenic induction of 
posterior vitreous detachment in eyes with NPDR, or drug treatment to prevent vitreous 
senescence and detachment, would be beneficial, since it would prevent the develop-
ment and complications of PDR (15).

Proliferation and Regression of New Vessels
Initially, new vessels may be very subtle on clinical examination. Their caliber may 

eventually range up to that of a major retinal vein at the disc margin (Fig. 3). New vessels 
frequently form wheel-like networks (see Fig. 2). NV networks also may be irregular in 

Fig. 3. New vessels elsewhere without prominent network formation. Over much of their course, these 
new vessels did not form networks. Large aneurysmal dilations were present at the end of a long new 
vessel loop (left arrow) and at the circumference of a partial wheel-like network (right arrow). 
(Courtesy Diabetic Retinopathy Study Research Group.)
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shape, without a distinct radial pattern. New vessel patches often lie over retinal veins 
and appear to drain into them. The superotemporal vein is involved somewhat more 
frequently than others (10, 11). At times new vessels grow for several disc diameters 
across the retina without forming prominent networks (Fig. 3).

The rate of growth of NV is variable. In some patients a patch of vessels may show 
little change over years, whereas in others a definite increase may be seen in 1 or 2 
weeks. Early in their evolution, new vessels appear bare, but later delicate white fibrous 
tissue usually becomes visible within the complex. Histopathologically, NV always has 
a variety of cell types, including pericytes, fibrocytes, macrophages, and glial cells, in 
addition to the endothelial cells of the vessels themselves. Hence, even when the vessels 
have the clinical appearance of bare, naked vessels, the common clinical convention of 
referring to such tissue as “fibrous” or “fibrovascular” is technically correct (16, 17). In 
many cases, as the NV complex matures or involutes, the nonvascular whitish compo-
nent becomes more prominent (Fig. 4a–d). In such cases, the extravascular cellular 
proliferation has become prominent relative to the vascular component. Vascular lumina 
containing blood cells are nearly always present in involuted fibrous-appearing tissue 
on microscopy, even if blood-filled vessels are not visible on clinical examination.

NV lesions characteristically follow a cycle of enlargement, followed by partial or 
complete regression (10, 18). Regression of a wheel-shaped net of new vessels typically 
begins with a decrease in the number and caliber of the vessels at the center of the patch, 
followed by their partial replacement with fibrous tissue. Simultaneously, the peripheral 
vessels tend to become more narrow, although they may still be growing in length and 
the patch may still be enlarging (Fig. 4a). At times, regressing new vessels appear to 
become sheathed. The width of the sheath, which presumably represents opacification 
and thickening of the vessel wall, increases until only a network of white lines without 
visible blood columns remains (see Fig. 4d). At times certain new vessels seem to 
become preferential channels, enlarging while adjacent vessels regress and disappear. 
Fresh, active new vessels are commonly seen emerging from the edges of partially 
regressed patches, and new vessels are frequently seen at different stages of develop-
ment in different areas of the same eye. Early in their evolution, the fibrous components 
of fibrovascular proliferations tend to be translucent and are easily underestimated. 
Subsequently, with increasing growth, contraction, or separation from the retina, they 
become more prominent.

A feature of fibrocytic proliferation is eventual contraction, a complication responsi-
ble for most of the complications of PDR. If contraction of the vitreous and fibrovascu-
lar proliferations does not occur, new vessels may pass through all the stages described 
here without causing any visual symptoms. Concurrently, a decrease in intraretinal 
lesions and in the caliber of major retinal vessels may occur as retinopathy enters the 
burned-out stage. Occasionally, new vessels appear to regress completely, leaving no 
trace of their previous presence (19).

Contraction of the Vitreous and Fibrovascular Proliferations
Before the onset of posterior vitreous detachment, NV networks appear to be on or 

slightly anterior to the retina, both by biomicroscopy and in stereophotographs. At this 
stage, slit-lamp examination of new vessel patches that appear to be slightly elevated 
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Fig. 4. Proliferation and regression of new vessels elsewhere (NVEs). (A) Severe nonproliferative 
diabetic retinopathy in a patient with newly diagnosed type II diabetes (superotemporal quadrant of 
the right eye). Present were many microaneurysms, hemorrhages, and hard exudates, as well as exten-
sive retinal edema and venous beading. Most of the tortuous small vessels appeared to be within the 
retina (large intraretinal microvascular abnormalities), but some may have been on its surface (NVEs). 
(B) Eight months later, marked improvement in the intraretinal abnormalities was noted, but a wheel-
like network of new vessels had appeared on the surface of the retina. Venous beading had decreased, 
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shows no change in the vitreous adjacent to them nor any separation between them and 
the retina. Nearly all NV is adherent to the posterior vitreous surface. This adhesion 
becomes apparent when posterior vitreous detachment occurs adjacent to the patch, 
pulling its edge forward. If vitreous detachment surrounds the patch, all its edges 
become more elevated than its center, giving its anterior surface a concave 
appearance.

Before the beginning of posterior vitreous detachment, new vessels usually are 
asymptomatic (10, 18). Small hemorrhages in the posterior vitreous are occasionally 
seen near the growing ends of the new vessels, but they usually remain subhyaloid or 
hang suspended in the most posterior portion of the vitreous without becoming apparent 
to the patient. When symptomatic vitreous hemorrhages do occur, some evidence of 
localized posterior vitreous detachment usually can be found. When only a small area 
of the posterior vitreous surface is detached, it appears flat and very close to the retina; 
but as detachment becomes more extensive, this surface moves forward and assumes a 
curved contour more or less parallel to the retina and slightly anterior to it. This other-
wise smoothly curved surface is held posteriorly by vitreoretinal adhesions at the sites 
of new vessels. The new vessels in turn tend to be pulled forward in these same areas. 
Vitreous strands and opacities usually can be seen anterior to the posterior vitreous 
surface, whereas posteriorly the vitreous cavity is optically empty or contains red blood 
cells (10, 20). The principal force pulling the posterior vitreous surface forward usually 
appears to be the forward vector resulting from contraction of this surface and the 
fibrovascular proliferations growing along it.

Posterior vitreous detachment usually begins near the posterior pole. Detachment 
often spreads fairly rapidly (within hours, days, or weeks) to the periphery of the quad-
rant in which it begins, unless such spread is halted by vitreoretinal adhesions associ-
ated with patches of new vessels. Circumferential extension into other quadrants of the 
fundus tends to be slower, sometimes requiring months or years to reach completion. 
Detachment of the vitreous from the disc usually is prevented by adhesions between the 
vitreous and fibrovascular proliferations arising there. Vitreous detachment is not a 
smoothly progressive process. It occurs in abrupt steps, usually halting whenever its 
advancing edge meets a patch of active or regressed new vessels. Traction on such 
patches may lead to recurrent vitreous hemorrhages. If contraction continues, the patch 
is pulled forward, with or without the underlying retina, and vitreous detachment 
spreads beyond it. At times the peripheral spread of posterior vitreous detachment is 
temporarily stopped by invisible adhesions to the retina in areas where no new vessels 
are present (21).

Traction exerted on the new vessels appears to be the primary factor contributing to 
the recurrent vitreous hemorrhages and these coincide with extension of vitreous 

Fig. 4. (continued) and venous sheathing had increased. (C) Three months later, the new vessel patch 
had enlarged, and a second patch had developed above it. During the next 2 years, the new vessels 
continued to grow slowly at the edges of the patches, while regressing at their centers. (D) Three years 
after they had appeared, most of the new vessels had regressed, although there was still one dilated 
loop at the upper edge of the upper patch. No contraction of fibrous proliferation or vitreous had 
occurred, no vitreous hemorrhage was present, and vision remained good.
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detachment. Hemorrhages also occur independently, sometimes apparently in relation 
to bouts of severe coughing or vomiting and occasionally at the time of insulin reac-
tions. In such cases, the increased venous backpressure from a Valsalva maneuver may 
be etiologically related to the rupture of fragile NV vessels. More often vitreous hemor-
rhages occur during sleep and are unrelated to any obvious factor (22, 23).

Blood in the fluid vitreous posterior to the detached vitreous framework is usually 
absorbed within weeks or several months, retaining its red color until absorbed. 
Hemorrhage in the formed vitreous tends to lose its red color and become white or 
ochre-colored before absorption is complete. Absorption of a large hemorrhage from 
the formed vitreous usually is slow, requiring many months and sometimes not reaching 
completion before fresh hemorrhage occurs. As PDR enters the burned-out stage or if a 
vitreous detachment is complete so that there is no longer any vitreous traction, the 
hemorrhaging may cease. Particularly in eyes that have had involuted or partially invo-
luted NV, a vitreous hemorrhage may be accompanied by the appearance of a fibrous 
membrane on the posterior hyaloid face where the fibrous complex has been completely 
avulsed from the surface of the retina. As noted, if there is a complete vitreous separa-
tion at this point, the patient’s eye may have a very low risk of subsequent vitreous 
bleeding (21).

The arrangement and movement of blood in the posterior fluid vitreous often make 
it possible to define the limits of posterior vitreous detachment ophthalmoscopically 
(10, 20). In areas of vitreous detachment, the presence of fresh blood in the posterior 
fluid vitreous obscures fundus details, distinguishing these areas from adjacent ones in 
which the vitreous remains attached and details of the retina are clear. In the upper 
quadrants of the fundus, blood tends to become deposited in thin meridional streaks on 
the detached posterior vitreous surface, identifying its position. Blood may pool 
between the detached vitreous and attached retina, outlining the inferior extent of vitre-
ous detachment and often forming a fluid-level or boat-shaped hemorrhage. At times, 
even when posterior vitreous detachment cannot definitely be identified with slit lamp 
and contact lens, a thin, curving line of subhyaloid hemorrhage parallel to and behind 
the inferior equator can be seen, presumably marking the lower edge of an area of vitre-
ous detachment. When posterior vitreous detachment is complete, blood in the posterior 
fluid vitreous can be made to flow into the periphery of any quadrant by positioning the 
patient’s head to make that quadrant dependent. Because of the tendency of vitreous 
hemorrhage to accumulate in dependent portions of the globe, many clinicians advise 
patients with dense vitreous hemorrhage to sleep with the head elevated so that blood 
does not accumulate in the macula, but rather in the inferior periphery. Some patients 
will remark that this maneuver makes their vision clearer upon arising in the morning. 
Often, with motion as the patient ambulates, the vitreous hemorrhage will redistribute 
and the vision clouds once more.

Retinal Distortion and Detachment
With contraction of an extensive sheet of fibrovascular proliferations, distortion or 

displacement (“dragging”) of the macula may occur (24). Since the most common site 
of extensive fibrovascular proliferations is on and near the disc, the macula usually is 
dragged nasally and often also somewhat vertically (Fig. 5). Occasionally, a displaced 
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macula will retain good acuity potential, but more often there is a decline in acuity 
proportionate to the extent of distortion and striae. An eye with a displaced macula may 
retain good visual acuity for a time, but tractional membranes also cause macular 
edema. Chronic edema and secondary pigmentary changes will lead to a gradual decline 
in acuity. Diplopia and metamorphopsia are also common symptoms.

Fig. 5. Dragging of the macula. (A) In the left eye of this 39-year-old white woman, whose age at 
diagnosis of diabetes was 10 years, extensive fibrovascular proliferations were present on and adja-
cent to the disc, centered superotemporally. The temporal edge of the patch of proliferations was 
tightly apposed to the retina, and the nasal edge was elevated about one third of a disc diameter by 
localized posterior vitreous detachment, the lower edge of which was marked by a preretinal hemor-
rhage. Visual acuity was 20/60. Scatter photocoagulation was initiated. (B) Three weeks after photo-
coagulation, the patient noted a marked decrease in visual acuity and returned for examination. There 
had been marked regression of the new vessels. Contraction of the proliferations had pulled the neu-
rosensory macula (but not the corresponding, more deeply pigmented retinal pigment epithelium) up 
and nasally. Vitrectomy was carried out. (C) Two months later (postvitrectomy), visual acuity had 
improved to 20/30, and the neurosensory macula had returned to near-normal position. There 
appeared to be a rather large, full-thickness retinal break (near upper right corner), but this did not 
lead to retinal detachment during the remaining 3 years of follow-up. At 4-year follow-up, vision had 
improved to 20/20. (Courtesy Diabetic Retinopathy Vitrectomy Study Research Group.)
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Contraction of the vitreous or fibrovascular proliferations also may lead to retinal 
detachment. This may be limited to avulsion of a retinal vessel, sometimes accompanied 
by vitreous hemorrhage. Alternatively, a relatively thin fold of retina may become ele-
vated, with only a narrow zone of retinal detachment adjacent to its base. In other cases 
retinal detachment may be more extensive, but the concave shape that is typical of trac-
tion detachment generally is maintained. If subretinal fluid from a tractional retinal 
detachment involves the macula, the prognosis for retention of acuity is grave (25). At 
times, what may appear clinically to be a shallow retinal detachment may be a schisis-
like splitting of the retina upon optical coherence tomography (26). Tractional retino-
schisis of the retina results in severe retinal dysfunction of the involved region.

At times, small, apparently full-thickness retinal holes may be seen near the prolif-
erations with traction; these sometimes, but not always, lead to rhegmatogenous detach-
ment combined with the tractional components (a tractional–rhegmatogenous 
detachment). When such A detachment occurs, it tends to have a flat or convex anterior 
surface and be more extensive, even to the ora serrata. The occurrence and severity of 
retinal detachment are influenced by the timing and degree of shrinkage of the vitreous 
and fibrovascular proliferations and by the type, extent, and location of the vitreoretinal 
adhesions. New vessels with little accompanying fibrous tissue tend to produce less 
extensive vitreoretinal adhesions and less risk of retinal detachment, particularly when 
posterior vitreous detachment begins soon after the onset of neovascularization. At 
times, new vessels that extend for a considerable distance along the surface of the retina 
appear to be adherent to the retina only at their sites of origin and to the vitreous only 
near their distal ends. In this case the posterior vitreous surface can pull away before 
exerting traction on the retina. When new vessels are confined to the surface of the disc, 
vitreous detachment can reach completion without producing traction on the retina, 
since there are no vitreoretinal adhesions, but the vitreous remains tethered at the disc. 
Retinal detachment does not occur in such eyes, but recurrent vitreous hemorrhage from 
the new vessels is a risk.

Burned-Out Proliferative Diabetic Retinopathy
PDR may be considered to no longer be active when vitreous contraction has reached 

completion (i.e., when the vitreous has detached from all areas of the retina except those 
where vitreoretinal adhesions associated with new vessels prevent such detachment) 
(10, 18, 27, 28). Vitreous hemorrhages decrease in frequency and severity and may stop 
entirely, although many months may elapse before substantial vitreous clearing occurs. 
If retinal detachment is absent or only localized and the macula remains intact, visual 
acuity may be good. Frequently, however, dragging or distortion of the macula or long-
standing macular edema leads to substantial reduction in vision. In many cases retinal 
detachment involves the entire posterior pole, with resultant severe loss of vision. 
Although spontaneous partial reattachment occasionally occurs, if the macula has been 
detached for months or years, usually no significant return of vision occurs. A marked 
reduction in the caliber of retinal vessels is characteristic of this stage. Previously 
dilated or beaded veins return to normal caliber or become narrower and often appear 
sheathed; fewer small venous branches are visible. Changes in the arterioles are often 
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even more striking, with decreased caliber and marked reduction of the number of vis-
ible branches. Some small arterioles now appear to be white threads without visible 
blood columns. Characteristically, only occasional retinal hemorrhages and microaneu-
rysms are present. New vessels usually are reduced in caliber and number and are qui-
escent; at times no patent new vessels can be seen. Marked loss of vision at this stage 
often seems best explained by severe retinal ischemia (21).

SYSTEMIC ASSOCIATIONS

Relationship of Proliferative Diabetic Retinopathy to Type 
and Duration of Diabetes

The factor most closely related to prevalence of PDR is duration of diabetes, particu-
larly in those with type 1 (T1DM) (29). In type 2 diabetes (T2DM, adult-onset diabetes) 
typically discovered in older patients who are often overweight, patients with retinopa-
thy may be asymptomatic at the time of diagnosis, and may even present with signifi-
cant retinopathy. Such cases occur because of a lengthy period of unrecognized 
hyperglycemia. It is rare, however, for T2DM patients to present with PDR.

Comparisons of retinopathy features in T1DM and T2DM have been hampered by 
the difficulty in classifying diabetes type, by the scarcity of studies that have evaluated 
patients of both types with the same methods, and by the even greater rarity of popula-
tion-based studies. A population-based stereophotographic study (the Wisconsin 
Epidemiologic Study of Diabetes, WESDR) was carried out by Klein (30), beginning 
in the early 1980s. The prevalence of PDR in insulin-taking patients younger than 30 
years at diagnosis (mainly T1DM) was near zero when duration of diabetes was less 
than 10 years and then rose rapidly to about 50% in persons with 20 or more years of 
diabetes. In an older-onset (30 years or more) insulin-taking group, which included both 
diabetes types, prevalence of PDR rose from 2% in persons with less than 5 years of 
diabetes to about 25% in those with 20 years or more. In the older-onset, non-insulin-
using T2DM group, prevalence of PDR increased only slightly with duration, from less 
than 5% before 20 years to about 5% thereafter (Fig. 6). Among patients with PDR, its 
severity did not appear to differ between the younger-onset and the combined older-
onset groups; in each case in the worse eye about 25% of patients had DRS high-risk 
characteristics and 15% had ungradable retinopathy severity because of extensive vitre-
ous hemorrhage, phthisis bulbi, or enucleation secondary to complications of diabetic 
retinopathy. In patients with PDR, macular edema was more common in the combined 
older-onset group; retinal thickening or scars of previous focal photocoagulation were 
present in at least one eye in about 45% (vs. 30% in the younger-onset group). Given 
the overall better glycemic control of diabetic patients in developed countries in the 
current decade, it is likely that the incidence of complications of DM is decreasing, but 
the greater incidence of disease may offset the overall prevalence data (31).

The Diabetic Retinopathy Vitrectomy Study (DRVS) found a substantial variation in 
severity of PDR by diabetes type among persons with vitreous hemorrhage severe 
enough to reduce visual acuity to 5/200 or less for a period of at least 1 month (25). In 
this study the severity of new vessels, fibrous proliferations, and vitreoretinal adhesions 
was greater in T1DM than in T2DM. T2DM has a four- or fivefold greater prevalence 
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than T1DM, and in clinical practice, PDR is seen with about equal frequency in the 
younger- and older-onset groups. Klein (30) estimated that, in the population they sur-
veyed, 43% of patients with PDR were in the younger-onset group, 42% were in the 
older-onset insulin-taking group, and 15% were in the non-insulin-taking group. In the 
DRS, in which more than 90% of the 1,742 patients examined had PDR in at least one 
eye, 44% were classified as juvenile-onset (younger than 20 years at diagnosis and tak-
ing insulin at entry into the study); 28% as adult-onset, possibly insulin-dependent (age 
20 years or older at diagnosis, not overweight, and taking insulin); and 26% as classic 
adult-onset (mild symptomatic or asymptomatic onset at 20 years or older and either 
overweight or not taking insulin at study entry). The remaining 2% were not classifia-
ble. Aiello et al. (32) found the age at diagnosis of diabetes among 244 consecutive 
patients with PDR to be less than 20 years, 53%; 20–39 years, 25%; and 40 years or 
older, 22%.

Proliferative Diabetic Retinopathy and Glycemic Control
The Diabetes Control and Complications Trial (DCCT), a large multicenter trial in 

which patients with type I diabetes were followed up for as long as 9 years, demon-
strated conclusively that the long-term risks both for the development of diabetic retin-
opathy and for its progression from very early to later stages can be reduced markedly 
by improving blood glucose control with intensive insulin treatment (33, 34). A total of 
1,441 patients with no or minimal complications were randomly assigned to either con-
ventional or intensive insulin treatment (35). Conventional treatment was characterized 
by one or two daily insulin injections, daily self-monitoring of urine or blood glucose, 
and diet and exercise education. Intensive treatment consisted of insulin administered 
three or more times daily by injection or an external pump, with doses adjusted accord-
ing to self-monitored blood glucose results obtained at least four times per day, as well 
as anticipated dietary intake and exercise, and with the goal of lowering HbA

lc
 (meas-

ured monthly) to within the nondiabetic range (6.05%). Seven-field stereoscopic color 
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fundus photographs were taken at baseline and every 6 months thereafter, and they were 
graded (masked to treatment) centrally using the Early Treatment of Diabetic 
Retinopathy Study (ETDRS) protocol (36).

Mean HbA
lc
 at baseline was 8.9% in each treatment group (nondiabetic mean, 5.1; 

SD, 0.5). Over the entire study period, means were 9.1% and 7.2%, respectively, in the 
conventional and intensive treatment groups. One of the principal outcome measures 
analyzed was the prevalence of progression by three or more steps on the ETDRS retin-
opathy severity scale at each visit (37). After 4 years, there was about a fivefold reduc-
tion in the risk of progression in the intensive treatment group, compared with that in 
the conventional. There were similar large risk reductions for progression from NPDR 
to PDR, which became evident after 3 years of follow-up and exceeded 80% (crude 
relative risk, 0.17) in the 5.5- to 9-year interval (Table 1).

The Epidemiology of Diabetes Intervention and Complications (EDIC) study was 
initiated at the close of the DCCT to provide longer-term observations of these patients 
(38). Patients in the conventional-therapy group were offered intensive therapy and 
instructed in its use, and the care of all patients was transferred back to their own physi-
cians. In EDIC, patients were evaluated at annual intervals. The most important finding 
was the continuation of the strong beneficial effect in the group originally randomized 
to intensive treatment in spite of marked narrowing of the difference in glycemic control 
between the two treatment groups (HbA

1c
 8.2% and 7.9%, respectively, in the conven-

tional and intensive treatment groups, vs. 9.1% and 7.2% during the DCCT). In addi-
tion, the increasing duration of diabetes in the cohort during the DCCT provided more 
patients with moderate NPDR or worse than had been available at the beginning of the 
DCCT (Table 1). At the EDIC 4-year visit 42% of 110 such patients in the original 
conventional treatment group vs. 22% of 58 patients in the intensive treatment group 
had progressed (by at least 3 steps on the ETDRS severity scale and in most cases to 
PDR), representing an odds reduction of 60% (95% CI, 18, 80; P = 0.012) (39).

Evidence that better glycemic control in patients with severe NPDR or early PDR 
reduces their risk of further progression is provided by ETDRS multivariable analyses 
of risk factors for progression to high-risk PDR in such patients, in which HbA

1c
 at 

Table 1
DCCT: Rates of Progression from Nonproliferative Diabetic Retinopathy to Proliferative 

Diabetic Retinopathy and Crude Relative Risks (RRs), by Follow-Up Time Period

Time period (years)t
Conventional (C) rate 
(cases/person-years)a

Intensive (I) rate 
(cases/person-years)a Crude RR, I:C

  0–1 0.86 (3/351) 0.55 (2/362) 0.65
1.5–3 1.60 (11/688) 1.41 (10/711) 0.88
3.5–5 1.86 (12/646) 0.88 (6/681) 0.47
5.5–9 3.97 (20/504) 0.69 (4/580) 0.17

Modified from (33), Copyright American Medical Association
a Rates in cases per 100 person-years at risk
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baseline was a strong factor, with odds ratios ranging from 1.6 to 1.9 for patients in 
the highest vs. the lowest categories, 12% and 8.3%, respectively (P = 0.0001) (39). 
Even in the lowest category the 5-year rate of high-risk PDR was high (50%), and 
so large odds ratios were not to be expected. These analyses suggest that the 
benefits of better control continue to be manifest even after severe NPDR or PDR 
has developed.

The United Kingdom Prospective Diabetes Study (UKPDS) reported results consist-
ent with those of the DCCT in patients with type II diabetes. This randomized trial 
enrolled 3,867 patients with newly diagnosed type II diabetes and assigned them to 
intensive treatment with a sulfonyl-urea or insulin, or to conventional treatment begin-
ning with diet only. The HbA

lc
 levels of the intensively and conventionally treated 

cohorts (medians, 7.0% and 7.9%, respectively, over 10 years of follow-up) were sepa-
rated by about one half the amount observed in the DCCT. Retinopathy progression 
over a 9-year period was observed in 31% of 1,171 patients assigned to intensive treat-
ment vs. 38% of 459 patients assigned to conventional treatment (P = 0.012) (40, 41). 
However, this trial did not report rates of progression to PDR.

Caution and close observation are appropriate when a patient with severe NPDR or 
early untreated PDR is abruptly transitioned from poor to excellent glycemic control 
because of a phenomenon called “early worsening.” As described in the DCCT (42), a 
greater proportion of subjects in the intensive control groups had worsening of DR at 
the 6th or 12th month visits, compared with that in the conventional treatment group 
(13.1% vs. 7.6%, P < 0.001). Three eyes of 2 patients in the DCCT progressed from 
moderate NPDR to HR-PDR within 12 months, all in the intensive control group. Other 
reports have also noted that severe NPDR or PDR does not respond or even worsens 
after short-term strict glycemic control intervention, and progression to severe vision 
loss has been reported (43–48).

Other Risk Factors for Proliferative Diabetic Retinopathy
Results of the ETDRS multivariable analyses of risk factors for progression to high-

risk PDR mentioned earlier demonstrate that the strongest factor was retinopathy sever-
ity; however, decreased visual acuity was also a strong factor, as was HbA

lc
. Additional 

significant factors were the presence of diabetic neuropathy, decreased hematocrit, 
increased serum triglyceride, and decreased plasma albumin (odds ratios for highest vs. 
lowest categories of each factor ranged from 1.2 to 1.6) (49).

Severe anemia is an infrequent problem in diabetic patients, but its association with 
increased risk of severe retinopathy may be important to these patients, as suggested by 
these ETDRS analyses and other reports. In a multivariable cross-sectional analysis of 
1,386 patients in Finland, the relative risk of severe retinopathy (among all patients with 
retinopathy) was 5 for those with hemoglobin <12 g dL−1, compared with the relative 
risks of those with higher levels (50). One small case series reported improvement in 
hard exudates and visual acuity in 3 patients after successful treatment of severe anemia 
with erythropoietin (51).

Hypertension was not a risk factor for development of high-risk PDR in the ETDRS, 
and findings in previous studies have been variable (28, 49). In the UKPDS, patients 
with hypertension were randomized between more and less intensive regimens of blood 
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pressure control, and retinopathy progression was significantly less common in the 
former, as was the incidence of photocoagulation and of a three or more line decrease 
in visual acuity, with risk reductions after 7.5 years ranging from 35 to 45% for these 
outcomes. Progression to PDR was too infrequent for analysis (41, 52). These findings 
provide strong support for inclusion of intensive blood pressure control in the manage-
ment of diabetes and diabetic retinopathy.

OTHER TYPES OF INTRAOCULAR NEOVASCULAR 
PROLIFERATION IN DIABETES

Rubeosis Iridis
The retinal ischemia causing PDR may also lead to new vessels in locations in the 

eye not on the retina or optic nerve head. Rubeosis iridis, neovascularization of the iris, 
may occur with or without concurrent PDR in patients with diabetes. In some diabetic 
patients with PDR, subtle new vessels on the pupil margin may be seen. These vessels 
may remain relatively stable, particularly after panretinal laser photocoagulation (53). 
However, the risk of neovascular glaucoma is substantial in the setting of iris neovascu-
larization, as the new vessels tend to invade the angle and root of the iris, causing 
peripheral synechiae with secondary neovascular glaucoma. As noted previously, in 
patients who develop spontaneous posterior vitreous detachment, or in vitrectomized 
eyes, there is no extracellular scaffold upon which neovascular tissue can proliferate out 
of the retina. Therefore, rubeosis iridis may occur in the absence of PDR. T2DM 
patients with severe NPDR and PVD should be observed for the potential development 
of rubeosis iridis. Panretinal laser photocoagulation is generally helpful in preventing 
the progression of the iris neovascularization after it has been detected.

Anterior Hyaloidal Fibrovascular Proliferation
In eyes with PDR that have had vitrectomy surgery, particularly those with recurrent 

hemorrhage and retinal detachment, severe fibrovascular proliferation from the scle-
rotomy sites in the pars plana can occur, called anterior hyaloidal fibrovascular prolif-
eration (54). This ominous complication can sometimes be treated with aggressive laser 
and repeated surgery (55). If progressive, the eyes are often lost, as the fibrovascular 
proliferation leads to development of a cyclitic membrane, which in turn, presages the 
development of hypotony and eventual phthisis.

MANAGEMENT OF PROLIFERATIVE DIABETIC RETINOPATHY

Pituitary Ablation
Although no longer performed, pituitary ablation was an interesting historical foot-

note in the treatment of PDR; it reached its most widespread use in the 1950s and 1960s. 
Building on the fundamental discovery of Houssay (56) that hypophysectomy reduced 
the severity of diabetes in pancreatectomized dogs, Luft et al. (57) carried out hypophy-
sectomy in the hope of ameliorating the vascular complications of diabetes. Further 
impetus was provided by Poulsen’s (58) report of remission of diabetic retinopathy in a 
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woman with postpartum anterior pituitary insufficiency (Sheehan’s syndrome). Over the 
next 25 years, various types of pituitary suppression were used, ranging from external 
irradiation to transfrontal hypophysectomy, and consensus developed among advocates 
of these procedures that complete or nearly complete suppression of anterior pituitary 
function (pituitary ablation) produced rapid improvement in eyes with the intraretinal 
lesions characteristic of severe NPDR and in those eyes with actively growing new ves-
sels not yet accompanied by extensive fibrous proliferations. Although only two rand-
omized trials have been reported (59, 60), both small and neither in itself compelling, 
the weight of evidence supports the strongly held opinion of those most experienced 
with this procedure that it is beneficial. Particularly persuasive are comparisons between 
patients in whom transsphenoidal implantation of radioactive yttrium was followed by 
complete or nearly complete anterior pituitary suppression and similar patients in whom 
little or no suppression was achieved; substantially better outcome was observed in the 
former group (61). Additional support is provided by a nonrandomized comparison of 
eyes with very extensive new vessels and IRMAs, in which outcome was better in the 
eyes of patients undergoing pituitary ablation than in similar eyes receiving photoco-
agulation or no treatment (62).

The obvious risks of the procedures and difficulty in managing the side effects of 
pan-hypopituitarism in diabetic patients made this treatment obsolete once the efficacy 
of panretinal laser photocoagulation was demonstrated. However, the favorable effect of 
pituitary ablation on retinopathy, which is thought to be mediated by suppression of 
growth hormone activity, provides rationale for medical interventions designed to 
achieve this effect. In one such study, daily subcutaneous injections of a genetically 
engineered growth hormone receptor antagonist, pegvisomant, were given for 3 months 
in 25 patients with non-high-risk PDR. Regression of new vessels did not occur in any 
patient, although the serum level of insulin-like growth factor 1, a growth factor whose 
secretion is stimulated by growth hormone, did decrease, on an average, by 55% com-
pared to baseline levels (63). Several small randomized trials have suggested benefit of 
octreotide, an inhibitor of insulin-like growth factor 1, for prevention and treatment of 
PDR (64–66). Paired placebo-controlled phase 3 trials of a long-acting octreotide given 
subcutaneously every 4 weeks have been conducted but not yet reported in the peer-
reviewed literature (Grant M. Treating diabetic retinopathy with insulin-like growth 
factor 1 antagonists. Diabetic retinopathy – diagnostic and treatment novelties. 
Symposium. Program and abstracts of the American Diabetes Association 66th scien-
tific sessions, Washington, DC, 9–13 June 2006.). One of these trials demonstrated 
a reduction in the rate of retinopathy progression with the highest dose of study drug 
(P < 0.043), but the companion trial with identical endpoints did not.

Photocoagulation
The first use of a device to cause intentional burns to the retina utilized solar radia-

tion, but a later device utilizing a xenon arc source was developed by Meyer-
Schwickerath of Munich (67). The treatment of PDR involved direct treatment of new 
vessels on the surface of the retina, particularly those that appeared to be the source of 
vitreous hemorrhage. Large, slow, moderately intense burns were used, the result of 
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heat generated when light was absorbed by the RPE or by hemorrhage within the retina 
or on its surface (68). These intense burns usually involved the full thickness of the 
retina and often led to nerve fiber bundle field defects, particularly if hemorrhages were 
present in or on the retina. When new vessels were located some distance from the RPE, 
either in the vitreous or on the optic disc, they could not be treated directly with the 
xenon arc photocoagulator because it was not possible to concentrate enough energy in 
a short enough time to coagulate the rapidly flowing blood within them. The possibility 
of a much more exciting effect of extensive photocoagulation began to emerge with the 
observation that regression of new vessels and diminution of retinal edema and vascular 
congestion at some distance from the areas of retina directly treated could occur (67, 
69, 70). Beetham et al. (69) and Aiello et al. (71) began a study in which ruby laser 
burns were scattered across the retina from the posterior pole to the midperiphery. The 
long wavelength and very brief exposure time of the ruby laser limited burns mainly to 
the outer layers of the retina, without immediately visible effects in new vessels on its 
surface. The rationale initially proposed for regression of new vessels after this indirect 
treatment was that ischemic retina, which was postulated to be producing a vasoforma-
tive factor, was destroyed; hence the term retinal ablation, paralleling pituitary ablation. 
Indeed this mechanism has been proven by the discovery that the powerful angiogenic 
protein VEGF is found in high levels in the vitreous of patients with active, but not 
inactive, PDR (72). Hypoxia upregulates the production of VEGF (73), VEGF levels are 
associated with intraocular neovascularization in animal models (74), and its inhibition 
causes the regression of neovascularization in animal models (75). VEGF appears to be 
a major mediator of the hypoxic neovascular response in PDR.

Photocoagulation may improve oxygenation of the ischemic inner retinal layers by 
destroying some of the metabolically highly active photoreceptor cells and allowing 
the oxygen normally diffusing from the choriocapillaris to supply these cells to con-
tinue into the inner layers of the retina, relieving hypoxia and removing the stimulus 
for expression of angiogenic factors such as VEGF (76–79). This theory fails to 
explain why stronger burns sometimes seem more effective clinically. Retinal blood 
flow decreases and the autoregulatory response to breathing pure oxygen improves 
following scatter photocoagulation, as might be expected if more oxygen were reach-
ing the inner retina from the choroid (80, 81). However, the choriocapillaris, which 
presumably is an important source of the oxygen postulated to be relieving inner reti-
nal ischemia, has been found to be destroyed beneath at least some scatter burns (82). 
The cells of the RPE produce growth-stimulating and growth-inhibiting factors and 
the response of these cells to photocoagulation injury may change the balance of these 
factors (7, 83, 84).

Randomized Clinical Trials of Laser Photocoagulation
THE DIABETIC RETINOPATHY STUDY

The early reports concerning treatment of PDR with photocoagulation suffered 
from small numbers of patients, brief periods of follow-up, or lack of a randomly 
selected control group (85). Two collaborative randomized trials were initiated in 
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the early 1970s: the British multicenter trial using xenon arc photocoagulation (86) 
and the National Eye Institute’s DRS, which compared xenon arc and argon laser 
photocoagulation (8). Patients entering the DRS had PDR in at least one eye or 
severe NPDR in both eyes and visual acuity of 20/100 or better. Each patient was 
randomized to either the argon or xenon treatment group; one eye was randomly 
assigned to treatment and the other to indefinite deferral of treatment (i.e., no treat-
ment ever) (8).

The DRS treatment techniques were either xenon arc photocoagulation or argon laser 
photocoagulation. The argon treatment technique specified 800–1,600, 500-µm scatter 
burns of 0.1-s duration and direct treatment of new vessels on the disc and elsewhere, 
whether flat or elevated. Direct treatment was also applied to microaneurysms or other 
lesions thought to be causing macular edema. Follow-up treatment was applied as 
needed at 4-month intervals. The xenon technique was similar, but burns were fewer, of 
longer duration, and stronger, and direct treatment was not applied to elevated new ves-
sels or those on the surface of the disc.

As its principal outcome variable, the DRS chose visual acuity of <5/200 at each of 
two consecutively completed follow-up visits, scheduled at 4-month intervals, using for 
this the term severe visual loss. Visual acuity of <5/200 was chosen as the level at which 
vision becomes too poor to be useful for walking about or for other self-care activities; 
the requirement of two consecutive visits was included because of the variability in 
visual acuity assessment: the rate of recovery to better visual acuity after a single visit 
at the <5/200 level was 29% in the control group and 49% in the treated group; after 
two visits, it was 12 and 29%, respectively (8).

For all eyes in the untreated control group, the risk of severe visual loss within 
2 years was 15.9%, and this was reduced to 6.4% by treatment. The risk was greatest 
(36.9% in the control group) in eyes that had preretinal or vitreous hemorrhage and 
NVD exceeding those in standard photograph 10A of the Modified Airlie House 

Fig. 7. Standard photograph 10A of the Modified Airlie House classification, defining the lower limit 
of moderate new vessels on or within 1 disc diameter of the disc. (From (90), with permission from 
the Association of Research in Vision and Ophthalmology.)
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classification (Fig. 7). The risk appeared somewhat lower for eyes with NVD of this 
severity without hemorrhage (26.2% in the control group). Similar risks (25.6 and 
29.7%, respectively) were observed for untreated eyes with vitreous or preretinal hem-
orrhage and less severe new vessels (Figs. 8 and 9) (8). Treatment reduced the risk of 
severe visual loss by 50–65% at both 2 and 4 years, except for those eyes with NPDR 
at 2 years (Fig. 9).

The DRS identified features in eyes with particularly high risk for severe vision loss. 
Such eyes had three or four new vessel-vitreous hemorrhage risk factors, these factors 
being (1) new vessels present, (2) new vessels located on or within 1 DD of the disc 
(NVD), (3) new vessels moderate to severe (NVD equaling or exceeding those in stand-
ard photograph 10A (Fig. 7) or, for eyes without NVD, NVE equaling or exceeding 
one-half disc area in at least one photographic field), and (4) vitreous or preretinal 
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hemorrhage (or both) present (Table 2). In counting the risk factors, the presence and 
severity of NVE were considered only in eyes without NVD because a subgroup analy-
sis indicated that in eyes with NVD the presence of moderate or severe NVE did not 
further increase the risk of severe visual loss.

The DRS investigators concluded in 1976 that prompt photocoagulation treatment 
usually was desirable for eyes with high-risk characteristics. The protocol was therefore 
modified to allow treatment of eyes originally assigned to the untreated control group, 
if they had high-risk characteristics then or developed them in the future (8).

Some smaller reports support the results of the DRS. The British multicenter trial, a 
small randomized study of xenon photocoagulation, reported that of 77 patients 
observed at the 5-year follow-up visit, 27 untreated eyes (35%) were blind (visual acu-
ity, 6/60 or less), compared with 8 treated eyes (10%) (86, 87). About 2,700 eyes treated 
for PDR with xenon arc photocoagulation were reported by Okun et al. (68), with about 
1,200 eyes observed at the 4-year follow-up visit. Cumulative rates of severe visual loss 
were almost identical to those observed in DRS-treated eyes, both in eyes with high-risk 
characteristics and in those with less severe PDR. Decreases in visual acuity of one to 
four lines were similar to those observed with DRS xenon treatment. Little (88) reported 
results in 457 eyes with NVD exceeding one-fourth disc area treated with 2,000–4,000, 
500-µm argon laser burns. New vessels regressed completely in 50% of eyes and 
showed some decrease in nearly all the remainder. Last recorded visual acuity was 
<20/200 in about 18% of 241 eyes followed for 5 or more years, an outcome similar to 
that observed in the DRS.

RISKS AND BENEFITS PHOTOCOAGULATION IN THE DRS

A temporary decrease in visual acuity is frequently noted after extensive scatter photo-
coagulation, with recovery to the pretreatment level in most cases within several weeks. 
In the DRS, visual acuity decreases of one or more lines from which recovery did not 
occur were attributed to treatment in 14% of argon-treated and 30% of xenon-treated eyes. 
Visual field losses also were more common in the xenon group (Table 3) (89). In a small 
subgroup of eyes with severe fibrous proliferations or localized traction retinal detach-
ment, or both, visual acuity decreases of five lines or more were attributed to xenon treat-
ment in 18% of eyes but were not significantly more frequent in argon-treated than in 
control eyes (89). Because the harmful effects of the DRS argon treatment were less than 

Table 2
Diabetic Retinopathy Study Risk Characteristics

• Any new vessels
• New vessels on or within 1,500 µm (1 standard disc diameter) from the disc
• New vessels on the disc ≥ standard photograph 10A (Fig. 7)
• If no disc new vessels, a patch of new vessels on the retina ≥ ½ disc area
• Vitreous or preretinal hemorrhage

3 or more is high-risk PDR
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those observed with the xenon treatment used in the DRS, argon was given preference, 
and in the hope of further reducing harmful side effects, scatter treatment was more 
often divided between two or more episodes several days apart.

For eyes with severe NPDR or PDR without high-risk characteristics, the DRS con-
cluded that either prompt treatment or careful follow-up with prompt treatment if high-
risk characteristics developed was satisfactory and that DRS results were not helpful in 
choosing between these strategies. In univariate analyses of DRS control group eyes 
that had PDR without high-risk characteristics, the severity of each of three retinopathy 
characteristics was associated with risk of visual loss: retinal hemorrhages or microan-
eurysms, arteriolar abnormalities, and venous caliber abnormalities. These lesions – and 
soft exudates and IRMAs – also were risk factors for visual loss in control group eyes 
with NPDR (90). A multivariable analysis that included all DRS control group eyes 
found baseline visual acuity; extent of NVD; elevation of NVD (a measure of contrac-
tion of vitreous and fibrous proliferations); and severity of hemorrhages or microaneu-
rysms, arteriolar abnormalities, venous caliber abnormalities, and vitreous or preretinal 
hemorrhage all to be risk factors for visual loss. Neither in this analysis nor in a similar 
one confined to DRS control group eyes that were free of NVD was the extent of NVE 
found to be a risk factor (91). These findings support clinical impressions that NVE on 
the surface of the retina often proliferate and regress over a period of years, remaining 
asymptomatic unless contraction of vitreous and fibrous proliferations begins, and that 
the severity of intraretinal lesions may be of greater prognostic importance than the 
extent of NVE.

THE EARLY TREATMENT DIABETIC RETINOPATHY STUDY

For eyes with severe NPDR or early (not high-risk) PDR, DRS results were not help-
ful in determining which of two treatment strategies would be attended by a more favo-
rable visual outcome: (1) immediate photocoagulation or (2) frequent follow-up and 
prompt initiation of photocoagulation only if high-risk PDR developed. One of the 
goals of the ETDRS, a randomized clinical trial sponsored by the National Eye Institute, 
was to compare these alternatives (designated “early photocoagulation” and “deferral of 

Table 3
Estimated Percentages of Wyes with Harmful Effects Attributable to Diabetic Retinopathy 

Study Treatment

Argon (%) Xenon (%)

Constriction of visual field (Goldmann IVe4 test object) to 
an average of ≤45 deg, >30 deg per meridian ≤30 deg per 
meridian

 5 25

Decrease in visual acuity  0 25
1 line 11 19
≥2 lines  3 11

From (143), copyright Elsevier
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photocoagulation,” respectively) in patients with mild-to-severe NPDR or early PDR, 
with or without macular edema (92). Other goals were to evaluate photocoagulation for 
diabetic macular edema and to determine the possible effects of aspirin on diabetic 
retinopathy. Between 1980 and 1985, 3,711 patients were enrolled. One eye of each 
patient was randomly assigned to early photocoagulation and the other to deferral. 
Follow-up ranged from 3 to 8 years. Eyes assigned to early photocoagulation were ran-
domly assigned to either of two scatter treatment protocols, full or mild. The full scatter 
protocol called for 500-µm, 0.1-s argon blue-green or green laser burns of moderate 
intensity, placed one-half burn apart, extending from the posterior pole to the equator. 
Between 1,200 and 1,600 burns were applied, divided between two or more episodes. 
The mild scatter protocol was the same, except that 400–650 more widely spaced burns 
were applied to the same area in a single episode. Direct (local) treatment was specified 
for patches of surface NVE that were two disc areas or less in extent using confluent, 
moderately intense burns that extended 500 µm beyond the edges of the patch (93).

One important outcome measure used in the ETDRS was the first occurrence of 
either severe visual loss, as defined in the DRS, or vitrectomy (92). These events were 
combined because progression to a stage requiring vitrectomy may rightly be consid-
ered a bad outcome for ETDRS-eligible eyes and because presumably most eyes 
selected for vitrectomy before the occurrence of severe visual loss (68% of the 243 
ETDRS eyes undergoing vitrectomy) would have developed severe visual loss within 
several months if vitrectomy had not been done.

The outcome was more frequent in eyes with more severe retinopathy (in the deferral 
group, 10% in eyes with severe NPDR or early PDR vs. 4% in eyes with mild-to-moderate 
NPDR). In both of these retinopathy subgroups, early treatment reduced the event rate to 
about one half that of the deferral group, but the percentage of eyes treated that benefited 
was only 2–4% (Table 4). Some harmful effects of scatter photocoagulation also were 

Table 4
Cumulative 5-year Rates of Severe Visual Loss or Vitrectomy, and Relative Risks For the 

Entire Period of Follow-Up, by Baseline rRetinopathy Status and Treatment Group

Baseline retinopathy Treatment group Relative risk

Early photocoagulation Deferral

No. at 
baseline

5-year 
rate (%)

No. at 
baseline

5-year 
rate (%)

Mild-to-moderate NPDR 
with macular edema

1,448 2 1,429  4 0.55 (0.33–0.94)a

Severe NPDR or early PDR 
with macular edema

1,090 6 1,103 10 0.68 (0.47–0.99)

Moderate-to-severe NPDR 
or early PDR without 
macular edema

1,173 4 1,179  5 0.78 (0.47–1.29)

From (93), copyright Elsevier
NPDR nonproliferative diabetic retinopathy, PDR proliferative diabetic retinopathy
a Values in parentheses are 99% confidence interval
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observed in the ETDRS: an early decrease in visual acuity (a doubling or more of the 
visual angle at the 4-month visit in about 10% of eyes assigned to early full scatter, 
compared with about 5% of eyes assigned to deferral) and some decrease in visual field. 
Both beneficial and harmful effects were somewhat greater with full than with mild 
scatter.

The ETDRS recommended that scatter treatment not be used in eyes with mild-to-
moderate NPDR, but that it be considered for eyes approaching the high-risk stage (i.e., 
eyes with very severe NPDR or moderate PDR) and that it usually should not be delayed 
when the high-risk stage is present. The recommendation to consider photocoagulation 
for eyes approaching the high-risk stage was made because, although both the benefits 
and risks of treatment were small and roughly in balance, the risk/benefit ratio was 
approaching a clearly favorable range. A policy of continued observation would be 
expected to spare only a minority of eyes from the risks of treatment, while increasing 
the risk that rapid progression might occur between follow-up visits and that entry into 
the high-risk stage might be marked by occurrence of a large vitreous hemorrhage, mak-
ing satisfactory treatment difficult. In choosing between prompt treatment and deferral, 
the commitment of the patient to careful follow-up and the state of the fellow eye are 
important factors. Eyes with moderate PDR have a nearly 50% risk of severe vision loss 
at 1 year. A particular subgroup of eyes with very severe NPDR had about the same risk 
(Fig. 10 and Table 5).

These initial ETDRS recommendations were made without regard to patient age or 
type of diabetes. Subsequent analyses of ETDRS data suggest that, among patients 
whose retinopathy is in the severe NPDR to non-high-risk PDR range, the benefit of 
prompt treatment is greater in those who have type II diabetes (or are older than 40 
years; these characteristics are highly correlated, and analyses using either gave almost 
identical results) (94). In the type II group, the 5-year rate of severe visual loss or vit-
rectomy was about 5% in eyes assigned to early photocoagulation vs. 13% in eyes 
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Fig. 10. Cumulative incidence of high-risk PDR in the eyes of Early Treatment Diabetic Retinopathy 
Study (ETDRS) patients assigned to deferral of photocoagulation. The 5-year rate for eyes with mild 
NPDR (level 35) was 15%. For eyes with very severe NPDR (level 53E) or moderate PDR (level 65), 
the 5-year rate was about 75% and the 1-year rate was almost 50%. Levels 43 and 47 represent mod-
erate NPDR; level 53A–D, severe NPDR; and level 61, mild PDR (NVE less than half disc area or 
fibrous proliferation only). NPDR nonproliferative diabetic retinopathy, PDR proliferative diabetic 
retinopathy, NVE new vessels elsewhere. (From (93), copyright Elsevier).
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assigned to deferral, whereas in the type I group the rates were about 8% in both treat-
ment groups. In eyes assigned to deferral, severe visual loss or vitrectomy developed 
over the first 3 years at about the same rate in both diabetes types; apparently, the 
greater treatment effect in type II diabetes resulted mainly from greater responsiveness 
to early treatment. The DRS also found greater photocoagulation treatment benefit in 
patients with type II diabetes (94). These studies are consistent with the clinical impres-
sion that in patients with type II diabetes high-risk PDR is often first detected on the 
basis of a symptomatic vitreous hemorrhage in an eye in which new vessels had not 
been observed on previous visits, whereas in patients with type I diabetes, NVD is more 
often the first sign of high-risk PDR, an occurrence more easily managed with 
photocoagulation.

INDICATIONS FOR PHOTOCOAGULATION OF PDR

Treatment should be carried out promptly in most eyes with PDR that have well-
established NVD or vitreous or preretinal hemorrhage. Treatment is particularly urgent 
when localized fresh vitreous or preretinal hemorrhage is present because of the risk 
that dispersion of the hemorrhage throughout the vitreous or recurrent bleeding may 
soon make laser treatment more difficult or impossible. In the great majority of such 
eyes, new vessels of sufficient extent to fulfill the definition of DRS high-risk charac-
teristics can either be seen ophthalmoscopically or be presumed to be present behind the 
hemorrhage. When visible or suspected new vessels seem insufficient to explain the 
hemorrhage, special consideration should be given to other possible causes, such as 
fresh retinal tears, partially avulsed retinal veins, or small patches of new vessels that 
have been completely avulsed from the disc or retina. Complete avulsion of a small new 
vessel patch from its connections to the disc or retina should be considered as a possible 
explanation of a recent vitreous hemorrhage when the detached posterior vitreous sur-
face can be seen anterior to the disc or retina and contains a subtle opacity, suggesting 
a small patch of empty new vessels (95).

Progressive contraction of fibrous proliferations leading to displacement or detach-
ment of the macula sometimes follows scatter photocoagulation for high-risk character-
istics in eyes with extensive fibrous proliferations (Fig. 11). Experience with such cases 
has led to some reluctance to advise photocoagulation in this situation and to proceed 
with vitrectomy as a first line management option or to schedule surgery soon after PRP. 

Table 5
Characteristics of severe and very severe NPDR (4–2–1 rule)

Severe NPDR (any one of the following)
• H/MA ≥ Fig. 68–21 in four quadrants
• VB definitely present in ≥ two quadrants
• IRMA ≥ Fig. 68–22 in ≥ one quadrant
Very severe NPDR (two or more of the above characteristics)

NPDR nonproliferative diabetic retinopathy, H/MA hemorrhage/microaneurysms, 
VB venous bleeding, IRMA intraretinal microvascular abnormalities
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Few such eyes were included in the DRS, but analyses of them indicated that outcome 
was better with photocoagulation than without it; however, vitrectomy instrumentation 
and procedures in the current era carry a lower risk of intraoperative and postoperative 
complications, and the risk/benefit ratio may favor surgery in some situations. When 
high-risk characteristics are definitely present, scatter photocoagulation usually should 
be carried out, despite the presence of fibrous proliferations or localized traction retinal 
detachment. Areas of fibrous proliferations and retinal detachment should be avoided, 
and treatment strength should be mild to moderate. It may be desirable to divide treat-
ment between several episodes. Of course, photocoagulation is not indicated when PDR 

Fig. 11. Contraction of fibrovascular proliferations leading to extensive retinal detachment. (a) In the 
left eye of this 35-year-old man, whose age at diagnosis of diabetes was 14 years, networks of new 
vessels extended over the surface of the retina along the superotemporal vein. Scars were typical of 
initial scatter photocoagulation, with space between scars available for additional treatment. (b) Four 
months later, new vessels had increased, and dense fibrous tissue had appeared. (c) Seven months 
later, fibrous proliferations had contracted. Broad adhesions prevented them from pulling away from 
the retina. Instead, the retina was pulled forward (detached) throughout the area shown in the figure. 
The photocoagulation scars were blurred by the overlying detached retina (and are out of focus). 
(Courtesy Diabetic Retinopathy Vitrectomy Study Research Group).
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is entering the stage of regression, with few or no new vessels and extensive fibrous 
proliferations.

Extensive neovascularization in the anterior chamber angle is a strong indication for 
scatter photocoagulation, if it is feasible, regardless of the presence of high-risk charac-
teristics. If this treatment is carried out before extensive closure of the angle has 
occurred, full-blown neovascular glaucoma can be prevented. When opacities of the 
media preclude retinal photocoagulation, cryoapplications or vitrectomy with endopho-
tocoagulation may be used.

The presence of extensive retinal hemorrhages, IRMAs, venous beading, and opaque 
small arteriolar branches, often accompanied by prominent soft exudates, suggests rap-
idly progressive closure of the retinal capillary bed and severe retinal ischemia. New 
vessels usually are present in such eyes but may be relatively unimpressive. Severe reti-
nal ischemia increases the urgency to initiate scatter photocoagulation, whether or not 
DRS high-risk characteristics are present, since eyes so affected appear to be at greater 
risk of anterior segment neovascularization (4). Patients should be aware of this risk and 
the risk of a sudden decrease in central vision, which may occur with occlusion of the 
remaining arterioles supplying the macula.

Systemic factors also should be considered in deciding whether to initiate treatment in 
patients with very severe NPDR or moderate PDR. Clinical impression suggests that pro-
gression of retinopathy may accelerate during pregnancy (96–100) or with the develop-
ment of renal failure (101–105). If photocoagulation is deferred until high-risk 
characteristics develop, and this occurs in the later stages of pregnancy or when renal 
transplantation or dialysis is required, these more pressing problems may make it difficult 
to complete photocoagulation according to a schedule considered optimal from the oph-
thalmologic point of view. If measures to improve long-standing poor glycemic control 
are planned when retinopathy is already at this stage, photocoagulation of at least one eye 
should be considered because of the phenomenon of early worsening, described earlier.

PRP and Macular Edema
Macular edema sometimes increases, at least temporarily, after scatter photo-

coagulation, and this may be followed by transient or persistent reduction of visual 
acuity (106, 107). The ETDRS documented small early harmful effects of scatter 
photocoagulation, particularly full scatter, in eyes with macular edema, as well as in 
those without. The DRS also found early harmful effects, which were greater in the 
xenon group. At the 6-week posttreatment visit, 21% of argon-treated and 46% of 
xenon-treated eyes that had macular edema and were free of high-risk characteristics 
at baseline had a decrease in visual acuity of two or more lines, compared with 9% of 
untreated eyes. Comparable percentages for eyes with neither macular edema nor 
high-risk characteristics were 9%, 18%, and 3%, respectively. After 1 year of follow-
up, the greater progression of retinopathy in untreated eyes had led them to catch up 
with treated eyes; in the group having macular edema without high-risk characteris-
tics at baseline, the percentages with a decrease in visual acuity of two or more lines 
were 32, 33, and 34%, respectively, in the argon-treated, xenon-treated, and control 
groups (108). A multivariable analysis confirmed the independent effects of macular 
edema and treatment and provided no evidence of any interaction (109). Both the 
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ETDRS and the DRS support the clinical impression that eyes with macular edema 
requiring scatter treatment are at less risk of visual acuity loss when focal or grid 
treatment to reduce the macular edema precedes scatter photocoagulation. If a delay 
of scatter treatment seems undesirable, the ETDRS protocol can be used, combining 
focal/grid treatment for macular edema with scatter treatment in the nasal quadrants 
at the first episode of photocoagulation and adding scatter in the temporal quadrants 
at one or more subsequent episodes (110). Certainly, scatter treatment should not be 
delayed when the risks of vitreous hemorrhage or neovascular glaucoma seem high, 
regardless of the status of the macula.

PRP Treatment Techniques
It is important to realize that the size of the burn produced depends not only on the 

spot-size setting used, but also on power and duration; so it is difficult to compare tech-
niques, even those using the same wavelength and spot-size setting, on the basis of 
number and theoretical size of burns. It is also difficult to describe burn strength; power 
level is not very helpful, since the required power for a burn of given strength depends 
on the clarity of the media and the pigmentation of the fundus, even if spot-size setting 
and duration are kept constant. One useful measure of burn strength is the need for 
retrobulbar anesthesia. What we consider to be optimal burn strength with the argon 
laser is just below the level at which treatment under topical anesthesia with 300–500-
µm, 0.1-s burns becomes painful for most patients. With topical anesthesia only, it usu-
ally is difficult or impossible to obtain burns of adequate strength when their duration 
is longer than 0.1 or 0.15 s or their size is >500 µm. The ETDRS protocol for full scatter 
treatment provides useful guidelines for initial treatment, calling for a total of 1,200–
1,600, 500-µm, 0.1-s argon laser burns of moderate intensity placed one-half to one 
burn apart and divided between two or more episodes (at least 2 weeks apart, if two 
episodes; at least 4 days apart, if three or more episodes). Burns usually appear to 
enlarge slightly within several minutes after their application, resulting in the closer 
spacing of the scatter burns.

Blankenship (111) suggested that keeping the posterior limit of scatter treatment 
farther from the posterior pole may reduce harmful treatment effects. More peripheral 
treatment protocol may provide a useful alternative for initial treatment of eyes with 
macular edema in which the urgency of treatment for severe PDR is thought to preclude 
division of scatter treatment between two or more episodes.

Among the techniques currently in use, the number of episodes in which initial scat-
ter treatment is carried out varies from one to four or more. Those techniques using a 
smaller number of larger burns tend toward a single episode with retrobulbar anesthesia, 
whereas those using a larger number of smaller burns nearly always divide treatment 
into two or more episodes. Multiple episodes make it easier to avoid retrobulbar 
anesthesia and its occasional complications, but they may cause delays and inconven-
ience for patients who must travel long distances for treatment. Angle-closure glaucoma 
secondary to serous detachment of the peripheral choroid and ciliary body is less com-
mon when scatter treatment is carried out in two or more sessions over a period of 1 or 
2 weeks (112, 113), and some observers believe that small losses in visual acuity also 
may be less common.
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Substantial regression of new vessels usually occurs within days or weeks after the 
initial application of scatter photocoagulation, and eyes in which new vessels continue 
to grow despite initial treatment, or recur after partial or complete regression, usually 
respond well to additional treatment (114–117). Because techniques, assessments, and 
inclusion criteria between studies vary, it is difficult to directly compare them to report 
the response rate to an initial course of full PRP. It appears that, on average, about two 
thirds of eyes have a satisfactory response to initial scatter treatment. As mentioned 
earlier, this ratio tends to be more favorable in patients with type II diabetes. Patients 
with severe intraretinal lesions and actively growing new vessels, who typically have 
type I diabetes, often need multiple treatments. In most cases re-treatment gives positive 
results (36, 117).

The ETDRS protocol contains guidelines for follow-up treatment that seem suitable 
for general use. Six factors are considered: (1) change in new vessels since the last visit 
or last photocoagulation treatment, (2) appearance of the new vessels (caliber, degree of 
network formation, extent of accompanying fibrous tissue), (3) frequency and extent of 
vitreous hemorrhage since the last visit or last photocoagulation treatment, (4) status of 
vitreous detachment, (5) extent of photocoagulation scars, and (6) extent of traction reti-
nal detachment and fibrous proliferations (118). If new vessels appear to be active, as 
suggested by formation of tight networks, paucity of accompanying fibrous tissue, and 
increase in extent in comparison to the previous visit, additional photocoagulation is 
considered. A single episode of vitreous hemorrhage coincident with the occurrence of 
extensive posterior vitreous detachment, particularly if the only vitreoretinal adhesion 
remaining is at the disc, argues less for additional photocoagulation than do recurrent 
hemorrhages unrelated to such an occurrence. The extent and location of photocoagula-
tion scars also may influence the decision regarding additional photocoagulation treat-
ment. If the previous scatter burns appear widely spaced, or if there are areas where 
scatter was omitted, additional photocoagulation is considered more seriously.

Vitrectomy for PDR
When vitrectomy was initially introduced in 1970 by Machemer et al. (119), the 

major indications in eyes with PDR were severe vitreous hemorrhage that had failed to 
clear spontaneously after a year and traction retinal detachment involving the center of 
the macula. As this procedure came into widespread use, it was recognized that it might 
be of value earlier in the course of very severe PDR (120). A clinical trial, the Diabetic 
Retinopathy Vitrectomy Study (DRVS), was established by the National Eye Institute 
to explore this possibility. In one part of the DRVS, eyes with recent severe vitreous 
hemorrhage (hemorrhage sufficient to completely obscure the posterior pole and to 
reduce visual acuity to 5/200 or less for at least 1 month) were randomly assigned to 
either early vitrectomy or conventional management (i.e., follow-up without vitrectomy 
unless retinal detachment involving the center of the macula occurred or the hemor-
rhage failed to clear during a 1-year waiting period) (25). After 2 years of follow-up, 
recovery of good vision (visual acuity of 10/20 or better) was observed more frequently 
in the early vitrectomy group, but loss of light perception tended also to occur more fre-
quently in the early vitrectomy group (Table 6). Early vitrectomy appeared to be clearly 
advantageous only in patients with T1DM. These results suggest that early vitrectomy 
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should be considered in eyes with recent severe diabetic vitreous hemorrhage when it is 
known from prior examination that fibrovascular proliferations are severe, particularly 
if it appears that macular potential is good. Older patients with severe vitreous hemor-
rhage sometimes have surprisingly mild PDR, and in such patients it usually is prefer-
able to allow more time for spontaneous clearing of vitreous hemorrhage before 
considering vitrectomy, particularly if vision in the fellow eye is good.

As vitrectomy techniques have evolved and improved and the frequency of serious 
complications decreased, additional indications have been suggested. These included 
traction on the disc, peripapillary retina, or macula that distorts these structures and 
leads to substantial reduction in visual acuity; opaque fibrous proliferations in front of 
the macula; and extensive preretinal hemorrhage (120–122) (Fig. 5b, c).

In a second study the DRVS compared early vitrectomy vs. conventional manage-
ment in eyes that had extensive active neovascular or fibrovascular proliferations and 
useful vision, 65% of which had had previous photocoagulation (Table 7) (14, 123). In 
eyes with the most severe new vessels (the severe and very severe categories), early 
vitrectomy appeared to provide a greater chance of good vision with no increase in risk 

Table 6
Percentages of eyes with visual acuities of 10/20 or better and no light perception (NLP) 

at the 2-year follow-up visit, by type and duration of diabetes and treatment group

Visual acuity (%)

Baseline factor

No. of eyes ≥10/20 NLP

E D E D
Difference 
(E − D) E D

Difference
 (D − E)a

Diabetes type
Type 1 101 103 35.6 11.7 23.9 27.7 26.2 −1.5
Mixed  70  69 18.6 17.4  1.2 24.3 15.9 −8.4
Type 2  82  72 15.9 18.1 −2.2 

(P = 0.007)
22.0 12.5 −9.5 (P = 0.48)

Duration of diabetes (years)

All diabetes types
<20 131 129 21.4 10.1 11.3 28.2 24.8 −3.4
≥20 122 115 27.9 20.9  7.0 

(P = 0.29)
21.3 13.0 −8.3 (P = 0.36)

Type 1 only
<20  50  53 34.0 1.9 32.1 34.0 35.8  1.8
≥20  51  50 37.3 22.0 15.3 

(P = 0.007)
21.6 16.0 −5.6 (P = 0.50)

E early vitrectomy group, D deferral group
From (25), copyright American Medical Association
aD minus E rather than E minus D (as for visual acuity ≥10/20), so that a positive value is a difference 

in favor of early vitrectomy, as is the case for visual acuity ≥10/20
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of NLP. These results are consistent with those of the earlier DRVS study and support 
the use of vitrectomy in cases with very severe PDR that do not respond promptly to 
scatter photocoagulation or in which it cannot be applied because of vitreous 
hemorrhage.

Pharmacologic Treatment of PDR
Owing to the lack of effective alternative treatments in age-related macular degenera-

tion, pharmacologic management of neovascularization with intravitreal injection of 
drugs was first introduced for this disease. With greater familiarity with intravitreal 
injection procedures in the office setting and the tolerability of the procedure among 
patients, use of these agents has gradually expanded to include treatment of select cases 
of PDR, but published reports are sparse and most exist as uncontrolled case series.

Steroids are potent antiangiogenic agents and were the first class of such drugs dis-
covered by Folkman (13). Intravitreal triamcinolone acetonide, a potent steroid with a 
long drug half-life in the eye after intravitreal injection, has been extensively used for 
treatment of DME. Some literature demonstrates potential efficacy in the treatment of 
PDR. Although demonstrating good efficacy in pilot reports for neovascularization due 
to uveitis (124), and intriguing positive reports of its utility in the management of neo-
vascular glaucoma (125), its side effect profile of cataractogenesis (126) and secondary 
steroid-induced glaucoma (127) prohibit its widespread use for a condition that already 

Table 7
Percentage of Eyes with Specified Visual Acuity at the 4-year Follow-up Visit for Early 

Vitrectomy and Conventional Management Groups, and Differences between Groups, by 
Severity of New Vessels in Baseline Stereoscopic Color Fundus Photographs

Visual Activity

No. of eyes ≥10/20 NLP

Baseline factor E D E D
Difference 
(E − D) E D

Difference
 (D − E)a

New vessels combined
 Least severe 35 34 42.9 41.2  1.7 20.0  5.9 −14.1
 Moderately severe 46 36 50.0 36.1 13.9 23.9 13.9 −10.0
 Severea 39 49 43.6 20.4 23.2 17.9 22.4    4.5
 Very severea 25 19 36.0 10.5 25.5 32.0 42.1   10.1
P (for interaction) 0.0784 0.0419

NLP no light perception, E early vitrectomy, C conventional management, NVD new vessels on or 
within 1 DD of the disc, NVE new vessels elsewhere

From (124), copyright Elsevier
aEyes with either NVD 1.5 disc areas or more in extent or NVE 2.5 disc areas or more in extent in at 

least one of the seven standard photographic fields were classified as severe; eyes with both NVD and 
NVE of this extent were classified as very severe
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has an effective and tolerable treatment such as PRP. Nevertheless, cases of regression 
of PDR following intraocular triamcinolone establish that this treatment can be effective 
in select cases (128–130), and may be used adjunctively with PRP.

The relationship between intraocular NV and intraocular VEGF has been well dem-
onstrated (74, 75, 131). By specifically blocking VEGF activity, therapies with bevaci-
zumab, ranibizumab, and pegaptanib have been reported to temporarily ameliorate 
neovascular lesions in PDR (132–134), and have been considered as adjunctive thera-
pies for eyes requiring vitrectomy (135) and also as adjunctive for PRP. Owing to the 
invasiveness of intravitreal injection and apparent temporary effects of the above-men-
tioned drugs, it appears that the use of current agents in the management of PDR is 
reserved for occasional difficult cases, where there is considerable potential for 
benefit.

Protein Kinase C beta (PKCβ) is a regulatory intracellular protein that is activated by 
hyperglycemia and angiogenic growth factors such as VEGF (136, 137). A phase 3 trial 
demonstrated a modest effect of a specific inhibitor on preservation of vision and reduc-
tion in progression of DME, but no effect on the progression of moderate-to-severe 
NPDR to more severe levels or to PDR (138).

Although eyes with severe vitreous hemorrhage from PDR often proceed to vitrec-
tomy surgery if there is delayed clearing, particularly if there has been no preceding 
PRP treatment, there has been interest in treatments to promote clearing of vitreous 
hemorrhage to avoid the risks of surgery and to allow PRP in those cases requiring more 
laser. Intravitreal hyaluronidase injection has been demonstrated to have modest effi-
cacy with a good safety profile (139, 140). However, the clinical trials failed to achieve 
their primary endpoint, and hyaluronidase has not been approved by the FDA for this 
indication.

Pharmacologic management of PDR, either as primary therapy or as adjunctive 
therapy, has not yet become commonplace. With the intense level of interest in ocular 
antiangiogenic therapy for treatment of macular degeneration, undoubtedly new treat-
ments will be introduced and tested in the near future. While laser photocoagulation 
treatment is well tolerated, with relatively rare serious adverse effects, and has excellent 
efficacy when applied appropriately, there is still opportunity to improve upon this great 
success.
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Abstract

Over the past 25 years, there have been dramatic changes in the management of diabetes 
and its complications resulting from the application of evidence from randomized control-
led clinical trials showing the efficacy of photocoagulation treatment (e.g., Diabetic 
Retinopathy Study [DRS], Early Treatment Diabetic Retinopathy Study [ETDRS]), and 
glycemic and blood pressure control (e.g., Diabetes Control and Complications Trial 
[DCCT], United Kingdom Prospective Diabetes Study [UKPDS]) (1–6). Translation of 
these findings to clinical care have resulted in changes in the incidence and progression 
of retinopathy and resultant visual loss in persons with diabetes. The purpose of this chapter 
is to review the epidemiology of diabetic retinopathy over this period of change.
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BRIEF HISTORICAL BACKGROUND

Shortly after the invention of the ophthalmoscope by Helmholtz in 1851, the first descrip-
tions of lesions defining diabetic retinopathy appeared. Classification systems for diabetic 
retinopathy were first developed at the end of the nineteenth century by Hirschberg (7).

Prior to 1921, signs of diabetic retinopathy were limited primarily to persons with 
older-onset noninsulin-dependent diabetes because younger-onset persons with insulin-
dependent diabetes rarely survived long enough to develop signs of retinopathy. The 
discovery and use of insulin by Banting and Best led to longer survival of persons with 
younger-onset insulin-dependent type 1 diabetes. With longer survival, the presence and 
severity of retinopathy increased as did visual loss due to retinopathy.

The role of glycemia in the pathogenesis of diabetic retinopathy remained uncertain 
for many years after the discovery of insulin. Retinopathy was thought by some to be 
related to high blood sugar while others thought it to be associated with arteriosclerosis, 
high blood pressure, and serum high cholesterol levels and not hyperglycemia (8). This 
latter belief was based on the observation that retinopathy was present in some diabetic 
patients despite seemingly good glycemic control while it was absent in others despite 
relatively poor glycemic control. The University Group Diabetes Program (UGDP), 
initiated in 1960, was a long-term prospective randomized controlled clinical trial that 
evaluated the effects of four methods of treatment (oral hypoglycemic agents, insulin in 
fixed or variable doses, and diet only) on mortality and vascular complications in 
persons with type 2 diabetes (9). Data from this trial showed no statistically significant 
differences in the incidence or progression of retinopathy in the groups studied for 5 and 
12 years (for the insulin and diet groups) despite differences in levels of glycemic 
control as measured by fasting blood glucose values. These findings provided further 
evidence supporting those who believed that poor glycemic control was not causally 
related to the incidence and progression of diabetic retinopathy.

The lack of certainty regarding the efficacy of glycemia in preventing the develop-
ment of diabetic vascular complications and the high frequency of complications, such 
as severe hypoglycemia associated with intensive insulin treatment, resulted in a long 
period beginning in the 1940s through the 1990s where blood sugar in persons with 
diabetes was relatively poorly controlled by today’s standards. By the 1970s, diabetic 
retinopathy was considered the leading cause of legal blindness in persons 25–74 years of 
age in the United States (10). In 1978, Kelly West in his seminal book “Epidemiology 
of Diabetes and its Vascular Lesions” wrote: “The extent to which the level of hyperg-
lycemia determines the risk of retinopathy is not at all clear. This is the most important 
issue at hand and deserves high priority in epidemiologic research” (11).

The Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR) was funded by 
the National Eye Institute in 1979 with its primary aims to: (1) describe the prevalence 
and severity of retinopathy and visual loss in persons with diabetes and their relation-
ship to other systemic complications and mortality; (2) quantitate the association of risk 
factors with retinopathy; and (3) provide information on health care delivery and quality 
of life in persons with diabetes. Over the next 25 years, it provided estimates of the 
prevalence, incidence, and progression of diabetic retinopathy, its risk factors, and 
information on the management of retinopathy and other diabetic complications. This 
ongoing study has taken place in a period of profound change which included: (1) the 
development of new approaches to the management and treatment of diabetes including 
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the self-monitoring of blood glucose, implementation of insulin infusion systems, devel-
opment of new insulins, insulin sensitizers, and oral hypoglycemic agents; (2) the 
development of new antihypertensive drugs and the use of them earlier in the course of 
diabetes; (3) the promulgation of guidelines, standards, and ophthalmologic care including 
normalization of glycemia, blood pressure, and lipid levels; (4) the development of new 
education programs promoting dilated eye examinations for earlier detection and 
treatment of diabetic retinopathy; and (5) the initiation of telemedicine screening 
approaches using digital photographic technology and centralized grading of images for 
earlier detection of vision-threatening retinopathy. The purpose of this chapter is to 
review the epidemiology of diabetic retinopathy using data from the WESDR, other 
population-based studies, and clinical trials to examine how these data have been used 
to develop public health approaches to reduce visual loss due to retinopathy.

THE WESDR

The study design and methods have been described in detail in previous reports 
(12–14). In brief, 452 of the 457 physicians who provided primary care to diabetic patients 
in an 11 county area in southern Wisconsin participated in the study. The 452 physicians 
kept lists of all their diabetic patients for whom they provided primary care from July 1, 
1979 to June 30, 1980. During this 1-year period, 10,135 diabetic patients were identified. 
A sample of 2,990 persons was selected for the baseline examination. This sample was 
composed of two groups. The first consisted of all patients diagnosed as having diabetes 
before 30 years of age who took insulin (1,210 patients); this group is referred to as 
“younger-onset” and is made up of those with type 1 diabetes. The second group consisted 
of a probability sample of 1,780 persons of the 5,431 patients who met the eligibility 
criteria of being diagnosed as having diabetes at 30 years of age or older and who had their 
diagnosis confirmed by a casual or a postprandial serum glucose level of at least 
11.1 mmol/L or a fasting serum glucose level of at least 7.8 mmol/L on at least two occa-
sions; this group is referred to as “older-onset.” The latter group was stratified by duration 
of disease (<5 years, 576 persons; 5–14 years, 579 persons; and ≥ 15 years, 625 persons). 
Of these, 824 were taking insulin and 956 were not.

Of the 2,990 eligible patients, 2,366 (79.1%) participated in the baseline examination 
from 1980 through 1982. The younger-onset WESDR cohort was re-examined in 1984–
1986, 1990–1992, 1994–1996, 2000–2002, and in 2005–2007, while the older-onset 
cohort was re-examined in 1984–86 and 1990–92 and interviewed only in 1994–1996. 
The main reason for nonparticipation in the study for both groups was death. In the 
WESDR, stereoscopic color fundus photographs of the DRS seven standard fields were 
taken of each eye (15). Objective masked grading of retinopathy using standard protocols 
assured reproducible assessment and classification of the severity of retinopathy (16, 17).

PREVALENCE OF DIABETIC RETINOPATHY

At the time of the WESDR baseline examination (1980–1982), 71% of younger-
onset persons had retinopathy, and 23% of these had PDR of whom 10% had Diabetic 
Retinopathy Study High Risk Characteristics (DRS-HRC) for severe visual loss 
(Table 1) (13). Retinopathy was found in 70% and 39% of the older onset persons 
taking and not taking insulin, respectively, of whom 5% and 1% had signs of PDR 
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with DRS-HRC, respectively (Table 1) (14). Six percent of the younger, 12% of the 
older-onset taking insulin, and 4% of the older-onset not taking insulin subjects had 
clinically significant macular edema (CSME) (18) Based on these data, it was esti-
mated that the burden of PDR with HRC and/or CSME in the 5.8 million persons with 
known diabetes at the time of the 1980–1982 examination in the United States was 
approximately 400,000.

For younger- and older-onset persons, both the frequency and severity of retinopathy 
(Figs. 1 and 2) and CSME (Fig. 3) increased with increasing duration of diabetes 

Table 1
Prevalence and Severity of Retinopathy and Macular Edema at the Baseline Examination 

in the Wisconsin Epidemiologic Study of Diabetic Retinopathy

Retinopathy status
Younger-onset, taking 

insulin (n=996)
Older-onset, taking 

insulin (n=673)
Older-onset, not taking 

insulin (n=673)

None 29.3 29.9 61.3
Early nonproliferative 30.4 30.6 27.3
Moderate to severe 

nonproliferative
17.6 25.7 8.5

Proliferative without 
DRS high-risk 
characteristics

13.2 9.1 1.4

Proliferative with DRS 
high-risk characteristics 
or worse

9.5 4.8 1.4

Clinically significant 
macular edema

5.9 11.6 3.7

DRS Diabetic Retinopathy Study
Modified from Ref. 206. Copyright © Elsevier 1995

Fig. 1. Prevalence of any retinopathy and of proliferative diabetic retinopathy in insulin-taking 
patients diagnosed with diabetes at age < 30 years, by duration of diabetes. Data are from Wisconsin 
Epidemiologic Study of Diabetic Retinopathy (WESDR) 1980–1982. 
Source: Reproduced with permission from Ref. 205.
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(13, 14, 18). In the younger-onset group, the prevalence of retinopathy during the first 5 
years after the diagnosis of diabetes was 14%, and in all cases it was mild. On the other 
hand, in younger-onset persons with diabetes for 20 or more years, 53% had signs of 
PDR, and 11% had signs of CSME. After diagnosis of diabetes, retinopathy was more 
frequent in the older-onset group compared with the younger-onset group (Figs. 1, 2). 
In the first 5 years after diagnosis of diabetes, 33% of the older-onset group had retin-
opathy, 2% had PDR (Fig. 2), and 3% had CSME (Fig. 3). However, after 20 years or 

Fig. 2. Prevalence of any retinopathy and of proliferative diabetic retinopathy in patients diagnosed 
with diabetes at age 30 years or older, by duration of diabetes. Data are from WESDR 1980–1982.
Source: Reproduced with permission from Klein R, Klein BEK, Moss SE. Risk factors for retinopathy. 
In: Feman SS (ed). Ocular problems in diabetes mellitus. Boston: Blackwell Publishing; 1992:39.
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Source: Reproduced with permission from Reproduced with permission from Klein R, Klein BEK, 
Moss SE. Risk factors for retinopathy. In: Feman SS (ed). Ocular problems in diabetes mellitus. 
Boston: Blackwell Publishing; 1992:39.
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more of diabetes, fewer people with older-onset diabetes had signs of PDR (22% vs. 
53%) than younger-onset people. These findings, in part, provided the rationale for the 
development of guidelines for need for dilated eye examination by eye doctors experi-
enced in detection and treatment of diabetic retinopathy: at the time of diagnosis in 
older-onset persons and yearly thereafter; after age 12 years and/or 5 years duration of 
diabetes in younger-onset persons; and yearly or more frequently thereafter based on 
retinopathy severity (19).

Prevalence data from more recently conducted population-based studies show 
lower frequencies than that found in the WESDR (20–27). To provide more up-to-
date estimates of prevalence of diabetic retinopathy in the United States population, 
data were pooled from eight population-based studies, including the WESDR, most 
of which used the ETDRS classification scheme to evaluate the severity of diabetic 
retinopathy (28). These pooled analyses included 1,415 diabetic persons who were 
Hispanic and 615 individuals who were black. The prevalence estimates were limited 
to persons 40 years of age and older. The estimates of retinopathy were higher in the 
WESDR group compared to the seven other studies, all of which were performed at 
least 10 years after the WESDR baseline examination (Table 2). Based on these analyses, 
it was estimated that among persons with diabetes, the crude prevalence of diabetic 
retinopathy was 40% and the crude prevalence of severe retinopathy (preproliferative 
and PDR or macular edema) was 8% in persons 40 years of age or older. Projection 
of these rates to the diabetic population 40 years of age or older in the United States 
resulted in an estimate of 4 million persons with retinopathy of whom 900,000 have 
signs of vision-threatening retinopathy in 2004.

The above pooled data were largely limited to those with type 2 diabetes. There are 
recent data from two population-based epidemiological studies also suggesting a 
possible decrease in the prevalence of retinopathy in persons with type 1 diabetes 
(29, 30). The Wisconsin Diabetes Registry Study (WDRS) cohort was established in 
1987–1992 to examine persons at the time of their diagnosis with type 1 diabetes (29). 
The cohort was reexamined over the next 10 years. The WDRS data showed lower than 
expected prevalence of retinopathy compared to previous age- and duration-specific 
estimates from WESDR persons with type 1 diabetes (Fig. 4), suggesting a decrease in 
prevalence of this complication in those who were more recently diagnosed. In another 
study, data from the Epidemiology of Diabetes Complications study in Pittsburgh showed 
a nonstatistically significant decline in the prevalence of PDR in those with 20 or more 
years of type 1 diabetes diagnosed at later times (30). These data suggest similar lowering 
of the prevalence of diabetic retinopathy in type 1 diabetic persons as found in those 
with type 2 diabetes.

Comparisons among studies must be made cautiously because prevalence of retin-
opathy is influenced by possible differences in age, sociodemographic, and genetic 
factors, how diabetes and its component complications are defined, and in the methods 
used to detect and classify retinopathy among groups under study. Furthermore, without 
adjusting for duration of diabetes, glycemia, blood pressure levels, and other factors 
associated with the prevalence of retinopathy, comparisons among populations are lim-
ited. However, some of these (e.g., glycemia, blood pressure) probably explain why 
recent prevalence of diabetic retinopathy is lower.
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INCIDENCE OF DIABETIC RETINOPATHY

Less information is available regarding the incidence and progression of retinopathy 
in population-based studies (31–44). In the WESDR, the overall incidence of retinopathy 
in a 10-year interval from 1980–1982 to 1990–1992 was 74%, rate of progression was 
64%, and progression to PDR 17% (36). The 10-year incidence and rates of progression 
of diabetic retinopathy in the WESDR by type of diabetes are presented in Table 3. 
The younger-onset group using insulin had the highest 10-year incidence, rate of pro-
gression, and progression to PDR, while the older-onset group not using insulin had the 
lowest rates. The older-onset group taking insulin had the highest 10-year incidence of 
macular edema (data not shown) (45). While the incidence of PDR was higher in the 
younger-onset group, the estimates of the number of incident cases in the 10-year period 
were higher in the older- than in the younger-onset group (387 vs. 226 persons) due to 
the higher frequency of people with older-onset diabetes (36). Based on the WESDR 
data, it is estimated that each year, of the 10 million Americans estimated to have known 
diabetes mellitus in 1990–1992, 96,000 will develop PDR, 48,000 will develop PDR 
with DRS-HRC for severe loss of vision, and 121,000 people will develop macular 
edema. Due to lower glycemia and blood pressure levels, new definitions of diabetes 
and greater numbers of persons diagnosed to have diabetes since 1980–1982, these 
numbers may no longer correctly estimate the annual numbers of diabetic persons 
developing these complications in 2007.

Is the incidence of late complications (e.g., PDR) declining? In the WESDR, the 
estimated annual rates of progression to PDR were compared for the first four years of 
the study with the next six or 10 years of the study (36, 41). The estimated annual 

10
0

P
re

va
le

nc
e 

of
 r

et
in

op
at

hy
 (

%
)

80
60

40
20

0

10
0

80
60

40
20

0

10
0

80
60

40
20

0

Duration Group: 3–7 years Duration Group: 8–11 years Duration Group: 12–15 years

≤9 10–14

WDRS

66

14

9

74

18

38

119

113
5

16

23

45
88

88

46
145

139

96

76 119

WESDR

15–19 20–40 ≤9 10–14
Age (years) at examination

15–19 20–40 ≤9 10–14 15–19 20–40

Fig. 4. Prevalence of diabetic retinopathy by duration of type 1 diabetes and age at examination in the 
Wisconsin Diabetes Registry Study (WDRS) (1990–2002) and the WESDR (1979–1980). Duration 
groups: 3–7 years (7- or 4-year examination), 8–11 years (9-year examination), and 12–15 years (14-
year examination). T-shaped bars show 95% confidence intervals. The number of persons in each 
age-and-duration group is noted above the bar. 
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incidence of PDR was found to be similar in 1994–1996 compared to the first four years 
of the study (1980–1984). While adjusting for the severity of retinopathy or duration of 
diabetes at baseline and the 4-year follow-up, the estimated annual incidence of PDR 
was higher in the next 6-year period than in the first 4-year period in the older-onset 
groups. These data suggest that the incidence of PDR worsened or remained the same 
despite improvements in glycemic control over the course of the study.

There are few other population-based studies in which incidence data have been 
collected over a long period of time using objective measures to detect retinopathy. Data 
from a clinic-based study in Denmark showed that the incidence of PDR for a specific 
duration of diabetes was declining for each subsequent 5 years at year of diagnosis from 
1965–1969 through 1979–1980 (Fig. 5) (46). This was associated with statistically 
significant trends of decreasing glycosylated hemoglobin, mean arterial blood pressure 
levels, and earlier treatment of hypertension in each subsequent period. Long-term 
follow-up of existing population-based cohorts of diabetic patients are needed to examine 
whether the incidence of severe diabetic retinopathy is continuing to fall as new treat-
ments are introduced.

RACIAL ETHNIC DIFFERENCE IN PREVALENCE 
OF DIABETIC RETINOPATHY

Prior to 1980, there were only anecdotal clinical observations that the rates of severe 
diabetic retinopathy were higher among African Americans and Hispanic Americans 
than among non-Hispanic European Americans (47). Since that time there has been one 
population-based study in African American persons with type 1 diabetes, the New 
Jersey 725, and two studies, the Los Angeles Latino Eye Study (LALES) and the 
Proyecto VER, providing estimates of diabetic retinopathy in Mexican Americans (22, 
48–52). Furthermore, population-based studies such as the Atherosclerosis Risk in 
Communities (ARIC) Study (53) and the Cardiovascular Health Study (CHS) (54) have 
compared diabetic retinopathy prevalence among non-Hispanic European Americans 
and African Americans. The National Health and Nutrition Survey (NHANES) III (55) 
compared prevalence of diabetic retinopathy among three racial/ethnic groups: non-
Hispanic European Americans, African Americans, and Mexican Americans. Another 

Table 3
10-Year Incidence of Progression of Diabetic Retinopathy in the Wisconsin Epidemiologic 

Study of Diabetic Retinopathy, 1980–1982 to 1990–1992

  Older-onset  Older-onset not
Retinopathy Younger-onset (%) taking insulin (%) taking insulin (%)

Incidence 89 79 67
Progression 76 69 53
Progression to PDR 30 24 10

PDR proliferative diabetic retinopathy
Source: Reprinted with permission from The American Diabetes Association. Modified from Ref. 36. 

Copyright © 1994 American Medical Association. All rights reserved
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study, the Multi-Ethnic Study of Atherosclerosis (MESA) (56), compared prevalence of 
diabetic retinopathy among four racial ethnic groups: non-Hispanic European Americans, 
African Americans, Hispanics, and Chinese Americans.

Diabetic Retinopathy in African American and Hispanic Whites
In the New Jersey 725 study of African Americans conducted from 1993–1997 and 

using similar methodology for detecting retinopathy as in the WESDR, for persons with 
type 1 diabetes, the prevalences for any diabetic retinopathy and for PDR are fairly 
comparable to those of persons with type 1 diabetes in the WESDR (predominantly 
white European Americans) (49–51). The prevalence of 71% for any retinopathy in 
WESDR is comparable to 64% in the New Jersey 725 study; similarly, the prevalence 
of PDR of 23% in WESDR is similar to that prevalence of 19% in the New Jersey 725 
study. Because of the infrequency of type 1 diabetes among Hispanics, there are no 
population-based estimates of differences with white Europeans.

There are more data available regarding retinopathy in African Americans and 
Hispanics with type 2 diabetes. Data from two population-based studies using the same 
methodology, the NHANES III (Fig. 6) and the MESA (Fig. 7), showed that diabetic 
retinopathy prevalence and severity was higher in African Americans and Hispanics 
than in whites (55, 56). In the NHANES III, the crude prevalence and severity of 
diabetic retinopathy among African Americans was about twice that of non-Hispanic 
European Americans (55). However, after controlling for glycosylated hemoglobin, 
systolic blood pressure, duration of diabetes, and severity of diabetes (measured by need 

Fig. 5. Cumulative incidence of proliferative retinopathy in 600 type 1 diabetic patients with onset of 
diabetes from 1965 to 1979 (n = 113, group A [circle]), 1970–1974 (n = 130, group B [filled cir-
cle]), 1975–1979 (n = 113, group C [square]), and 1979–1984 (n = 244, group D [filled square]). P 
< 0.001, log-rank test, pooled over strata. Not all patients in group D have yet been followed for 20 
years. For pairwise log-rank test over strata after 20 years of diabetes. 
Source: Copyright © 2003 American Diabetes Association. From Ref. 46. Reprinted with permission 
from The American Diabetes Association.
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for insulin therapy), there were no significant differences between non-Hispanic African 
Americans and non-Hispanic European Americans in the prevalence and severity of 
retinopathy in this study. Furthermore, the effect of these known risk factors appeared 
to be similar in the two groups. The NHANES III investigators concluded that the 
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higher prevalence of retinopathy in African Americans with type 2 diabetes appears 
due, in part, to poorer glycemic and blood pressure control than in non-Hispanic whites. 
These are both factors that can be influenced by treatment and patient involvement. In 
the NHANES III, Mexican Americans diagnosed with type 2 diabetes were three times 
more likely than non-Hispanic European Americans with type 2 diabetes to have any 
retinopathy and to have moderate/severe nonproliferative retinopathy or PDR. Although 
the Mexican Americans were more likely to have poor glycemic control and high systolic 
blood pressure than non-Hispanic European Americans, these differences were not 
sufficient to account for the higher prevalence of retinopathy in Mexican Americans 
than in whites. The odds ratio (OR) for Mexican Americans, after controlling for other 
factors, was 2.15, with 95% confidence interval (CI) of 1.95–4.04. A similar twofold 
increase in risk for Mexican Americans has been reported from an analysis of pooled 
data from the Proyecto VER study, the LALES, and the Beaver Dam Eye Study (22, 27, 48). 
It is not clear what factors account for differences between Mexican Americans and 
non-Hispanic European Americans. It is possible that these findings reflect subpopulation 
differences associated with medical care or perhaps sample design, rather than a general 
genetic predisposition to more severe complications of diabetes.

Native Americans and Asian Americans
A higher prevalence and incidence of diabetic retinopathy has been reported in 

Native Americans than in whites and Asians (57, 58). However, the duration-adjusted 
4-year cumulative incidence rate of retinopathy in one Native American group, the 
Pima, was lower than that in whites in the WESDR (59).

Based on grading of fundus photographs, Chinese Americans (25%) were found to 
have a similar frequency of retinopathy as non-Hispanic European Americans (26%) 
in the MESA (Fig. 7) (56). Based on self-report in the 2001 Behavioral Risk Factor 
Surveillance System, Asian Americans had a similar prevalence of retinopathy as non-
Hispanic whites (60).

Age and Puberty
For a similar duration of diabetes, the prevalence and incidence of diabetic retinopathy 

is less frequent prior to than after puberty (61). In the WESDR, duration of diabetes 
after menarche, a marker of puberty, was associated with an approximate 30% increase 
in the risk of having any retinopathy compared with duration before menarche (62). The 
reason for this is not known. Changes in insulin resistance, hormonal levels, and com-
pliance after puberty have been suggested as accounting for this finding. Based on these 
observations, when type 1 diabetes is diagnosed prior to puberty, guidelines suggest that 
the first dilated eye examination should begin after puberty and if no retinopathy is 
present, yearly thereafter.

Genetic and Familial Factors
The reader is referred to recent reviews which describe the genetics of diabetic 

retinopathy (63, 64).
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MODIFIABLE RISK FACTORS

Hyperglycemia
Because of the difficulty in achieving good glycemic control and the lack of certainty 

of the efficacy of such control in preventing microvascular and macrovascular compli-
cations, patients with diabetes, on average, were poorly controlled in the 1970s (see 
above). For example, at the baseline WESDR eye examination in 1980–1982, the mean 
glycosylated hemoglobin A1c in younger-onset type 1 participants was 10.1% while 
in older-onset type 2 participants it was 9.0% compared to 6.0% in nondiabetic persons 
in the same study. The WESDR provided an excellent opportunity to examine the rela-
tionship of retinopathy in a diabetic cohort with a wide range of glycosylated hemoglobin 
levels (from 6 to 20%) at baseline.

Data from the WESDR (Fig. 8) showed a strong association of glycosylated hemo-
globin levels with the 10-year incidence and progression of retinopathy and the incidence 
of PDR and macular edema (data not shown) (65). On close inspection of Fig. 8, it is 
apparent that the 10-year progression of diabetic retinopathy in the younger-onset type 1 
cohort and older-onset type 2 cohort is similar for persons whose glycosylated hemo-
globin levels fell within the 2nd and 3rd quartile ranges at baseline. This observation 
contradicted the widespread impression at the time that persons with type 2 diabetes had 
a “milder” form of diabetes and were at a lower risk of progression of retinopathy than 
persons with type 1 diabetes. These data showed that it is the level of glycemic control 
and not the type of diabetes that is important in determining progression of retinopathy.

Data from the WESDR also showed that the risk of incidence or progression of 
retinopathy was similar for a given glycosylated hemoglobin level at any duration of 
diabetes or at any stage of retinopathy prior to the onset of PDR in persons with both 
type 1 and 2 diabetes (Figs. 9 and 10) (65). Analyses of the epidemiological data in 
the DCCT showed less progression of retinopathy when reduction of glycosylated 
hemoglobin was achieved earlier than later in the course of type 1 diabetes or when 
milder compared to more moderate nonproliferative retinopathy was present (66). 
Similarly, epidemiological data from the UKPDS showed that people presenting with 
type 2 diabetes with lower fasting blood sugars at the start of the study had a lower 
incidence of retinopathy despite similar glycemic progression (67). Taken together, 
these data suggest a lower risk of incidence and progression of diabetic retinopathy 
with earlier intervention to achieve better glycemic control that is maintained throughout 
the course of the disease.

A 1% change in glycosylated hemoglobin level in the WESDR between the baseline 
and 4-year follow-up was associated with lower odds of 6-year incidence and progres-
sion of retinopathy, incidence of visual loss, nephropathy, lower extremity amputation, 
and ischemic heart disease mortality in both type 1 and 2 diabetic participants in the 
WESDR (68). While data from the WESDR and other observational cohort studies have 
shown a strong and consistent association of reduction in risk of incidence and progression 
of retinopathy, these observational epidemiological data were not able to demonstrate a 
cause and effect relationship, that is, they could not demonstrate that a reduction in 
glycosylated hemoglobin would lead to reduction in incidence and progression of 
diabetic retinopathy. Two randomized controlled clinical trials, the DCCT and UKPDS 
were needed to show this (3, 4).
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Fig. 8. The relationship of incidence, in persons with younger-onset diabetes, persons with older-
onset diabetes taking insulin, and persons with older-onset diabetes not taking insulin over a 10-year 
period to glycosylated hemoglobin levels by quartiles for the whole population at baseline. P-values 
are based on the Mantel–Haenszel test of trend. 
Source: Reprinted with permission from Ref. 65, The American Diabetes Association. Copyright © 
1994 American Medical Association. All rights reserved.
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Fig. 9. Ten-year progression of retinopathy by first (circles) and fourth (diamonds) quartiles of 
glycosylated hemoglobin levels and by duration of diabetes at the baseline examination in persons 
with younger-onset diabetes (top), in persons with older-onset diabetes taking insulin (center), and 
in persons with older-onset diabetes not taking insulin (bottom). 
Source: Reprinted with permission from Ref. 65, The American Diabetes Association. Copyright © 
1994 American Medical Association. All rights reserved.
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Fig. 10. Ten-year progression to proliferative diabetic retinopathy by first (circles) and fourth (dia-
monds) quartiles of glycosylated hemoglobin levels and by duration of diabetes at the baseline 
examination in persons with younger-onset diabetes (top), in persons with older-onset diabetes taking 
insulin (center), and in persons with older-onset diabetes not taking insulin (bottom). 
Source: Reprinted with permission from Ref. 65, The American Diabetes Association. Copyright © 
1994 American Medical Association. All rights reserved.
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CLINICAL TRIALS OF INTENSIVE TREATMENT OF GLYCEMIA

Diabetes Control and Complications Trial
The DCCT was designed to compare intensive with conventional diabetes therapy 

with regard to their effects on the development and progression of retinopathy in 
persons with type 1 diabetes (3). The study was designed to make recommendations 
regarding the benefits and risks associated with intensive therapy. Two of the main 
questions asked in the study were (1) Will intensive therapy prevent the development 
of diabetic retinopathy in patients with no retinopathy (primary prevention)? and (2) 
Will intensive therapy affect the progression of early retinopathy (secondary interven-
tion)? Other issues investigated in the DCCT involved the magnitude of the effect of 
intensive insulin treatment on progression and regression of retinopathy, the degree to 
which this effect changes over time, and the relation of the effect to the level of severity 
of the retinopathy at baseline (3, 66, 69). Persons included in the DCCT at baseline 
were 13–39 years of age and did not have hypertension, hypercholesterolemia, or 
severe complications associated with diabetes. From 1983 to 1989, 1,441 persons 
were randomized to either conventional or intensive insulin therapy (3). Conventional 
therapy consisted of one or two daily injections of insulin per day, daily self-monitoring 
of urine or blood glucose, and education about exercise and diet. No attempts were 
made to do daily adjustments of the insulin dosage. The most important primary 
outcome measure was a sustained (at two consecutive 6-month visits) three-step 
progression of diabetic retinopathy along an ordinal ETDRS severity scale based on 
retinopathy scores in both eyes.

An important finding of the trial was the significant reduction in risk of sustained 
incidence of retinopathy of approximately 50% in the intensive therapy group compared 
to the conventional therapy group in the primary-prevention cohort after 5 years of 
follow-up (Fig. 11) (3). Intensive treatment was found to reduce the adjusted mean risk 
of retinopathy progression by three or more steps by 76%. In the secondary-intervention 
cohort, patients assigned to the intensive-therapy group had a reduction of average risk 
of progression by 54% during the entire study period compared to patients assigned to 
the conventional-therapy group. In addition, when both cohorts were combined, the 
intensive-therapy group also had a reduction in risk for development of severe nonpro-
liferative retinopathy or PDR by 47% and of treatment with photocoagulation by 51%. 
These findings were statistically significant. There was a decrease in the incidence of 
CSME in the group assigned to intensive therapy compared to those assigned to 
conventional therapy. However, this difference did not reach statistical significance.

On average, it took about 3 years to demonstrate the beneficial effect of intensive 
treatment. After 3 years, the beneficial effect of intensive insulin treatment increased 
over time. An early worsening of retinopathy in the first year of treatment of the inten-
sive therapy group in the secondary-intervention cohort was observed. This was similar 
to what previously had been reported by earlier feasibility clinical trials of intensive 
treatment in patients with insulin-dependent diabetes mellitus (IDDM) (70–74).

The DCCT investigators also examined whether there was an association of glycosylated 
hemoglobin values < 8% vs. those > 8% for progression of retinopathy and found no sup-
port to the concept of a glycemic threshold regarding progression of retinopathy (69). These 
finding are consistent with the lack of a glycemic threshold found in the WESDR.
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The most important adverse event found in the DCCT was a two-to-threefold increase 
in severe hypoglycemia in the intensive insulin treatment group compared to the 
conventional group (3) There was a 33% increase in the mean adjusted risk of becoming 
overweight (body weight more than 120% above the ideal) in persons in the intensive 
compared to the conventional insulin treatment group.

The DCCT investigators concluded that intensive therapy should form the backbone of 
any health care strategy aimed at reducing the risk of visual loss from diabetic retinopathy 

Fig. 11. Cumulative incidence of a sustained change in retinopathy in patients with type 1 diabetes 
mellitus receiving intensive or conventional therapy in A, the primary-prevention and B, the secondary-
intervention arms of the Diabetes Control and Complications Trial. 
Source: From Ref. 3. Copyright © 1993 Massachusetts Medical Society. All rights reserved.
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in persons with IDDM (75). Their analyses showed that intensive therapy, as practiced 
in the DCCT, would result in a gain of 920,000 years of sight, 691,000 years free from 
end-stage renal disease, 678,000 years free from lower extremity amputation, and 
611,000 years of life at an additional cost of 4 billion dollars over the lifetime of the 
120,000 persons with type 1 diabetes in the United States who meet DCCT eligibility 
criteria. The incremental cost per year of life gained was $28,661, and when adjusted 
for quality of life, intensive therapy costs $19,987 per quality of life year gained. These 
findings were similar to cost-effectiveness ratios for other medical interventions in the 
United States.

After the trial phase of the DCCT was finished, long-term follow-up of the cohort 
showed a long-term advantage in terms of reduction in incidence and progression of 
retinopathy by intensive glycemic control that remained more than four years later 
despite comparability of glycosylated hemoglobin levels between conventionally and 
intensively treated subjects (Fig. 12) (76). Thus, while there is a suggestion of reduction 
of risk at any point in time after diagnosis of diabetes, more benefit appears to result if 
lowering of blood sugar occurs earlier in the course of the type 1 diabetes. The reason 
for this is not fully understood.
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mately one-fourth of the treatment groups were examined by fundus photography, except for year 4 
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Source: Reprinted from Ref. 76. Copyright © 2002 American Medical Association. All rights reserved.
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The United Kingdom Diabetes Prospective Study (UKPDS)
The UKPDS was a randomized controlled clinical trial involving 3,867 newly 

diagnosed patients with type 2 diabetes (4,77,78). Patients with a mean of two fasting 
plasma glucose concentrations of 6.1–15.0 mmol/L were randomly assigned to intensive 
glycemic control with either insulin, a sulfonylurea, or conventional glycemic control. 
The latter group was further divided into those who were overweight or not. Metformin 
was included as one of the treatment arms for 1,704 overweight patients and analyses 
included comparison of the effect of metformin against conventional therapy in over-
weight patients.

There was a reduction in the 12-year rate of progression of diabetic retinopathy of 
21% and reduction in need for laser photocoagulation of 29% in the intensive vs. the 
conventional treatment group (4). In addition, there were no differences in reduction 
in the incidence of the retinopathy endpoints among the three agents used in the intensive 
treatment group (glibenclamide, chlorpropamide, and insulin), but the chlorpropamide 
treatment group failed to show a reduced rate of retinopathy requiring photocoagulation. 
Furthermore, there was no difference in vision outcomes between conventional and 
intensive treatments. The study concluded that metformin was preferred as the first-line 
pharmacological therapy in newly diagnosed type 2 diabetic patients who were over-
weight based on their finding of a significant (39%) reduction in myocardial infarction 
compared to the conventional treatment group.

The intensive treatment group suffered significantly more major hypoglycemic 
episodes and weight gain than patients in the conventional group. Economic analyses of 
the clinical trial data suggested that intensive glucose control increased treatment costs 
but substantially reduced complication costs and increased the time free of such 
complications (78).

Two new clinical trials which permit evaluation of near normalization of glycemic 
level on the incidence of cardiovascular disease and retinopathy are underway. The first, 
the Glycemic Control and Complications in Diabetes Mellitus Type 2, is an ongoing 
7-year randomized controlled parallel-treatment trial, and its secondary objective is the 
evaluation of glycemic control on the incidence and progression of diabetic retinopathy 
in American war veterans, 41 years of age or older whose glycemia is inadequately 
controlled on maximal therapy (79). The approach used in this trial is an intensification 
of combination therapy and frequent blood glucose monitoring to achieve glycosylated 
hemoglobin A1c levels within normal limits (at or below 6.0%). Another new large 
randomized controlled clinical trial that began in February 2003, the Action to Control 
Cardiovascular Risk in Diabetes (ACCORD), is studying the effect of near normalization 
of blood glucose (defined as keeping glycosylated hemoglobin A1c levels close to 6%) 
on the incidence and progression of retinopathy in persons with type 2 diabetes. Both 
studies should provide additional information regarding the risks and benefits of inten-
sive treatment resulting in near normalization of glycemic level in persons with type 2 
diabetes, a level of control not achieved in the UKPDS.

In summary, based on the results of the DCCT and the UKPDS, in the absence of 
preventing diabetes itself, intensive therapy is the primary public health care strategy for 
reducing the risk of visual loss from diabetic retinopathy in persons with both type 
1 and 2 diabetes. Data from the DCCT and UKPDS have provided further support for 
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the American Diabetes Association guidelines of a target goal of glycosylated hemo-
globin of 7% for persons with diabetes (80). However, data from the WESDR (81) and 
the NHANES III (82) suggest that few persons with diabetes achieve this targeted level 
of glycemic control.

HYPERTENSION

In 1934, Wagener et al., in a case-series of 1,052 diabetic persons seen at the Joslin 
clinic, reported that retinopathy was more likely to be manifest when patients had 
hypertension in addition to diabetes than just diabetes alone (83). Damage to small 
retinal blood vessels has been shown to result from higher blood flow in eyes of hyper-
tensive diabetic patients and thought to result in increased risk of retinopathy (84). In a 
small randomized clinical trial, Patel et al. showed that the use of angiotensin converting 
enzyme (ACE) inhibitors in patients with diabetes reduced retinal blood flow as meas-
ured by laser Doppler velocimetry compared to an increase in retinal blood flow in 
controls (85). They concluded that such treatment might protect against the progression 
of diabetic retinopathy.

However, blood pressure has inconsistently been shown to be associated with dia-
betic retinopathy, due, in part, to selective drop-out of patients and small sample sizes 
in some of these epidemiological studies (13, 14, 18, 32, 41, 86–98). In a recent study of 
normotensive normoalbuminuria type 1 diabetic patients, while controlling for age, 
duration of diabetes, and glycosylated hemoglobin, persons whose nighttime systolic 
ambulatory blood pressure was in the upper three quartiles (>103 mmHg) had a higher 
risk of having diabetic retinopathy than those whose nighttime systolic ambulatory 
blood pressure was in the first quartile (OR 3.71, 95% CI 1.50–9.16, P = 0.004) (99). 
There was no relation of clinical blood pressure with the severity of diabetic retinopathy 
in this study. These data suggest that ambulatory blood pressure may have an advantage 
over clinical blood pressure measurements as a marker of risk of diabetic retinopathy 
prior to the onset of hypertension.

In the WESDR, blood pressure was associated with the 14-year incidence of diabetic 
retinopathy in people with type 1 diabetes (41). In the epidemiological data from the 
UKPDS, for each 10 mmHg decrease in mean systolic blood pressure, there was a 13% 
reduction in microvascular complications, including retinopathy in persons with newly 
diagnosed type 2 diabetes (100). Stratton et al. assessed the interactive effects of glycemia 
and systolic blood pressure exposures on the risk of diabetic complications over a 
median of 10.4 years (101). They reported risk reductions of microvascular complica-
tions, including retinopathy of 21% per 1% glycosylated hemoglobin A1c decrement 
and 11% per 10 mmHg systolic blood pressure decrement and concluded that intensive 
treatment of both of these risk factors is needed to substantially reduce the incidence of 
these complications. In the WESDR, independent of glycosylated hemoglobin levels, a 
10 mmHg rise in diastolic blood pressure was associated with a 230% increase in the 
4-year risk of developing macular edema in those with type 1 diabetes and a 110% 
increase in the risk in those with type 2 diabetes (45).

While epidemiological data suggested a relationship of blood pressure to diabetic 
retinopathy, randomized controlled clinical trial data are necessary to show that reductions 
in blood pressure result in reductions in the incidence and progression of retinopathy. 
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The results of such trials have not been consistent. The EURODIAB Controlled Trial of 
Lisinopril in Insulin-Dependent Diabetes Mellitus (EUCLID) study examined the role 
of the ACE inhibitor lisinopril in reducing the incidence and progression of retinopathy 
in a group of largely normoalbuminuric normotensive type 1 diabetic patients (102). 
Those taking lisinopril had a 50% reduction in the progression of retinopathy over a 
2-year period. However, while controlling for other factors, the relationship was not 
statistically significant (P = 0.06). Progression to PDR was also reduced, although the 
relation was also not statistically significant.

The UKPDS also included a randomized controlled clinical trial to determine 
whether lowering blood pressure was beneficial in reducing macrovascular and micro-
vascular complications associated with type 2 diabetes (5, 103). One thousand forty-
eight patients with hypertension (mean blood pressure 160/94 mmHg) were randomized 
to a regimen of tight control with either captopril (an ACE-inhibitor) or atenolol (a beta 
blocker) and another 390 patients to less tight control of their blood pressure. The aim 
in the group randomized to the tight control treatment group (by the standards at the 
beginning of the clinical trial) was to achieve blood pressure values <150/<85 mmHg, 
while the aim in the group randomized to less tight control was to achieve blood 
pressure values <180 / <105 mmHg. By 4.5 years after randomization, there was a highly 
significant difference in number of retinal microaneurysms with 23% in the tight blood 
pressure control group and 33.5% in the less tight blood pressure control group having 
five or more microaneurysms (relative risk (RR) 0.70; P = 0.003). The effect continued 
to 7.5 years (RR, 0.66; P < 0.001). Similarly, there was a 47% reduction in hard exudates 
and cotton wool spots in the tight blood pressure control group (RR, 0.53; P < 0.001) 
compared to the less tight blood pressure control group. There was a 25% reduction in 
progression of retinopathy and a 42% reduction in photocoagulation for diabetic macular 
edema in the tightly controlled group compared to the less tightly controlled group. 
The cumulative incidence of the end point of legal blindness (Snellen visual acuity, 
≤ 20/200) in 1 eye was 2.4% (18/758) for the tightly controlled blood pressure group 
compared with 3.1% (12/390) for less tightly controlled blood pressure equating to a 
24% reduction in risk. They found no detectable differences in outcome between the 
two randomized therapies of ACE-inhibition and beta-blockade suggesting that blood 
pressure reduction itself was more important than the type of medication used to reduce 
it. The effects of blood pressure control were independent of those of glycemic control. 
These findings support the recommendations for blood pressure control in patients with 
type 2 diabetes as a means of preventing visual loss from diabetic retinopathy.

The Appropriate Blood Pressure Control in Diabetes (ABCD) Trial consisted of two 
randomized masked clinical trials comparing the effects of intensive and moderate 
blood pressure control in persons with type 2 diabetes. The first trial included a diastolic 
blood pressure goal of 75 mmHg in the intensive group and a diastolic blood pressure 
of 80–89 mmHg in the moderate group in 470 hypertensive subjects (baseline diastolic 
blood pressure of > 90 mmHg) with type 2 diabetes (6,104). The mean blood pressure 
achieved was 132/78 mmHg in the intensive group and 138/86 mmHg in the moderate 
control group. Over a 5-year follow-up period, there was no difference between 
the intensive and moderate groups with regard to progression of diabetic retinopathy. 
There was no difference in nisoldipine vs. enalapril in progression of retinopathy. The 
authors concluded that the lack of efficacy in their study compared to the UKPDS might 
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have resulted from the lower average blood pressure control in the ABCD Trial 
(144/82 mmHg vs. 154/87 mmHg in the UKPDS), the shorter time period of the ABCD 
Trial (5 years vs. 9 years on average for the UKPDS), and poorer glycemic control in 
the ABCD Trial than the UKPDS (5, 104). These data may also be interpreted as showing 
a threshold effect below which there is minimal reduction in the risk of progression of 
retinopathy by further reduction of blood pressure.

However, results from a second clinical trial from the same ABCD group suggested 
otherwise (6). In the second ABCD Trial, the question was whether lowering blood 
pressure in normotensive (BP < 140/90 mmHg) patients with type 2 diabetes offered any 
beneficial results on vascular complications. The effect of intensive vs. moderate diastolic 
blood pressure control on diabetic vascular complications in 480 normotensive type 2 
diabetic patients was examined in a prospective, randomized controlled trial. Over the 
5-year period, the intensive blood pressure control group showed less progression of 
diabetic retinopathy (34% vs. 46%, P = 0.019) than the moderate therapy group with no 
difference whether enalapril or nisoldipine was used as the initial antihypertensive 
agent. There was no difference in the incidence of retinopathy between the moderate 
and the intensive groups (39% vs. 42%, respectively). The authors concluded that “over a 
five-year follow-up period, intensive (approximately 128/75 mmHg) control of blood 
pressure in normotensive type 2 diabetic patients decreased the progression of diabetic 
retinopathy.” They concluded that the specific initial agent used (calcium channel 
blocker vs. ACE inhibitor) appears to be less important than the achievement of the 
lower blood pressure values in normotensive type 2 diabetic patients.

In an open parallel trial, patients with diabetes at the Steno clinic in Denmark were 
allocated to standard treatment (Danish guidelines, n = 80) or intensive treatment 
(stepwise implementation of behavior modification, pharmacological therapy targeting 
hyperglycemia, hypertension, dyslipidemia, and microalbuminuria, n = 80) (105). After 
3 years of follow-up, patients in the intensive group had significant (55%) reduction in 
odds of progression of retinopathy compared to those in the standard group.

The ACCORD trial is also examining whether in the context of good glycemic 
control, a “therapeutic strategy that targets a systolic blood pressure of < 120 mmHg will 
reduce the rate of cardiovascular disease events compared to a strategy that targets a 
systolic blood pressure of < 140 mmHg” in persons with type 2 diabetes. In that trial, 
the effect of blood pressure control on the incidence and progression of retinopathy will 
be examined. The aim of another clinical trial that is underway, the Diabetic Retinopathy 
Candesartan Trials (DIRECT), consisting of three randomized double-masked, parallel, 
placebo-controlled studies, is to determine the impact of treatment with candesartan, an 
angiotensin II type 1 receptor blockade, on the incidence and progression of diabetic 
retinopathy (106).

American Diabetes Association guidelines recommend blood pressure level targets 
of less then 130/85 mmHg based on the above clinical trial data (107). However, a study 
at an academically affiliated institution found only 15% of diabetic patients in that study 
achieved the ADA goals (108). Similarly, in the NHANES, among U.S. adults with 
diabetes in 1999–2002, 49.8% had A1c < 7%; and nearly 40% met ADA blood pressure 
recommendations (109). Reduction of weight, increased physical activity, and other 
behaviors that might help reduce blood pressure beyond use of antihypertensive agents 
are often not achieved in people with diabetes (110). These data show the difficulty of 
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achieving recommendations based on findings from clinical trials in clinical practice 
and the need for new approaches for meeting these goals.

LIPIDS

Retinal hard exudates result from the deposition of lipoproteins in the outer layers of 
the retina that have leaked from retinal capillaries and microaneurysms in persons with 
diabetes. So, it is not surprising that epidemiological data have shown that higher levels 
of serum lipids are associated with a higher frequency and incidence of retinal hard 
exudates in persons with diabetes (53, 111–114). In the WESDR, while controlling for 
duration of diabetes, blood pressure, glycosylated hemoglobin, and diabetic nephropathy, 
higher serum total cholesterol was associated with the presence of hard exudates in both 
younger-onset persons (OR per 50 mg/dL 1.65, 95% CI, 1.24–2.18) and older-onset 
persons (OR 1.50, 95% CI, 1.01–2.22) taking insulin (111). In the ETDRS, diabetic 
persons with higher serum triglycerides, low-density lipoproteins (LDL), and very-
low-density lipoproteins at baseline were about twice as likely to have retinal hard 
exudates at baseline as persons with normal levels and were more likely to develop hard 
exudates and visual loss during the course of the study (112). In the Hoorn study, higher 
serum total cholesterol (OR per 1.19 mmol/L, 1.59, 95% CI, 1.13–2.23) and LDL cho-
lesterol (OR per 1.05 mmol/L, 1.63, 95% CI, 1.12–2.37) but not HDL cholesterol (OR 
per 0.36 mmol/L 1.03, 95% CI, 0.69–1.53) or triglyceride level (OR per 50 mmol/L 
1.23, 95% CI, 0.93–1.63) were related to hard exudates in persons with type 2 diabetes 
(113). In the Atherosclerosis Risk in Communities study, while controlling for age, 
gender, duration of diabetes, serum glucose, and type of diabetes medications taken, the 
presence of retinal hard exudates was associated with plasma LDL cholesterol 
(OR/10 mg/dL 1.18, 95% CI, 1.09–1.29) and plasma Lp(a) (OR/10 mg/dl 1.02, 95% CI, 
1.00–1.05) (53). In the DCCT, both the serum total-to-high density lipoprotein (HDL) 
cholesterol ratio and LDL cholesterol level predicted the incidence of CSME (RR for 
extreme quintiles 3.84, p-test for trend = 0.03 for serum total-to-HDL cholesterol ratio, 
and RR 1.95, p-test for trend = 0.03 for serum LDL cholesterol) and hard exudate (RR 
2.44, p for trend = 0.0004 for total-to-HDL cholesterol ratio, and RR 2.77, p for trend 
= 0.002 for LDL cholesterol) in patients with type 1 diabetes (114). Lipid levels at baseline 
were not associated with progression of diabetic retinopathy in this study. In Mexican 
patients with type 2 diabetes, Santos et al. showed the frequency of severe retinal hard 
exudates was higher in those with 4 allele polymorphism of the apolipoprotein E gene (115).

While higher serum lipids appear associated with hard exudates in observational 
studies, it is not certain that intensive control of dyslipidemia with cholesterol lowering 
agents reduce the incidence of hard exudate, macular edema, and visual loss in persons 
with diabetic retinopathy. Earlier clinical trials of clofibrate showed that treatment with 
this medication reduced lipid levels and the incidence of hard exudate but did not restore 
vision to eyes when macular edema was present at the onset of the trial (116). Due to 
the association of clofibrate with liver toxicity, it is no longer used. Few clinical trial 
data are available regarding the efficacy of statins in preventing the incidence of hard 
exudates and macular edema. Data from small short-term pilot studies suggested that 
statin therapy may have a possible benefit in preventing or reducing the severity of 
macular edema (117–119). However, there have been no completed large clinical trials 
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showing the efficacy of lipid lowering agents in reducing the progression of retinopathy, 
the incidence of macular edema or the loss of vision. In persons with type 2 diabetes, 
the ACCORD study will permit examination of whether raising the serum HDL cholesterol 
and lowering triglyceride levels in the context of good glycemic control reduces the 
incidence of macular edema and progression of retinopathy compared to a strategy that 
only achieves desirable levels of LDL cholesterol and glycemic control.

SUBCLINICAL AND CLINICAL DIABETIC NEPHROPATHY

Both retinopathy and nephropathy have been linked together as sharing a common 
“microvascular” origin and similar risk factors. This notion has been supported by data 
from most studies showing associations between diabetic nephropathy, as manifest by 
microalbuminuria or gross proteinuria, and retinopathy (13, 14, 39, 87, 89, 91, 94, 
120–122). Independent of levels of blood sugar and blood pressure, it has been hypoth-
esized that inflammatory, lipid, rheological, and platelet abnormalities associated with 
nephropathy may be involved in the pathogenesis of retinopathy.

Microalbuminuria and Diabetic Retinopathy
In the WESDR, in cross-sectional analyses while controlling for duration of diabetes, 

glycosylated hemoglobin, and diastolic blood pressure, persons with microalbuminuria 
were more likely to have retinopathy present (for those with type 1 diabetes, OR 1.90, 
95% CI, 0.95–3.78 and for those with type 2 diabetes, OR 1.80, 95% CI, 1.22–2.65) 
than those with normoalbuminuria (123). In multivariable analyses, microalbuminuria 
remained statistically significantly associated with PDR in those with type 1 (OR 
2.14, 95% CI, 1.27–3.61) but not type 2 diabetes (OR 1.05, 95% CI, 0.56–1.96). 
While controlling for other risk factors, the relationship of microalbuminuria to 
CSME was not statistically significant in either persons with type 1 diabetes (OR 
2.05, 95% CI, 0.81, 5.17, P = 0.13) or those with type 2 diabetes (OR 1.26, 95% CI, 
0.52–3.06, P = 0.62). In a cross-sectional analysis of 982 Danish patients with type 1 
diabetes, the prevalence of proliferative retinopathy and vision loss increased with 
increasing levels of albuminuria, being 12% and 1%, respectively, in persons with 
normoalbuminuria, 28% and 6% in those with microalbuminuria, and 58% and 11% 
in those with gross proteinuria (124).

While data from cross-sectional studies suggest early nephropathy, as manifest by 
microalbuminuria, is associated with more severe retinopathy, data regarding the longi-
tudinal relationship of microalbuminuria to incident and progressed retinopathy are less 
consistent. In a clinic-based study, persons with type 1 diabetes and microalbuminuria 
had a higher annual incidence of PDR (10–15%) compared to only 1% in patients without 
signs of nephropathy (125). In another study of 82 patients with type 1 diabetes, of the 
13 who developed a progressive increase in their albumin excretion rate and persistent 
microalbuminuria during the study period, 62% (8/13) developed macular edema or 
PDR compared with 7% (5/69) who remained normoalbuminuric (126). In the population-
based Epidemiology of Diabetes Complications (EDC) Study, persons with type 1 diabe-
tes and higher albumin excretion rates were more likely to develop incident PDR (127, 
128). In the WESDR, while controlling for other factors at baseline, microalbuminuria 
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status was not associated with the incidence of retinopathy, its progression to CSME, or 
the incidence of proliferative disease (123).

Gross Proteinuria and Retinopathy
In cross-sectional analyses in the WESDR, those with gross proteinuria were more 

likely to have signs of any retinopathy, PDR, or CSME at baseline than those without 
gross proteinuria (123). While controlling for other factors, the odds of having PDR 
present when gross proteinuria was present varied from 4.58 (95% CI, 3.10–6.77) in 
those with type 1 diabetes to 2.27 (95% CI, 1.65–3.11) in those with type 2 diabetes 
compared to those without gross proteinuria; for CSME, the odds were 2.42 (95% CI, 
1.20–4.88) and 1.47 (95% CI, 0.83–2.61) in type 1 and type 2 diabetes, respectively. 
These findings are also consistent with other epidemiological and clinical studies. In 
Hispanics, gross proteinuria was cross-sectionally related to diabetic retinopathy (OR 
11.14, 95% CI, 1.2–103), but there was no relationship in whites (129).

In a clinical study in Denmark, the cumulative 5-year incidence of nonproliferative 
retinopathy and PDR in persons with type 1 diabetes with gross proteinuria was 93% 
and 74%, respectively, and it was 37% and 14%, respectively, in those without (130). In 
Oklahoma Indians with type 2 diabetes, gross proteinuria was associated with retinopathy 
at baseline but was not found to be a risk factor for the development of retinopathy (95, 
96). In Pima Indians with type 2 diabetes, while controlling for other risk factors, the 
presence of proteinuria or renal insufficiency at baseline predicted the development of 
PDR (131). The incidence–rate ratio was 4.8. However, in people with type 2 diabetes 
in Rochester, Minnesota, persistent proteinuria was not an independent predictor of 
subsequent incidence of retinopathy (88). In the WESDR, the presence of gross pro-
teinuria was associated with the 10-year incidence of PDR in type 1 diabetes; otherwise, 
gross proteinuria was not associated with the progression of retinopathy or incidence of 
CSME (123). The lack of an association in the WESDR may have been due, in part, to 
the high risk of persons with gross proteinuria who develop severe retinopathy dying 
and not being seen at follow-up.

There are no clinical trial data to show that interventions that prevent or slow diabetic 
nephropathy reduce the incidence and progression of retinopathy.

In summary, while both retinopathy and nephropathy are linked together as “micro-
vascular” in origin and share similar risk factors, the fact that after long duration of 
disease most individuals develop retinopathy but only about two-thirds develop clinical 
signs of nephropathy suggests possible genetic differences making susceptibility to 
damage of each system different for a given level of exposure of blood pressure, glycemia, 
and other risk factors. Epidemiological data support nephropathy as a risk indicator and 
risk factor for retinopathy and suggest that nephrotic patients might benefit from having 
regular ophthalmologic evaluation.

Diabetic Retinopathy as a Risk Indicator of Subclinical Nephropathy
Diabetic retinopathy severity has been shown to be related to preclinical glomeru-

lopathy lesions in the baseline biopsies in normotensive normoalbuminuric persons with 
type 1 diabetes and normal or increased glomerular filtration rate (132). The severity of 
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diabetic retinopathy was significantly associated with renal structural endpoints such as 
glomerular basement membrane mesangial fractional volume while controlling for 
other risk factors such as age, diabetes duration, sex, glycosylated hemoglobin A1c, 
mean arterial blood pressure, and body mass index (BMI), suggesting that retinopathy 
may be a marker of subclinical renal disease.

OTHER RISK FACTORS FOR RETINOPATHY

Smoking and Drinking
Smoking, through its hypoxic effects on tissue and its effects on increasing platelet 

adhesiveness and aggregability, both hypothesized mechanisms involved in the patho-
genesis of diabetic retinopathy, would be expected to be associated with retinopathy 
(133–135). However, most epidemiologic data do not show a relationship between ciga-
rette smoking and a higher incidence or rate of progression of diabetic retinopathy (87, 
88, 94, 96, 135–137). It is not known whether there are substances in cigarette smoke, 
such as nicotine, that neutralize the presumed detrimental effect of hypoxia and platelet 
dysfunction on retinopathy pathogenesis. Regardless, smoking should be discouraged 
in diabetic persons because of an increased risk of cardiovascular and respiratory 
disease and cancer. In the WESDR, while controlling for other risk factors, persons who 
smoked with type 1 diabetes or type 2 diabetes were 2.4 times and 1.6 times, respec-
tively, as likely to die as those who did not smoke (138).

Alcohol through decreased platelet aggregation and adhesiveness might be thought 
of as having a possible protective effect in reducing the incidence and progression of 
retinopathy (139). However, no consistent relation between a history of alcohol 
consumption and retinopathy has been found. Data from some studies have shown 
alcohol to be beneficial, while others have shown no or a detrimental effect on risk of 
retinopathy (23, 140, 141). In the UKPDS, a relation of increased alcohol consumption 
to increased severity of retinopathy was found only in newly diagnosed men with type 
2 diabetes (142). In the WESDR, there was no relationship between alcohol consump-
tion at the 4-year examination and the incidence and progression of retinopathy in either 
persons with type 1 or 2 diabetes at the 10-year follow-up (143). With lack of a harmful 
effect of moderate alcohol consumption on retinopathy, the finding in the WESDR of a 
protective effect on cardiovascular disease mortality in persons with type 2 diabetes 
suggests that such behavior might be of benefit (144).

Inflammation and Endothelial Dysfunction and Cellular 
Adhesion Molecules

Inflammatory processes have been hypothesized to be involved in the pathogenesis 
of diabetic retinopathy (145, 146). Elevations in the level of markers of inflammation 
attributed to hyperglycemia, advanced glycation end-products, and increased BMI (147, 
148) have been found in persons with type 1 diabetes (146–148). While inflammatory 
biomarkers such as serum fibrinogen, tumor necrosis factor alpha (TNF-α), and 
C-reactive protein (CRP) may be elevated, there are few data regarding the role of 
inflammation in the progression of diabetic retinopathy (148–152). In two case–control 
studies, diabetic subjects with macular edema (151) or PDR (150) had higher levels of 
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vascular endothelial growth factors and cytokines in their vitreous than those without 
macular edema or PDR. In a cross-sectional study of normotensive persons with type 1 
diabetes, CRP and fibrinogen levels were positively associated with diabetic retinopathy 
severity (148). In a case series of 93 diabetic patients, serum chemokines were signifi-
cantly elevated in patients with at least severe nonproliferative diabetic retinopathy 
compared with those who had less severe retinopathy (153). Data from the Hoorn study 
in persons with type 2 diabetes also showed retinopathy to be associated with serum 
CRP and soluble intercellular adhesion molecule-1 (sICAM-1) levels, a marker of 
endothelial dysfunction (154). While some treatments for chronic macular edema have 
been focused on use of intravitreal anti-inflammatory agents, e.g., steroids, there are 
few data showing that decreasing inflammatory activity stops the development or 
progression of diabetic retinopathy or restores visual acuity.

Endothelial dysfunction may result in increased vascular permeability, alteration of 
blood flow, oxidative stress, and angiogenesis and has been postulated to play a role in 
the pathogenesis of diabetic retinopathy (155–162). Endothelial dysfunction is charac-
terized by elevated levels of several systemic markers (e.g., von Willebrand factor, 
Factor VIII, soluble E-selectin). In addition, homocysteine levels, which have been 
found to be elevated in persons with type 1 diabetes, have been shown to damage 
endothelial cells via generation of hydrogen peroxide (162, 163). Homocysteine, von 
Willebrand factor, and other markers of endothelial dysfunction have been inconsistently 
associated with the prevalence, severity, and incidence of diabetic retinopathy (148, 
164–172). Fewer data are available about potentially protective factors such as folate 
and vitamins B12 and B6 levels for progression of retinopathy and incidence of prolif-
erative retinopathy in persons with diabetes (166, 170).

Leucocyte adherence to retinal endothelium has been postulated as a cause of capillary 
occlusion, a factor in the pathogenesis of diabetic retinopathy (173). Adherence of 
leucocytes to capillary and arteriolar endothelium occurs as a result of a process involving 
expression of adhesion molecules (e.g., selectins, intercellular adhesion molecules 
[ICAM-1], and vascular cell adhesion molecules [VCAM]-1) (174–179). Levels of two 
adhesion molecules, soluble E-selectin and soluble VCAM-1, have been shown to be 
elevated in patients with type 1 diabetes with more severe retinopathy (153, 180). 
However, there are neither prospective nor population-based data showing that elevation 
in concentrations of these molecules precedes the progression of retinopathy nor 
whether these associations remain while controlling for glycosylated hemoglobin, 
blood pressure levels, and signs of diabetic nephropathy.

Body Mass Index and Physical Activity
Data from epidemiological studies show that when other risk factors, e.g., hypergly-

cemia and hypertension, are controlled for, neither BMI, a measure of obesity, nor 
physical activity are associated with a higher risk of diabetic retinopathy (13, 87, 88, 
131, 181–187).

Hormone and Reproductive Exposures in Women
The evidence to date suggests that estrogen exposure is not associated with risk of 

retinopathy. Use of oral contraceptives, which contain estrogens as well as progestins, 
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or hormone replacement therapy after menopause does not appear to increase the risk 
of retinopathy (188, 189).

Progression of retinopathy in pregnancy is related to glycemia, blood pressure level, 
and prior duration of diabetes (190, 191). However, pregnancy has been shown to be 
associated with more rapid progression of retinopathy independent of the level of 
glycemia and blood pressure (192–194). Despite the apparent adverse effect of preg-
nancy on retinopathy, the number of past pregnancies has been reported to be unrelated 
to the severity of diabetic retinopathy in women with type 1 diabetes (189, 195). Close 
observation of women with type 1 diabetes, especially those with retinopathy, is 
indicated during pregnancy and after delivery.

PREVALENCE AND INCIDENCE OF VISUAL IMPAIRMENT

Data from the WESDR showed the relatively high prevalence and incidence of visual 
impairment in persons with both type 1 and 2 diabetes first studied in 1980 (Table 4) 
(196, 197). In 1980–1982, the results of the ETDRS, DCCT, and UKPDS had not been 
reported, control of glycemia and blood pressure was poorer, and people at risk of visual 
impairment from diabetic retinopathy were not getting dilated retinal examinations by 
experienced ophthalmoscopists. Much has changed since. However, few data are available 

Table 4
Prevalence of Any and Severe Visual Impairment by Age and Sex in the Wisconsin 

Epidemiologic Study of Diabetic Retinopathy, 1980–1982

 Females Males

Age, years % Any % Severe % Any % Severe

Type 1, Younger Onset
0–17 2.3 0 3.6 0
18–24 4.9 1 3.5 0.9
25–34 5.8 0.7 8.6 2.0
35–44 10.6 3.0 12.7 4.2
45–54 17.5 0 23.1 2.6
55+ 26.7 3.3 21.4 0
Total 7.9 1.2 8.8 1.6

Type 2, Older Onset
30–44 0 0 0 0
45–54 7.3 0.4 1.2 0.4
55–64 4.2 0.5 4.0 0.2
65–74 11.3 2.0 8.1 0.6
75–84 27.6 2.0 26.6 6.2
85+ 48.7 10.7 58.7 3.2
Total 13.3 1.7 10.4 1.4

Any visual impairment defined as best corrected 20/40 or worse in better eye; severe visual impairment 
as 20/200 or worse in better eye

Modified from Ref. 207. Copyright © Elsevier 1984
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that have examined changes in the prevalence and incidence of visual loss associated 
with diabetic retinopathy over the past 25 years. Estimated visual impairment in 2004 
attributed to diabetic retinopathy was lower in persons 40 years of age or older than that 
reported approximately 25 years earlier (198, 199). In the WESDR, in persons with type 
1 disease, estimated annual incidence of severe visual impairment due to diabetic retin-
opathy was lower in follow-up examination periods than at baseline (Fig. 13) (197). 
Furthermore, in the WESDR, at any given duration of diabetes in persons with type 1 
diabetes, those whose year of diagnosis was earlier were more likely to have visual 
impairment than in those whose diagnosis was at a later date (Klein R. unpublished 
data). For example, in those with type 1 diabetes for 25–29 years, visual impairment 
was 25% in those who were diagnosed in 1953–1957, 18% in those diagnosed in 
1958–1962, 7% in those diagnosed 1963–1967, and 2% in those diagnosed in 1968–1972. 
In another study in Denmark in 2004, the prevalence of visual impairment was lower 
than anticipated from the existing literature (200). Causes other than diabetic retinopathy, 
such as age-related macular degeneration, contributed significantly to the occurrence of 
visual loss in this study. This was also found in the Beaver Dam Eye Study, where 
diabetic retinopathy accounted for only 3% of the 15-year cumulative incidence of 
blindness in people 43–86 years of age (201). There is the need for ongoing surveillance 
for providing estimates of diabetic retinopathy and visual loss in the U.S. population.

CONCLUSIONS

Data from the WESDR and other population-based studies have shown associations 
of glycosylated hemoglobin, blood pressure, and serum total cholesterol with the 
incidence and progression of retinopathy and other microvascular and macrovascular 
complications (19, 41, 198, 202, 203). However, these factors only explain a small pro-
portion of the progression of retinopathy (R2 = 9%) and incidence of PDR (R2 = 10%). 
For example, of persons with the poorest glycemic control over the first four WESDR 
examinations (glycosylated hemoglobin A1c ≥ 10.2%), 17% had no or minimal retin-
opathy despite a mean duration of 27 years of type 1 diabetes, while 68% of those in 
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the best glycemic control (glycosylated hemoglobin A1c ≤ 8.4%) had no or minimal 
retinopathy (Klein R, unpublished data). Thus, while glycemic control is associated 
with less severe retinopathy, there are people with type 1 diabetes who appear to be 
relatively protected despite poor control. This was corroborated in the experience of the 
DCCT (3). Moreover, while intensive glycemic control is beneficial in reducing com-
plications, in the DCCT it was associated with a threefold increase in severe hypoglycemic 
reactions resulting in coma or seizures (16.3 vs. 5.4 per 100/patient years of follow-up 
comparing those on intensive to those on conventional insulin therapy), making it dif-
ficult for many persons with type 1 diabetes to adhere to an intensive insulin treatment 
regimen (204). Thus, because intensive insulin treatment is associated with significant 
morbidity (e.g., hypoglycemia), because glycemia control is difficult, and because 
glycemia appears to account for only a small proportion of those who experience pro-
gression of complications, it is important to search for other factors that would prevent 
or delay the progression of diabetic retinopathy. Similarly, it is difficult for persons with 
type 2 diabetes to normalize their blood sugar and pressure. Identification of novel risk 
factors and genetic factors for diabetic retinopathy will be important in the future.

Tertiary prevention through early detection and treatment by photocoagulation can 
prevent visual loss due to severe diabetic retinopathy. However, many barriers still need 
to be overcome. Secondary prevention may play a more important role than tertiary 
prevention in reducing visual loss due to diabetic retinopathy. Ongoing monitoring of 
vision in populations is needed to assess efficacy of early detection programs and new 
interventions.
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Abstract

In addition to ophthalmologic examination and retinal fundus photography, diagnostic 
modalities including fluorescein angiography (FA) and optical coherence tomography 
(OCT) currently play important roles in the evaluation of patients with diabetic retin-
opathy (DR). Fluorescein angiography has been a major diagnostic procedure in the 
clinical evaluation of DR for several decades. This chapter will review the principles 
and methodology underlying fluorescein angiography, as well as its specific application 
to the evaluation of diabetic retinopathy and especially retinal vascular permeability. 
Although fluorescein angiography provides valuable anatomic and functional informa-
tion pertaining to the retinal vasculature, it does not provide ultrastructural anatomic 
detail and does not allow quantification of retinal thickness. Optical coherence tomog-
raphy has emerged in recent years as an additional modality that provides clinically 
valuable information. This chapter details the principles and methodology of OCT. 
In addition, the application of OCT to the assessment of diabetic macular edema is 
discussed, including the value of OCT in providing quantitative information regarding 
retinal thickness. The different morphologic patterns of diabetic macular edema seen in 
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OCT are presented, as well as a discussion of the application of OCT to clinical 
management of diabetic retinopathy. Finally, additional diagnostic modalities of poten-
tial benefit in evaluating DR are presented, including the retinal thickness analyzer 
(RTA) and scanning laser ophthalmoscopy (SLO). The detection of retinal abnormali-
ties in diabetic patients is vital for preventing the associated complications and subse-
quent loss of vision. FA and OCT provide information essential to the optimal treatment 
and management of diabetic retinopathy.

Key Words: Diabetic retinopathy; macular edema, fluorescein angiography; optical 
coherence tomography; retinal thickness analyzer; scanning laser ophthalmoscopy.

INTRODUCTION

The majority of significant visual loss in patients with diabetic retinopathy (DR) is 
associated with three conditions: macular edema, macular ischemia, and retinal or optic 
disc neovascularization. These complications of DR have been diagnosed with fundu-
scopic examination and fluorescein angiography (FA) for over four decades. In recent 
years, innovative new technologies have been developed to detect DR earlier and more 
accurately, particularly diabetic macular edema.

Diabetic macular edema is the most common cause of visual loss in diabetic patients, 
affecting up to one quarter of these patients (1–4). Retinal thickening results from fluid 
leakage due to breakdown of the blood–retina barrier (5). The gold standard treatment 
of diabetic macular edema consists of focal laser photocoagulation, which reduces mod-
erate visual loss by 50% (2). However, visual loss persists in a significant proportion of 
patients after laser treatment as irreversible damage to the retina has occurred. New 
medical therapies are currently being studied that prevent or reduce the progression of 
diabetic macular edema. These treatments have necessitated earlier and more quantita-
tive detection of retinal thickening.

Clinically significant macular edema (CSME), as defined in the Early Treatment 
Diabetic Retinopathy Study (ETDRS), is a clinical diagnosis made at the slit lamp with 
stereoscopic biomicroscopy (2). Although it is convenient and readily available, this 
technique is subjective and insensitive to small changes in retinal thickness, making 
early detection and follow-up for subtle changes after therapy difficult (6, 7). 
Furthermore, slit lamp biomicroscopy does not quantify the severity or extent of foveal 
thickening, the retinal layers involved, or allow the physician to visualize ischemia. 
Similarly, stereo fundus photography is limited by the amount of stereopsis and by the 
threshold for thickening adopted by individual observers (8, 9). Although stereo fundus 
photography has been used to follow for changes after treatment, its current use in clini-
cal trials is greatly diminished.

Fluorescein angiography has been used for over 40 years in the evaluation of chori-
oretinal diseases. It is a dynamic modality that enables the ophthalmologist to assess 
both the anatomy and function of the retinal and choroidal vasculature. However, FA 
does not provide ultrastructural anatomic detail, and does not allow quantification of 
retinal thickness. Due to these limitations, several novel imaging techniques have been 
developed. The most sensitive, reproducible, and widely used modality has been optical 
coherence tomography (OCT).
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FLUORESCEIN ANGIOGRAPHY

Properties
Fluorescein angiography was first attempted by MacLean and Maumenee in 1960 

(10), but it was not until the advent of the electronic flash that Novotny and Alvis were 
able to perform the first successful fluorescein angiogram (11). This procedure has 
since been instrumental to our knowledge and treatment of chorioretinal diseases.

Sodium fluorescein is a yellow–red dye with a molecular weight of 376.67 kDa, a 
spectrum of absorption at 465–490 nm (blue), and excitation at 520–530 nm (yellow–
green) (12). The dye, either 2–3 ml of 25% concentration or 5 ml of 10% concentration, 
is injected as a bolus into a peripheral vein. Once injected, 80% of the dye binds with 
plasma proteins, particularly albumin. It is metabolized by the liver and kidney within 
24–36 h and is eliminated in the urine. Under normal conditions, fluorescein is retained 
within the capillary walls due to the tight blood–retinal barrier. Conditions leading to 
the breakdown of the blood–retinal barrier lead to the leakage of fluorescein into the 
retina and vitreous.

Side Effects
The most common side effect of fluorescein is the temporary yellowing of the skin 

and conjunctiva lasting up to 12 h after injection, as well as an orange–yellow discolora-
tion of the urine that lasts from 24 to 36 h (13, 14). Other side effects include nausea, 
vomiting, or vasovagal reaction, which occurs in approximately 10% of patients. Severe 
vasovagal reactions resulting in bradycardia and hypotension are rare. Dye extravasa-
tion may cause pain, local tissue necrosis, subcutaneous granuloma, or toxic neuritis, 
although these are rare. Urticarial reactions occur in about 1% of cases, and can be 
avoided by premedicating the patient with antihistamines and/or corticosteroids. True 
anaphylaxis occurs in less than 1 in 100,000 cases. Although no teratogenic effects have 
been identified, the use of fluorescein in pregnant or lactating women in general should 
be avoided unless absolutely necessary.

Normal Fluorescein Angiography
A choroidal flush and optic nerve head fluorescence appear in 10–15 s after injection 

of dye (arm-to-eye circulation time) (Fig. 1a) (15). In 10–15% of patients, a cilioretinal 
artery stemming from the choroidal circulation is present and will fluoresce simultane-
ously with the choroid. Since choroidal vessels are fenestrated, fluorescein molecules 
diffuse out of the choriocapillaris, giving the appearance of generalized choroidal fluo-
rescence, which may be mottled or patchy due to the overlying retinal pigment 
epithelium.

Unlike choroidal vessels, normal retinal vessels and capillaries are impermeable to 
fluorescein due to endothelial tight junctions. The path of the dye as it travels through 
the retinal vasculature is therefore quite demarcated. Fluorescein filling of retinal arter-
ies begins approximately 1 s after choroidal fluorescence (Fig. 1a). The arteriovenous 
phase is characterized by complete filling of the arteries and capillaries, with laminar 
filling of the veins (Fig. 1b). This has been attributed to the faster flow of blood as well 
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as a higher concentration of erythrocytes in the central venous lumen. By 30 s, the first 
pass, or transit phase, of fluorescein through the retinal and choroidal vasculature is 
complete (Fig. 1c). This is followed by recirculation phases where there is intermittent 
mild fluorescence. At 10 min, both circulations are generally devoid of fluorescein. The 
late angiogram is characterized by staining of Bruch’s membrane, the choroid, sclera, 
and margins of the optic nerve head (Fig. 1d).

A dark background in the macula is created by blockage of choroidal fluorescence 
by xanthophyll pigment and a high density of retinal pigment epithelial cells. The nor-
mal capillary free zone or foveal avascular zone (FAZ) is 300–500 µm.

Fig. 1. Normal fluorescein angiography. (a) Choroidal filling is followed by arterial filling. (b) The 
arteriovenous phase is characterized by appearance of dye in a laminar pattern in the retinal veins. (c) 
The recirculation phase demonstrates declining fluorescence. (d) Late frames show staining of the 
disc, choroid, and Bruch’s membrane.
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Terminology
Several terms are commonly used to describe fluorescence abnormalities that aid in 

clinical correlation (15, 16). Angiographic lesions may be hypofluorescent or hyper-
fluorescent. Hypofluorescence can be categorized into blockage (masking of fluores-
cence) such as with blood, or vascular filling defect due to deficient circulation, as in 
macular ischemia. Hyperfluorescence is caused by an increase in normal fluorescence 
or presence of abnormal fluorescence. Autofluorescence is seen in preinjection photo-
graphs and is caused by highly reflective substances such as optic disc drusen. 
Transmission window defects occur due to a decrease or absence of the retinal pigment 
epithelium, and appear as sharply defined hyperfluorescence that appears early and does 
not change through the angiograms. Leakage refers to the gradual increase in fluores-
cence throughout the angiogram due to fluorescein diffusing through the RPE into the 
subretinal space or neurosensory retina, out of retinal vessels into the retinal intersti-
tium, or from retinal neovascularization into the vitreous. The borders of hyperfluores-
cence become increasingly blurred, and the greatest intensity occurs in the late frames 
of the angiogram. Staining results from fluorescein entry into a solid tissue that retains 
the dye, and appears as fluorescence that gradually increases in intensity through transit 
views and persists in late views, but its borders remain fixed throughout the angiogram. 
Pooling refers to the accumulation of fluorescein in a fluid-filled space in the retina or 
choroid with distinct margins.

Fluorescein Angiography in the Evaluation of Diabetic Retinopathy
FA has provided great understanding of the microvascular changes caused by diabetes. 

In diabetic retinopathy, endothelial tight junctions are destroyed, so that fluorescein can 
diffuse out of retinal vessels. The development of microaneurysms and increased capillary 
permeability are the earliest detectable changes (Fig. 2) (17–19). These can often be 

Fig. 2. Fluorescein angiography of background diabetic retinopathy is characterized by blocking 
defects appearing as local hypofluorescence and corresponding to intraretinal blood, and by small, 
round, or fusiform areas of hyperfluorescent corresponding to microaneurysms.
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visualized on FA prior to being detected by funduscopic examination. The microaneurysms 
are predominantly on the venous side of the capillary bed. Microaneurysms may be round 
or fusiform, and scattered in the macular and perimacular regions, with no particular 
relationship to the distribution of the major retinal vessels. The dot and blot hemorrhages 
characteristic of DR block out fluorescence locally. Extensive macular microaneurysms 
may be seen without significant loss of visual acuity.

Focal areas of capillary closure may develop within the capillary bed affected by 
marked aneurysmal formation (20, 21). Capillary closure occurs much more frequently 
and to a greater extent initially in the midperipheral fundus and generally increases 
toward the periphery (Fig. 3) (22). Extensive midperipheral and peripheral capillary 
closure may not be apparent ophthalmoscopically. When nonperfusion results in defor-
mation of the outline of the FAZ, it is termed macular ischemia (Fig. 4). Some enlarge-
ment of the FAZ occurs commonly in diabetes, but is usually not associated with visual 
loss until the FAZ approaches 1,000 µm in diameter (17, 23–26). Dilated, tortuous, 
shunt capillaries may be evident in the ischemic peripheral retina. There is typically no 
angiographic evidence of choroidal vascular disease.

Neovascular proliferation is characterized by dye leakage into the vitreous (Fig. 5). 
Retinal neovascularization is often first seen at the junction of nonischemic and ischemic 
retina (18, 27). Optic disc neovascularization is a reflection of widespread capillary 
nonperfusion. The new blood vessels on the optic disc tend to fill before the normal reti-
nal arteries, suggesting that the choroid may be the source of blood for new vessels.

Fig. 3. Peripheral capillary nonperfusion appearing as hypofluorescence due to vascular filling 
defects. Adjacent to the zone of ischemia are areas of hyperfluorescence representing microaneu-
rysms and leaking vessels.
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Fluorescein Angiography in the Evaluation of Diabetic Macular Edema
FA findings in the macula can be organized into three patterns (7). Focal leakage results 

from microaneurysms and dilated capillary segments, and causes focal macular edema 
(Fig. 6). Late ill-defined leakage of fluorescein results from a generalized breakdown of 
inner blood–retinal barrier and causes diffuse macular edema (Fig. 7). Late staining of 

Fig. 4. Extensive capillary nonperfusion appearing as widespread vascular filling defects and enlarge-
ment of the foveal avascular zone. Microaneurysms and surrounding retinal edema appear as hyper-
fluorescence.

Fig. 5. Retinal neovascularization is characterized by dye leakage into the vitreous. Note multiple micro-
aneurysms, blocking defect from preretinal hemorrhage, and diffuse pruning of the capillary tree.
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fovea with pooling of the dye into parafoveal cyst-like spaces in a petalloid pattern is 
named cystoid macular edema (Fig. 8). These patterns may be found alone or concur-
rently. Due to the ability to visualize the source and/or area of leakage, FA is often used 
to guide focal or grid macular photocoagulation in the treatment of diabetic macular 
edema (28).

Fig. 6. Focal leakage from microaneurysms and dilated capillary segments causes focal macular 
edema.

Fig. 7. Diffuse macular edema in late frames appears as ill-defined leakage of fluorescein from a 
generalized breakdown of inner blood retinal barrier.
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Ozdek and colleagues attempted to correlate FA patterns of diabetic macular edema 
with described OCT patterns (7). Mean foveal thickness as determined by OCT was the 
least in the no leakage group and progressively increased in order for focal, diffuse, and 
combined leakage groups. In addition, 63.3% of eyes that showed evidence of cystoid 
macular edema by OCT were not detected by FA. OCT also showed serous retinal 
detachment in 9.7% of eyes, none of which were detected by FA. Kang et al. showed 
that focal leakage correlated closely with homogeneous focal thickening on OCT (29). 
Focal leakage showed the least foveal thickness and the best visual acuity among FA 
types. The proportion of focal leakage type decreased as diabetic retinopathy pro-
gressed. Diffuse or cystoid leakage correlated closely with outer retinal layer or subreti-
nal fluid accumulation.

OPTICAL COHERENCE TOMOGRAPHY

Low-Coherence Interferometry
Since its first clinical application in 1991 (30), OCT has dramatically increased our 

understanding of the morphological changes associated with many macular diseases, 
including diabetic macular edema (31). Using noncontact, noninvasive scanning, OCT 
produces high-resolution two-dimensional cross-sectional images of ocular tissues 
(32–34). Analogous to B-scan ultrasonography which uses sound echoes, OCT is based 
on reflections of light from the retinal tissue to produce a cross-sectional image. By 
using light instead of sound, OCT offers considerably higher axial resolution and faster 
acquisition times. When light is directed into the eye, it is reflected at the boundaries of 
tissues with different optical properties, as well as being scattered and absorbed by the 
ocular tissue. Low-coherence interferometry is used to measure the time-of-flight delay 
of light reflected from structures within the retina.

Fig. 8. Cystoid macular edema appears as late staining of fovea with pooling of the dye into para-
foveal cyst-like spaces in a petalloid pattern.
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Current time-domain based OCT scanners use an infrared 200 µW, 830 nm wave-
length probe light from a continuous-wave superluminescent diode source that is cou-
pled into a fiberoptic Michelson interferometer (Fig. 9). The interferometer splits the 
light source into a probe beam and a reference beam. The probe beam is directed into 
the eye and is reflected from retinal structures at different distances. The reflected probe 
beam is composed of multiple echoes that give information about the distance and 
thickness of the retinal structures. The reference beam is projected at a known distance. 
In order for the reference beam and the backscattered light of the probe beam to com-
bine at a detector, the reference beam must be altered. The amount that the reference 
beam is altered compared to its baseline results in a signal. Software manipulations of 
the raw OCT image data produce a false-color map representing three-dimensional 
topographic retinal features and quantitative retinal thickness measurements. The 
images are stored on digital media to enable comparison of serial evaluations and for 
archiving purposes.

OCT Image Interpretation
The resulting OCT image closely approximates the histologic appearance of the 

retina (Fig. 10). The top of the image corresponds to the vitreous cavity. In a normal 
patient, this will be optically silent, or may show the posterior hyaloidal face in an eye 
with a posterior vitreous detachment. The posterior vitreous face appears as a thin hori-
zontal or oblique greenish line above or inserting into the retina. The anterior surface of 
the retina demonstrates high reflectivity, and in the fovea of normal eyes, demonstrates 
the central foveal depression. The horizontally aligned nerve fiber layer demonstrates 
higher tissue signal strength and is thicker closer to the optic nerve. The internal struc-
ture of the retina consists of heterogeneous reflections, corresponding to the varying 

Fig. 9. Schematic diagram of a classic optical coherence tomography system. An interferometer splits 
the light source into a probe beam and a reference beam. The probe beam is reflected by retinal struc-
tures whose echoes result in a signal.
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ultrastructural anatomy. The axially aligned cellular layers of the retina (inner nuclear, outer 
nuclear, and ganglion cell layers) demonstrate less backscattering and back-reflection 
of incident OCT light, and thus appear with a lower tissue signal (darker), compared to 
horizontally aligned structures (internal limiting membrane, Henle’s layer, and NFL) 
that appear brighter. The retinal pigment epithelium, Bruch’s membrane, and choriocapillaris 
complex collectively comprise the highly reflective external band. Just anterior to this 
band is another highly reflective line representing the junction between the photoreceptors’ 
inner and outer segments. Reproducible patterns of retinal morphology seen by OCT 
have been shown to correspond to the location of retinal layers seen on light microscopic 
overlays in both normal and pathologic retinas (17, 35–37, 40).

Image-processing software can quantify retinal thickness from the OCT tomograms 
as the distance between the anterior and posterior highly reflective boundaries of the 
retina (38). A software algorithm known as segmentation uses the processes of smooth-
ing, edge detection, and error correction to facilitate this process. Retinal thickness can 
therefore be determined at any transverse location. Hee et al. (33) developed a standard-
ized mapping OCT protocol, consisting of six radial tomograms, each 6 mm in length, 
in a spoke pattern centered on the fovea. Retinal thickness is then displayed in two dif-
ferent manners: first as a two-dimensional color-coded map of retinal thickness in the 
posterior pole; and secondly as a numeric average of nine parafoveal areas correspond-
ing the ETDRS subfields. Additional acquisition algorithms include the fast macular 
mapping protocol, which allows six radial scans to be performed in a single session of 
1.92 s; and the high-density scan protocol consisting of six separate 6-mm radial lines, 
acquired in 7.32 s.

Fig. 10. OCT of a normal human macula showing the characteristic foveal contour. The nerve fiber 
layer (NFL) is highly backscattering. The inner and outer plexiform layers (IPL, OPL) are more 
hyperreflective than the inner and outer nuclear layers (INL, ONL). There is a reflection from the 
boundary between the inner and outer segments of the photoreceptors (IS, OS). The RPE and chori-
ocapillaris appear as the highly backscattering boundary beyond the posterior retina.
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OCT Technology Development
Over the last decade, the development of OCT has progressed rapidly (34). The first 

and second generations of commercial OCT instruments had an axial resolution of 
10–15 µm. Third generation OCT (Stratus OCT; Carl Zeiss Meditec, Dublin, California, 
USA) provides an axial resolution of 8–10 µm. Because axial resolution depends on the 
“coherence length” of the light source, ultrahigh resolution images using a femtosecond 
titanium:sapphire laser light source can deliver resolutions of 1–3 µm, approaching the 
theoretical limit of OCT imaging (37, 39). However, these ultrahigh resolution scanners 
are not yet available commercially.

To further improve imaging using commercially available OCT technology, Fourier 
or spectral-domain technology has been employed that delivers almost a 100-fold 
improvement in acquisition speed over current time-domain OCT scanners since the 
moving reference arm is eliminated and all data points can be analyzed at the same time. 
High-speed Fourier-domain OCT was first described by Wojtkowski and colleagues 
(40, 41), and then by Nassif and associates (42). Instead of a single detector, the detector 
arm of the Michelson interferometer uses a spectrometer, which measures spectral 
modulations produced by interference between the sample and reference reflections. 
A waveform that represents the amplitude of sample reflections as a function of depth 
is then produced. The spectrometer measurement is superior to time-domain OCT 
because no physical movement of the reference mirror is required, and data is therefore 
acquired at a much faster rate. Furthermore, this technique is able to simultaneous 
detect reflections from a broad range of depths, whereas time-domain OCT acquires 
signals from various depths sequentially. This improves the signal-to-noise ratio by a 
factor proportional to the number of detector elements in the spectrometer (typically 
1024 or 2048). With increased imaging speed and greater signal to noise ratio, the 
Fourier-domain OCT scanners produce more detailed and brighter images (Fig. 11).

Fig. 11. (a) Fourier-domain OCT of a patient with diabetic macular edema. Figure courtesy of Jay 
Duker, MD. (b) Ultrahigh-resolution OCT of a patient with diabetic macular edema using an experi-
mental unit at New England Eye Center, Boston, MA. Figure courtesy of Jay Duker, MD. (c) Three-
dimensional reconstruction of patient with diabetic macular edema with Fourier-domain OCT. Figure 
courtesy of Jason Slakter, MD.
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Fig. 11. (continued)
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Fourier-domain OCT of the macula has been shown to provide greater detail (1125 
A-scans vs. 512 A-scans) than commercially available time-domain OCT systems 
image in a shorter period of time (0.072 vs. 1.23 s) (43). This dramatically decreases 
motion artifact, which appears as undulating of the retina in the slower time-domain 
OCT image. Because motion-correcting algorithms are not required, the images better 
represent the true topography of the retina. Moreover, the faster scanning time allow a 
larger area to be scanned and offers more precise registration. It is also possible to 
acquire three-dimentional OCT data that achieve comprehensive retinal coverage and 
allow correlation between OCT images and clinical fundus features (44). The signifi-
cant advantages of the Fourier-domain OCT will likely be the basis of the next genera-
tion of retinal OCT systems.

Doppler OCT has been used for measurement of blood flow using both time-domain 
(45, 46). and Fourier-domain OCTs (47, 48). The Doppler shift is localized in depth by 
use of joint time–frequency analysis algorithms, which generate depth-resolved Doppler 
frequency spectra of the reflected light. Rapid acquisition of retinal flow data in a few 
milliseconds allows the extraction of dynamic flow properties, such as the retinal vas-
cular response to changes in perfusion pressure or oxygen content. Doppler OCT offers 
superior spatial resolution compared with Doppler ultrasound and Doppler scanning 
laser ophthalmoscopy. Unlike angiography, Doppler OCT is more quantitative and does 
not require injection of a contrast agent.

The Role of OCT in Diabetic Macular Edema
OCT retinal thickness measurements in diabetic patients have been shown in a number 

of studies to be highly reproducible. Retinal thickness measurements reproducible to 
within ± 5% and ± 6% were found for normal and diabetes subjects with diabetic macular 
edema, respectively (49)−24 Thus, changes in central retinal thickness greater than 6% for 
healthy patients and greater than 10% for diabetic patients are likely to be due to true 
changes in retinal thickness rather than inconsistencies in the OCT measurements.

Changes in macular thickness may be reported in absolute values before and after 
treatment or in percentage change. However, no uniform method currently exists for 
reporting changes in macular thickness. Chan and Duker suggested a standardized 
method for reporting changes in macular thickness as a percentage of total possible 
change based on normative OCT data (50). Standardizing reported changes in macular 
thickening may be required to better evaluate the efficacy of therapeutic intervention, as 
well as to compare various treatment strategies.

Some variability in retinal thickness measurements may be observed due to artifacts 
that impair the correct detection of retinal boundaries by the OCT analysis software (49, 51). 
For example, intraretinal exudates appear as spots of high reflectivity with areas of low-
reflective shadowing behind them, and are found primarily in the outer retinal layers 
(Fig. 12). Large collections of hard exudates can confuse the analysis algorithm. 
Epiretinal membrane appears as highly reflective horizontal signal at the anterior 
surface of the retina (Fig. 13). Thus, epiretinal membranes or a low lying posterior 
hyaloidal face can confuse the analysis algorithm and incorrectly increase reported 
retinal thickness (52).
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Morphologic Patterns of Diabetic Macular Edema
Studies have described the presence of at least five different morphologic patterns of 

diabetic macular edema seen on OCT (7, 29, 53–55). Diffuse retinal thickening appears 
as increased sponge-like retinal thickness greater than 200 µm with reduced intraretinal 
reflectivity, particularly in the outer retinal layers (Fig. 14). Cystoid macular edema 
appears as small, round or oval, hyporeflective lacunae with highly reflective septae 
bridging the retinal layers and separating the cystoid-like cavities (Fig. 15). The cystoid 
spaces are located primarily in the outer retinal layers, leaving a thin outer layer in the 
fovea. Some morphologic differences exist between newly developed and long-standing 
cystoid macular edema (53). In early cystoid macular edema, cystoid spaces primarily 
are located in the outer retinal layers, and the inner retinal layers are relatively pre-
served. In chronic cystoid macular edema, the septa of each cystoid space disappear, 
forming confluent large cystoid cavities (Fig. 16). Large cystoid spaces may involve the 
entire retinal layer, appearing as retinoschisis.

Posterior hyaloidal traction is defined as a highly reflective signal arising from the 
inner retinal surface and extending toward the optic nerve or peripherally (Fig. 17) (54). 
Subretinal fluid or serous retinal detachment appears as a shallow elevation of the retina 
resembling a dome, with an optically clear space between the retina and the RPE, and 

Fig. 12. OCT scan of intraretinal exudates appearing as spots of high reflectivity with areas of 
low-reflective shadowing behind them.

Fig. 13. OCT scan of epiretinal membrane appearing as highly reflective horizontal signal on the 
inner surface of the retina, with irregularities of the retinal surface beneath.
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a distinct outer border of the detached retina (Fig. 18). The identification of the highly 
reflective posterior border of detached retina distinguishes subretinal from intraretinal 
fluid. Finally, tractional retinal detachment is defined as a peak-shaped detachment of 
the retina with an area of low signal underlying the highly reflective border of the neu-
rosensory retina, and is accompanied by posterior hyaloidal traction (Fig. 19).

Fig. 14. OCT scan of diffuse macular edema appearing as increased sponge-like retinal thickening 
with reduced intraretinal reflectivity, particularly in the outer retinal layers. Note the intraretinal exu-
dates.

Fig. 15. OCT scan of cystoid macular edema appearing as round or oval, hyporeflective cystoid-like 
intraretinal spaces with septae bridging the retinal layers and separating the cavities. The cystoid 
spaces are located primarily in the outer retinal layers.

Fig. 16. OCT scan of chronic cystoid macular edema showing a large intraretinal cystoid cavity with 
loss of septae.
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While diffuse retinal thickening and cystoid macular edema may be detected by 
biomicroscopy, OCT seems particularly helpful in the analysis of the vitreomacular 
relationship. OCT is much more accurate than biomicroscopy in determining the status 
of the posterior hyaloid when it is only slightly detached from the macular surface (35, 
56–58). Evidence of posterior hyaloidal traction on OCT indicates vitreomacular traction 

Fig. 17. OCT scan of posterior hyaloidal traction showing a highly reflective signal arising from the 
inner retinal surface and extending in an anterior–posterior direction. Note the diffuse macular 
edema.

Fig. 18. OCT scan of subretinal fluid appearing as a shallow elevation of the retina with an optically 
clear space between the retina and the RPE. Cystoid macular edema is seen as well.

Fig. 19. OCT scan of a shallow tractional retinal detachment with posterior hyaloidal traction. 
A highly reflective signal corresponding to posterior hyaloidal traction arises from the inner retinal 
surface. A peak-shaped detachment of the retina can be seen with a hyporeflective area underneath 
the highly reflective border of the neurosensory retina.
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as described by Lewis et al. (59). In these cases, vitrectomy is beneficial. In other cases, 
the posterior hyaloid appears to be slightly reflective, detached from the retinal surface 
in the perifoveal area and attached at the foveal center. This aspect is quite common, 
and corresponds to early posterior vitreous detachment (57, 58).

Clinical Applications of OCT in Diabetic Macular Edema
Several reports have studied the incidence of individual OCT patterns in diabetic 

macular edema and their clinical significance in an attempt to predict response to treat-
ment and visual outcomes. In a study of 164 eyes with diabetic macular edema, the most 
common OCT pattern of cystoid macular edema was diabetic macular edema, which 
was found alone in 39.5% of eyes and in combination with other patterns in 97% of eyes 
(54). Other authors reported an incidence of diffuse retinal thickening of 60–88% (7, 53, 
60). Cystoid macular edema has been reported to be present in 15–55% of eyes with 
diabetic macular edema (7, 53, 54, 60). Cystoid macular edema in the absence of other 
patterns was found in 11.9% of cases (53). Kim et al. found posterior hyaloidal traction 
in 15.6% of eyes (54). Interestingly, the majority (81.4%) of eyes with posterior hyaloi-
dal traction did not show evidence of a traction retinal detachment. However, it is pos-
sible that with longer follow-up, posterior hyaloidal traction may eventually lead to 
tractional retinal detachment. Serous or traction retinal detachments occur less fre-
quently than the other three OCT patterns. Serous retinal detachment without posterior 
hyaloidal traction has been reported in 7–15% of eyes with diabetic macular edema 
(7, 53, 54). Tractional retinal detachment due to posterior hyaloidal traction has been 
reported in less than 4% of cases (7, 29, 54).

Although diffuse retinal thickening is often found as a single pattern of diabetic 
macular edema, the remaining OCT patterns usually do not appear alone. The most 
common combination described is diffuse retinal thickening with cystoid macular 
edema, seen in 29% of cases (54). Other common patterns include: diffuse retinal thick-
ening, cystoid macular edema, and posterior hyaloidal traction (7.3%); diffuse retinal 
thickening, cystoid macular edema, and serous retinal detachment (6.9%) (Fig. 20); dif-
fuse retinal thickening and posterior hyaloidal traction (5.8%) (Fig. 21); diffuse retinal 
thickening, cystoid macular edema, posterior hyaloidal traction, and tractional retinal 
detachment (0.7%); and diffuse retinal thickening, posterior hyaloidal traction, and 
tractional retinal detachment (0.4%). Retinal detachment alone, either serous or trac-
tional, has not been described.

Fig. 20. OCT scan showing diffuse macular edema, cystoid macular edema, and subretinal fluid.
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Compared with normal foveal thickness values, which range from 150 to 200 µm, 
mean retinal thickness in patients with diabetic macular edema has been reported 
between 400 and 500 µm, and range as high as 1,000 µm (7, 53, 54, 60). OCT has also 
been used to demonstrate daily variation in the severity macular edema (61). In addi-
tion, retinal thickness varies depending on the OCT pattern present. Although mean 
retinal thickness is elevated in each of the five diabetic macular edema patterns, patients 
with a retinal detachment, either serous or tractional, have the greatest retinal thickness 
(53, 54). Patients with cystoid macular edema, posterior hyaloidal traction without trac-
tional retinal detachment, and diffuse retinal thickening have increased retinal thickness 
but not to the same degree as patients with retinal detachment. Patients with cystoid 
macular edema have a greater increase in retinal thickness compared with patients with 
diffuse retinal thickening alone.

Several studies have demonstrated that foveal thickness measured by OCT is corre-
lated with visual acuity in patients with DR (7, 29, 33, 53–55, 62, 63). In particular, 
cystoid macular edema and posterior hyaloidal traction without tractional retinal detach-
ment have been associated with worse visual acuity (54). Kim et al. found that OCT 
patterns containing cystoid macular edema had the most profound effect on visual acu-
ity, especially at lower retinal thickness (54). Similarly, the presence of vitreomacular 
traction in the setting of diabetic macular edema has been associated with worse visual 
outcomes (29, 54). Conversely, the presence of serous retinal detachment was not cor-
related with poorer visual acuity. However, other studies have not shown this cor-
relation. A likely explanation for this disparity is the fact that the OCT cannot visualize 
photoreceptor function, so patients with longstanding diabetic retinopathy may have 
poor vision due to retinal abnormalities not visible with the scanner.

In recent years, OCT has been used extensively in the evaluation of treatment 
response of diabetic macular edema. Progression of macular thickening and its response 
to treatment with laser photocoagulation (64, 65), subtenon’s or intravitreal injection of 
triamcinolone acetonide (66–68), or vitrectomy (56, 69, 70) have been monitored using 
serial OCT examinations. Retinal thickness measurement by OCT has been a main 

Fig. 21. OCT scan showing diffuse retinal thickening and posterior hyaloidal traction. An intraretinal 
cystoid cavity is present as well.
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outcome studied by the Diabetic Retinopathy Clinical Research (DRCR) Network, 
a collaborative multicenter research effort that was formed in 2002. In one recent study, 
OCT was used to conclude that peribulbar injection of triamcinolone acetonide is 
unlikely to have any significant benefit in the treatment of diabetic macular edema in 
patients with good visual acuity (71). Clearly, the ability to monitor changes in retinal 
thickness by OCT as a response to treatment has become invaluable to the assessment 
of the effects of current and new treatments.

A number of studies compared the use of OCT with slit-lamp biomicroscopy and 
stereo fundus photography in the detection of macular thickening. OCT was found to be 
sensitive to small changes in retinal thickness despite normal findings by slit-lamp 
biomicroscopy (33, 38). Brown et al. reported good agreement between OCT and con-
tact lens examination for the presence or absence of foveal edema when OCT thickness 
was considered normal (≤ 200 µm) or significantly increased (> 300 µm) (6). However, 
when OCT foveal thickness was mildly increased (201–300 µm), slit-lamp biomicro-
scopy was sensitive in only 14% of cases.

Since guidelines for treatment of diabetic macular edema are based on stereoscopic 
diagnosis of “clinically significant” macular edema as defined by the ETDRS (2), the 
value of treatment of early, or “subclinical” retinal thickening detected by OCT is still 
unknown. Furthermore, the best criteria for detecting subtle changes in retinal thickness 
remain to be defined and validated. Similarly, OCT criteria for evaluating the progres-
sion of nonclinically significant diabetic macular edema have not yet been clearly 
defined.

Prior to the development of OCT, stereo fundus photography had been the accepted 
gold standard for the evaluation of diabetic macular edema. Although stereo fundus 
photography has high resolution over the whole photographic field, quantifying retinal 
thickness is difficult using this method as it is dependent on the stereopsis of the 
observer and the quality of the fundus photographs. Strom et al. found a significant 
degree of agreement between stereo fundus photographs and OCT for both foveal and 
central macular area (1,000 µm in diameter) thickening (72). Exact agreement on loca-
tion was found in 89.4% of cases. When comparing measurements of the area of retinal 
thickening, exact agreement was found in 84.1% of cases. However, stereo fundus pho-
tographs tended to be more sensitive than OCT for the detection of retinal thickening in 
peripheral ETDRS fields. Goebel et al. found a good correlation between stereo fundus 
photographs and OCT (r = 0.77), although OCT was able to detect 12.6% of eyes with 
macular edema that were missed by stereo fundus photographs (73).

OTHER RETINAL IMAGING MODALITIES IN DIABETIC 
RETINOPATHY

The retinal thickness analyzer (RTA) uses a single vertical narrow green He–Ne 
(543.3 nm) laser slit beam that is projected at an angle on the retina while a camera 
records the backscattered light (74). Due to the oblique projection of the beam and the 
transparency of the retina, the backscattered light returns two peaks corresponding to 
the vitreoretinal and the chorioretinal interfaces. The calculated distance between the 
two light peaks determines the retinal thickness at a given point. During scanning, the 
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RTA acquires a red-free fundus image. Using blood vessels as guidelines, the registration 
software automatically overlays the map on the fundus image, enhancing reproducibility 
and measurement accuracy.

A number of studies (75–77) have compared the OCT and RTA in the detection of 
retinal thickening. Both instruments can detect small increases in retinal thickness of 
20–40 µm and have been reported to yield reproducible measurements of foveal thick-
ness (75). Pires et al. (76) found OCT to be less sensitive than the RTA in detecting 
localized increases in retinal thickness in the early stages of diabetic retinal disease. 
Goebel et al. showed that retinal thickness values by RTA are lower than those by OCT 
for the same patient population (73). Agreement of stereo fundus photography was 
consistently better with OCT than with RTA. The authors suggested that the algorithm 
in the RTA gets less accurate signal with greater retinal thickness because the video 
signal from the pigment epithelium is attenuated and blurred. The RTA may therefore 
be more appropriate in initial diabetic retinal disease rather than in more advanced 
stages with severe morphological alterations. Polito et al. reported a much lower rate of 
successful foveal thickness reading for the RTA (62%) than for OCT (98%) (77). 
Neubauer et al. indicated that a greater proportion of falsely high thickness values might 
be present in RTA measurements (75).

Scanning laser ophthalmoscopy (SLO) measures retinal topography and maps the reti-
nal surface (78). In the SLO, a narrow 1 mm beam of laser traverses the optical axis to a 
single 10 µm point on the fundus. A fundus image is then generated by scanning the laser 
over the retina in a raster fashion and detecting the reflected light with an avalanche photo-
detector. This signal is synchronously decoded to form a digital image. The capacity to 
carry out confocal imaging is a significant advantage of the SLO. By moving a confocal 
aperture between two end points chosen by the operator a large number of tomographic 
slices of the retina can be acquired. From this data, depth information on retinal features 
can be derived (79). Tong et al. suggested that this technology may be potentially useful 
in screening for asymptomatic diabetic macular edema using a new scoring system (80). 
Studies comparing OCT and SLO have not been performed to date.

CONCLUSIONS

The detection of retinal abnormalities in diabetic patients is vital for preventing the 
associated complications and subsequent loss of vision. With the emergence of new 
treatments for the prevention of diabetes-induced damage to the retinal microvascula-
ture, early discovery of diabetic retinopathy is of primary importance. Fluorescein angi-
ography remains an indispensable procedure for the diagnosis of macular edema, retinal 
ischemia, and proliferative diabetic retinopathy. Optical coherence tomography has 
become the gold standard test in the early detection of macular edema, vitreomacular 
traction, and subretinal fluid that are not detectable by biomicroscopy or fluorescein 
angiography. Technological advances such as the ultrahigh-resolution OCT will cer-
tainly provide ophthalmologists with greater understanding of retinal pathology in dia-
betic retinopathy. These diagnostic modalities will likely change how and when patients 
are treated, and may lead to the development of more effective therapies and improved 
outcomes.
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Abstract

Animal models are being used by numerous investigators to study the pathogenesis of 
diabetic retinopathy. Each of the different animal models has advantages and disadvantages 
that should be kept in mind when selecting which model to use. This chapter will summarize 
the histopathology of animal models of diabetic retinopathy and will address four important 
topics for each model (type of diabetes, histopathology and rate of development of retinopa-
thy, therapies or gene modifications studied in this model, and advantages and disadvan-
tages of the model). Each of the diabetic models studied to date reproduces the capillary 
degeneration that characterizes the early stages of the retinopathy, but neurodegeneration 
has been studied only in diabetic rodents. Although none of the available models has been 
found to reliably develop preretinal neovascularization to date, this deficiency could be due 
to insufficient durations of diabetes (resulting in insufficient obliteration of retinal capillar-
ies) rather than an intrinsic difference between humans and animal models.
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The mechanisms leading to the development of diabetic retinopathy remain under 
investigation. Animal models of diabetic retinopathy remain a critical part of our efforts 
to understand the pathogenesis of the process and to identify promising ways to inhibit 
the retinal disease. This chapter will summarize the histopathology of animal models of 
diabetic retinopathy. For each animal model, we will address four pertinent questions 
that are relevant to the use of different species as a model of diabetic retinopathy (type 
of diabetes, histopathology and rate of development of retinopathy, therapies or gene 
modifications studied in this model, and advantages and disadvantages of the model).

WHAT DEFINES A GOOD ANIMAL MODEL 
OF DIABETIC RETINOPATHY?

The value of any animal model depends in large part on how well the model repro-
duces lesions of the human disease. There have been some who said that there were no 
“good” or “appropriate” animal models of diabetic retinopathy, because available mod-
els have not been found to progress to the advanced lesions of the retinopathy. However, 
as desirable as that would be, is it necessary for each animal model to develop the full 
spectrum of lesions that characterize diabetic retinopathy? What is the value of models 
that develop the early stages of the retinopathy, but might not develop the more advanced 
lesions? These and other questions will be examined after summarizing the most uti-
lized animal models.

Table 1 summarizes the types of lesions of retinopathy in diabetic humans and dia-
betic animals, and an approximate duration when the nonproliferative changes begin to 

Table 1
Types of Lesions of Retinopathy in Diabetic Humans and Diabetic Animals

Pathology apparent
Human

7 + years
Primate

7 + years
Dog

3 + years
Cat

4 + years
Rat

½ + years
Mouse

½ + years

Background
Microaneurysms + + + + ± 0
Degenerate capillaries + + + + + +
Pericyte loss + + + + + +
IRMA + + + + 0 0
Hemorrhages + ? + + 0 0
BM thickening + + + + + +
Neurodegeneration + ? ? ? + ±
Retinal edema + + + ? ? ?
Neovascularization
Intraretinal + ? + ? ? ?
Preretinal  + 0 0 0  ± 0

Adapted with permission from Springer (156)
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be manifest. As can be seen, the shorter-lived models develop considerably less pathol-
ogy than is characteristic of diabetic patients, likely due in part to shorter lifespan. 
Available evidence suggests that the earlier stages of the retinopathy (notably capillary 
degeneration) can contribute to the later development of later stages of the retinopathy. 
Since diabetes-induced degeneration of retinal capillaries has been found to occur in all 
species studied to date, and progressive deterioration of those capillaries can contribute 
to retinal ischemia and likely neovascularization over long periods of time, the data sug-
gest that even species that develop only the earliest stages of the retinopathy can offer 
valuable insight regarding events at various points along the spectrum of events that 
ultimately leads to the advanced stages of the retinopathy.

DIABETIC PRIMATES

Type of Diabetes
Type 1 diabetes. The development of diabetic retinopathy has been studied in rhesus 

monkeys by alloxan, streptozotocin, or total pancreatectomy.
Type 2 diabetes. Aging primates commonly become obese and develop insulin resist-

ance, and in some cases, also hypertension. The development of retinopathy has been 
studied in obese rhesus monkeys (Macaca mulatta) and cynomolgus monkeys (Macaca 
fascicularis) that developed diabetes spontaneously.

Histopathology and Rate of Development of the Retinopathy
Studies to date have revealed a very slowly developing retinopathy in diabetic primates. 

Retinal microaneurysms were found to develop infrequently in a group of 12 alloxan 
diabetic rhesus monkeys studied through 10–15 years of chronic glycosuria (1, 2). 
Microaneurysms occurred in only five of the diabetic monkeys, never during the first 7 
years of diabetes, and no more than four microaneurysms occurred in any eye. A dot 
hemorrhage occasionally was encountered ophthalmoscopically, and occurred also in 
nondiabetic monkeys studied for comparison, and unlike microaneurysms, the red dots 
showed no fluorescence during angiography and disappeared within a few days. An 
ischemic retinopathy with macular edema appeared in two of the monkeys, but microaneu-
rysms were few and the relative role of diabetes or vascular hypertension in its development 
is uncertain (2). Microaneurysms were said to occur in three rhesus monkeys alloxan 
diabetic 2 to 4 years, but no photographic or other evidence was provided (3). Monkeys 
studied up to 15 years after induction of diabetes by streptozotocin or pancreatectomy 
likewise had a relative absence of vascular lesions of diabetic retinopathy, although retinal 
ischemia and defects in the blood-retinal barrier and macula did appear (4, 5).

Retinas from the primates with type 2 diabetes show a retinopathy that seems some-
what different from the picture described for the primates with type 1 diabetes, but the 
duration of diabetes commonly is unknown in the spontaneous diabetes. These primates 
developed hemorrhages, large areas of retinal capillary nonperfusion, cotton-wool 
spots, intraretinal hemorrhages, and hard exudates in the macula. Formation of small 
IRMAs and microaneurysms was associated with the areas of nonperfusion, and some 
aged spontaneously diabetic monkeys developed macular edema (6–8).
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Retinal neovascularization has not been observed to date in diabetic primates. 
Whether or not retinal neurons degenerate in diabetic primates has not been reported.

Therapies Studied in this Model
None.

Advantages and Disadvantages of the Model
A major advantage of the primate model is the presence of a macula, which is lacking 

in nonprimate models. As can be seen from the studies conducted to date, however, the 
development of retinopathy is slow and variable between animals. The retinopathy that 
has been detected is most similar to the early to midstages of retinopathy in patients, 
and neovascularization has not been observed. The ethical issues related to use of pri-
mates, the expenses associated with their maintenance, slow development of pathology, 
and lack of availability of molecular regents have not favored use of this model.

DIABETIC DOGS

Type of Diabetes
Studies to date of diabetic dogs have focused on type 1 diabetes, the diabetes being 

induced by injections of alloxan, streptozotocin, or growth hormone, or by pancreatec-
tomy. No long-term studies have been reported using dogs having type 2 diabetes.

Histopathology and Rate of Development of Retinopathy
The retinopathy which develops in diabetic dogs includes saccular capillary micro-

aneurysms (MA), degenerate (acellular and nonperfused) capillaries (AC), pericyte 
ghosts (PG), varicose and dilated capillaries (or intraretinal microvascular abnormalities 
(IRMAs) ), and dot and blot hemorrhages (9–12). Several of these vascular lesions are 
illustrated in Fig. 1. Arteriolar smooth muscle cell loss also has been observed in dia-
betic dogs (13, 14), just as it has been described in diabetic humans. There is a long 
interval before retinopathy becomes manifest in diabetic dogs (just as in diabetic 
humans), but in general, dogs do seem to develop retinal histopathology in diabetes 
sooner than do diabetic patients. After about 2 years of hyperglycemia in diabetic dogs, 
increasing numbers of retinal capillaries come to possess endothelial cells but few or no 
pericytes, and microaneurysms begin to appear soon after. Within 5 years of insulin-
deficient diabetes, all dogs with chemically induced diabetes have retinopathy.

Neovascularization has been observed to develop in diabetic dogs, albeit only within 
the retina and not in preretinal vitreous (15). Whether or not retinal neurons die in 
 diabetes has not been reported.

Therapies Studied in this Model
Improved glycemic control from the onset of diabetes (for 5 years) was found to 

significantly inhibit the development of retinopathy in diabetic dogs (16, 17). Instituting 
good glycemic control after a prior period of poor glycemic control, however, was 
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found to be less effective (17), similar to findings in diabetic patients (18). Administration 
of aminoguanidine from the onset of diabetes (also for 5 years) significantly inhibited 
the development of retinal microaneurysms, acellular capillaries, and pericyte ghosts 
in diabetic dogs, and administration of moderate doses of aspirin for an equal duration 
significantly inhibited the development of retinal hemorrhages and acellular capillar-
ies over the 5 years of study (19). Diabetic dogs treated with the nonsteroidal anti-
inflammatory drug, Sulindac, had less retinal capillary basement membrane volume 
than did untreated diabetic dogs (20). Administration of an aldose reductase inhibitor 
in doses sufficient to totally prevent the diabetes-induced accumulation of sorbitol 
had no effect on the development of retinal histopathology in diabetic dogs (12).

Advantages and Disadvantages of the Model
The retinal histopathology that develops in this animal model is very similar to 

that which develops in diabetic patients, and the severity of the retinopathy can 
become more severe than develops in shorter-lived models such as rodents. 
Nonetheless, preretinal neovascularization has not been observed to develop in the 
5–8 years of diabetes that this model has been studied. In addition, the cost, slow 
development of lesions, and lack of availability of antibodies or molecular biology 
reagents have made dog models less popular as models for the study of diabetic 
complications in recent years.

DIABETIC CATS

Type of Diabetes
Studies of diabetic cats to date have focused on type 1 diabetes, the diabetes being 

induced by pancreatectomy with or without alloxan (21). One cat with long-standing 
spontaneous diabetes also was studied.

Fig. 1. Vascular histopathology characteristic of the retinopathy that develops in diabetic dogs 
(5 years diabetes). Lesions visible include a saccular capillary microaneurysm (MA), degenerate and 
acellular capillaries (AC), and pericyte ghosts (PG).
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Histopathology and Rate of Development of Retinopathy
Microaneurysms, leukocyte and platelet plugging of aneurysms and venules, and 

degenerating endothelial cells were observed in cats after several years of diabetes 
(22, 23). These histologic abnormalities were confined to small regions; some areas of 
histologic abnormalities could be positively correlated with markedly abnormal PO2 
 profiles (23). Neither preretinal neovascularization nor neurodegeneration was reported 
during the 9 years of diabetes that these animals were studied.

Therapies Studied in this Model
Retinal capillary basement membrane thickness increased in diabetic cats compared 

to normal cats, and the thickening was significantly less in diabetic cats treated with the 
anti-inflammatory sulindac compared to the untreated diabetic cats (24).

Advantages and Disadvantages of the Model
The retinopathy that develops in this animal model seems very similar to that which 

develops in diabetic patients and diabetic dogs. The major advantage of the cat over the 
dog is the reported resistance of cats to develop cataract in diabetes (25). Like the dog, 
preretinal neovascularization has not been observed to develop in the several years of 
diabetes that this model has been studied, and the cost, slow development of lesions, and 
lack of availability of antibodies or molecular biology regents likewise have made this 
model less popular.

DIABETIC RATS

Type of Diabetes

Type 1 diabetes

Streptozotocin-diabetic or alloxan-diabetic rats have been a primary model for 
research into the pathogenesis of diabetic retinopathy (26–45). Other strains that 
spontaneously develop an insulin-deficient diabetes, including the diabetic BB 
(BioBreeding) or BBW (BioBreeding Wistar) rat (46), the Torii (SDT) rat (47), 
and the WBN/Kob rat (48), also have been studied with respect to development of 
retinopathy.

Type 2 diabetes

Some models of type 2 diabetes have been studied with respect to their suscepti-
bility to develop retinal lesions in diabetes (Zucker diabetic fatty rat, ZDF/Gmi-fa, 
Goto-Kakizaki rat, Otsuka Long-Evans Tokushima fatty (OLETF) rat, BBZDP/Wor, 
Obese Koletsky (SHROB) rat, spontaneously hypertensive/NIH-corpulent rat strain 
(SHR/N-cp). Most of these strains show some degree of hyperglycemia, impaired 
glucose tolerance, and defective insulin response to glucose, with or without obes-
ity and hypertension.
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Histopathology and Rate of Development of Retinopathy

Vascular disease

The models in which diabetes has been induced chemically reproducibly develop acel-
lular, degenerate capillaries, pericyte loss and basement membrane thickening. Acellular 
capillaries in the diabetics have been found to become significantly more numerous than 
in nondiabetic rats at about 6 months of diabetes. Immunohistochemical methods have 
demonstrated a significant loss of pericytes after as little as 2 months of diabetes (49), 
whereas numbers of pericyte ghosts (a different way to assess pericyte loss) have not been 
significantly increased above normal until about 6 months of diabetes (37, 50–52). More 
advanced stages of the retinopathy (microaneurysms, IRMA (intraretinal microvascular 
abnormalities), and hemorrhages) have not been reported to develop reproducibly, 
although some of these abnormalities have been reported at very long durations of diabe-
tes (53). Vascular abnormalities consistent with possible intraretinal neovascularization 
also have been reported (53), but have not been observed in the preretinal vitreous.

The retinal vascular disease in spontaneous models of type 1 models seems consistent 
with that reported in chemically induced diabetes. Diabetic BB rats exhibit retinal lesions 
similar to those observed in rats having chemically induced diabetes, including pericyte 
loss, basement membrane thickening, “microinfarctions with areas of nonperfusion” 
(i.e., capillary degeneration), and an absence of microaneurysms after 8–11 months of 
diabetes (54–58). Pancreas transplantation inhibited development of the retinal micro-
vascular lesions (59). Studies of vascular histopathology in Torii (SDT) rat retina seem 
contradictory. Histology and fluorescein angiography reportedly demonstrated nonper-
fusion and neovascularization in the retina at the extraordinarily short duration of 5–10 
weeks of diabetes (60), but another report claimed that Torii rats at age of 50 weeks 
show proliferative retinopathy without vascular nonperfusion (61). Photomicrographs 
published demonstrating neovascularization have not been convincing. Degeneration of 
retinal capillaries and preretinal neovascularization has been claimed also in male 
WBN/Kob rats at 19 and 24 months of age, respectively (62), but photographic docu-
mentation of the new vessels has been equivocal. Retinal degeneration (not typical of 
diabetes) also occurred in this model (63–65).

Retinal vascular pathology in type 2 models of diabetes has been less well studied. 
Zucker fatty rats diabetic approximately 5 months had thickening of retinal capillary 
basement membrane, but the expected capillary degeneration was not apparent (66). 
In fact, nuclear density of retinal capillary cells was greater than normal in diabetic 
animals (66, 67). Likewise, mild or no retinal vascular changes were detected in Goto-
Kakizaki (GK) rats; the ratio of retinal capillary endothelial cells to pericytes was 
greater than normal at 8 months of age (33), but neither pericyte ghosts nor acellular 
(degenerate) capillaries were detected (33).

Otsuka Long-Evans Tokushima fatty (OLETF) rats had retinal capillary basement 
membrane thickening at 14 months of age (36), as well as loss of cells from the inner 
nuclear and photoreceptor layers of the retina, ultrastructural evidence of endothelial 
degeneration and microaneurysm-like lesions (43). In contrast, other investigators 
found no pericyte ghosts and no increase in number of degenerate, acellular capillaries 
in 45-week-old OLETF rats, and those authors concluded that this strain of rat was not 
a good model of diabetic retinopathy (68).
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Examination of the retinal vasculature in Obese Koletsky (SHROB) rats demon-
strated degeneration and loss of intramural pericytes and extensive capillary dropout 
after 3 months of age in lean and obese rats, with more frequent pathology in the obese 
rat (69, 70). Retinal capillary dropout is severe and progressive, resulting in some cases 
in preretinal neovascularization after 6–12 months of age (70). No microaneurysms and 
retinal hemorrhages were found. These reports were only descriptive, with no quantita-
tive or mechanistic studies to explain the histopathology.

After 24 weeks consuming a 54% sucrose diet, increased numbers of pericyte ghosts and 
endothelial cells were detected in the obese, spontaneously hypertensive/NIH-corpulent rat 
strain (SHR/N-cp) compared to lean, nondiabetic controls fed with sucrose diet (71). At 6 
months of age, the males of the spontaneously hypertensive/McCune-corpulent rat (SHR/
N:Mcc-cp) showed increased E/P ratio, increased basement membrane thickness, and 
capillary obstruction (35). Acellular capillaries and pericyte ghosts also were detected in 
these animals but were not quantified in this study. The BBZDP/Wor strain has been 
reported to develop pericyte loss and retinal capillary basement thickening (58).

Neuronal disease

Rats having insulin-deficient diabetes lose retinal ganglion cells (39, 56, 72–81), and 
this neurodegeneration has been detected as early as 1 month of diabetes (75). It has been 
postulated that this early neurodegeneration might contribute to the pathogenesis of the 
vascular pathology, but Nepafenac, a COX inhibitor, inhibited diabetes-induced degenera-
tion of retinal capillaries while having no effect on the loss of retinal ganglion cells (81). 
Neurodegeneration has not been studied in models of type 2 diabetes to date.

Therapies or Gene Modifications Studied in this Model
Rats have been used in a variety of studies on the effects of therapy on development of 

diabetic retinopathy (Table 2). Most of these studies have been conducted using 
chemically induced diabetic models, and for durations of diabetes of less than one year.

Advantages and Disadvantages of the Model
Rats have been the most commonly used models of diabetic retinopathy. They 

develop at least the early stages of the retinopathy within only months of diabetes, are 
inexpensive to house, and easy to handle, and reagents (including antibodies) are widely 
available. Potential disadvantages of this model are the rapid onset of cataract which 
develops in diabetes and can limit visibility of the fundus, and the inability to geneti-
cally modify rats at present.

DIABETIC MICE

Type of Diabetes

Type 1 diabetes

Studies of retinopathy using mouse models of type 1 diabetes have utilized chemi-
cally induced diabetes or, recently, the spontaneous diabetes of the Ins2Akita mouse. The 
Ins2Akita mouse contains a dominant point mutation in the insulin 2 gene that induces 
spontaneous type 1 diabetes, especially in males (88).
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Type 2 diabetes

db/db mice develop a type 2 diabetes due to loss of function mutation in the leptin 
receptor gene. The C57Bl/KsJ db/db has early hyperinsulinemia, obesity, and progres-
sive hyperglycemia. Diabetes in the C57Bl/6J db/db strain is less severe. The KK mouse 
strain exhibits glucose intolerance and insulin resistance, and becomes obese with aging 
(89). Introduction of lethal yellow agouti gene (Ay) into KK mice resulted in KKAy mice 
(90), which are characterized by early onset and prolongation of severe levels of hyper-
insulinemia, hyperglycemia, obesity, and yellow coat color (91), accompanied by patho-
logical changes in a variety of tissues (92).

Histopathology and Rate of Development of Retinopathy

Vascular disease

C57B1/6J mice made diabetic with streptozotocin develop retinal vascular pathology 
characteristic of the early stages of diabetic retinopathy (degenerate, acellular capillar-
ies (AC) and pericyte ghosts (PG); Fig. 2) beginning at about 6 months of diabetes. The 
degenerate capillaries and pericyte ghosts become more numerous with increasing dura-
tion of diabetes (93–95). Ins2Akita mice develop similar retinal vascular pathology with 
increasing duration of diabetes, becoming also significantly greater than in nondiabetic 
controls by 6 months of diabetes. J129sv/B16 mice having streptozotocin-induced diabe-
tes of 4 months’ duration have been reported to develop neovascularization (96), but the 
claimed “neovascularization” has been poorly demonstrated and seems more likely to 
be only increased retinal vascular density.

The capillary disease that develops in type 2 models of diabetes seems quite similar 
to that seen in type 1 models. Compared to that in nondiabetic controls, genetically 
diabetic db/db mice have been observed to develop pericyte loss, strand-like and rela-
tively acellular capillaries, thickening of retinal capillary basement membranes, as well 

Table 2
Effects of Therapies on Development of Diabetic Retinopathy in Rats

Therapy Defect corrected by therapy Reference

Aminoguanidine Capillary degeneration, pericyte loss (50, 82, 83)
Aldose reductase inhibitor Capillary degeneration (39, 44)
Pyridoxamine Capillary degeneration (38)
Antioxidants Capillary degeneration, pericyte loss (34, 37)
Nepafenac Capillary degeneration, pericyte loss, but 

no effect on loss of retinal ganglion cells
(81)

Salicylates Capillary degeneration, pericyte loss, loss 
of retinal ganglion cells

(84–86)

PARP inhibitor Capillary degeneration, pericyte loss (51)
Nerve growth factor Capillary degeneration, apoptosis of retinal 

ganglion cells
(74)

Benfotiamine Capillary degeneration (41)
Sigma factor Loss of retinal ganglion cells (87)
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as blood-retinal barrier breakdown (97–99). These animals also showed increased den-
sity of retinal capillaries in the inner nuclear layer, which was interpreted as vessel 
proliferation (but not preretinal neovascularization). db/db mice crossed with apolipo-
protein E-deficient mice, resulting in both hyperglycemia and hyperlipidemia, exhibited 
accelerated development of acellular capillaries and pericyte ghosts compared with lit-
termate control diabetic animals, demonstrating hyperlipidemia can accelerate the 
degeneration of retinal capillaries in diabetes (100).

Pericyte ghosts and acellular capillaries with occasional microaneurysms have been 
reported between 20 and 64 weeks of age in the KK mouse (101). After 3 months of 
diabetes, the major changes in the retinal capillaries involved mitochondria, with 
endothelial cell hyperplasia, basement membrane thickening, and some edema and 
vacuolar degeneration of capillary cells (102).

Neural disease

Whether or not neurodegeneration occurs in the diabetic C57Bl/6 model is con-
troversial. Some investigators have reported a 20–25% loss of cells in the ganglion 
cell layer after only 14 weeks of diabetes (103), whereas others have detected no 
evidence of ganglion cell loss after as long as a year of diabetes (93). Diabetic 
C57Bl/6 mice have not been found to show Müller glial cell activation (based on 
GFAP induction) (39, 104), other than a transient increase that disappears soon after 
induction of diabetes (93). In contrast, heterozygous Ins2Akita male mice developed 
significant reductions in the thickness of the inner plexiform and inner nuclear lay-
ers and in the number of cell bodies in the retinal ganglion cell layer after 22 weeks 
of hyperglycemia (105). After 1 month of diabetes, the numbers of apoptotic cells 
in the retinal ganglion cell and inner nuclear layers of diabetic KKAy mice were 
significantly greater than in nondiabetic controls, and the rate of cell death increased 
with duration of diabetes (102). Fifteen-month-old db/db mice were reported to 

Fig. 2. Vascular histopathology characteristic of the retinopathy that develops in diabetic rats 
(8 months diabetes). Lesions visible include a degenerate, acellular capillary (AC) and a pericyte 
ghost (PG).
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have increased apoptosis of retinal ganglion cells and other cells of the neural ret-
ina. Glial cells showed evidence of concurrent degeneration, proliferation, and 
activation (99).

Therapies or Gene Modifications Studied in this Model
The list of therapies or genes studied with respect to their role in the pathogenesis of 

diabetic retinopathy in mice is rapidly growing (see Table 3). This model continues to 
provide new insight into the pathogenesis of retinopathy, especially via genetic 
manipulation.

Advantages and Disadvantages of the Model
Advantages of mice are that genetic modifications are becoming relatively easy to 

achieve, reagents and antibodies are readily available, housing is inexpensive, and the 
histopathology develops relatively quickly (at a rate similar to that in diabetic rats). A concern 
about the model mainly is related to the very early (and modest) histopathology that has been 
found to develop within the lifespan of diabetic animals. Whether or not C57Bl/6J mice are 
protected from diabetes-induced neurodegeneration also needs to be resolved.

OTHER RODENTS

Diabetic hamsters have been reported to develop the usual spectrum of lesions, 
including acellular capillaries, pericyte loss, and endothelial proliferation, but they have 
not been found to develop microaneurysms or neovascularization (108).

NONDIABETIC MODELS THAT DEVELOP ASPECTS 
OF DIABETIC-LIKE RETINOPATHY

Galactose Feeding
Nondiabetic dogs fed a diet enriched with 30% galactose developed a retinopathy 

that was indistinguishable from that of diabetic dogs and patients, including microaneu-
rysms, vaso-obliteration, pericyte ghosts, and hemorrhages (12, 30, 109–119). Likewise, 

Table 3
Therapies or Genes Studied in Mouse Diabetic Retinopathy Models

Gene or therapy Defect corrected by therapy or gene manipulation Reference

ICAM-1−/− Leukostasis, permeability, capillary degeneration (52)
CD-18−/− Leukostasis, permeability, capillary degeneration (52)
Minocycline Permeability, neurodegeneration, cytokine production (106)

Capillary degeneration (94)
sRAGE Capillary degeneration, retinal function (100)
IL-1β receptor−/− Capillary degeneration (94)
iNOS−/− Capillary degeneration (95)
5-Lipoxygenase−/− Capillary degeneration (107)
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experimental galactosemia has been shown to cause diabetic-like retinal lesions also in 
rats (30, 37, 50, 120–123) and mice (52, 124). The galactose-retinopathy model was uti-
lized extensively for studies of the role of aldose reductase in the pathogenesis of dia-
betic-like retinopathy (12, 30, 111–123), but numerous other biochemical sequelae of 
hyperglycemia including nonenzymatic glycation, protein kinase C activity, and oxida-
tive stress (125–133) also occur in galactosemia. The galactose-fed model has been used 
also in studies of the role of leukostasis and interleukin-1β in the development of retin-
opathy (52, 94), and the abilities of aminoguanidine, antioxidants, minocycline, and 
antisense against fibronectin and other basement membrane components to inhibit the 
retinopathy (37, 50, 94, 134, 135).

Experimental galactosemia can be an easy model of diabetic-like pathology, and the 
animals require less nursing care than experimental diabetes. Not to be overlooked, 
however, is the expense of the galactose diet, which can be costly if animals are large 
or numerous. Moreover, the pathogenesis of galactose-induced retinopathy seems to 
differ from that of diabetic retinopathy in some manner, since aminoguanidine inhibits 
the retinal microvascular disease in diabetic rats (19, 50, 82, 83) but not in galactose-fed 
rats (50, 136), and caspases activated in diabetic mice differ from those induced in 
galactose-fed mice (137).

Nondiabetic Models in Which Growth Factors are Altered

VEGF overexpression

Vascular endothelial growth factor 165 was injected into the eyes of normal cynomol-
gus monkeys, and as a result, capillaries became nonperfused, dilated, and tortuous 
(138). Preretinal neovascularization was observed throughout peripheral retina, but not 
in the posterior pole. Arterioles demonstrated endothelial cell hyperplasia and micro-
aneurysmal dilations. Overexpression of VEGF in retinal photoreceptors results in 
neovascularization, demonstrating the role of the growth factor in the neovascular 
response (139–144). This neovascular response, however, differs from that in diabetic 
retinopathy in that the abnormal blood vessel growth is toward the photoreceptors (the 
source of overexpressed VEGF), rather than toward the inner retina and vitreous.

IGF overexpression

Nondiabetic mice overexpressing IGF-1 in the retina developed several vascular 
alterations characteristic of diabetic retinopathy, including nonproliferative lesions 
(pericyte loss, thickened capillary basement membrane, intraretinal microvascular 
abnormalities), proliferative retinopathy, and retinal detachment (145). Likewise, injec-
tion of a single dose of hrIGF-1 into the vitreous cavity of pigs resulted in an angiopathy 
that included increased endothelial density, basement membrane thickening, vascular 
leakage, and microaneurysms (146).

PDGF-B-deficient mice

PDGF (platelet-derived growth factor-B) has major effects on pericyte activation, 
survival, and growth (147). Mice with a genetic ablation of PDGF-B exhibit several 
vascular phenotypes characteristic of diabetic retinopathy, including a reduction in the 
number of pericytes and increase in the numbers of acellular capillaries (148). In chronic 
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hyperglycemia, PDGF-B-deficient mice developed aggravated retinopathy, including 
high numbers of acellular capillaries and the formation of microaneurysms (149).

Oxygen-Induced Retinopathy
Probably the most utilized animal model of preretinal neovascularization is the 

oxygen-induced retinopathy (OIR) model (150). In this model, exposure of neonatal 
animals to elevated concentrations of oxygen impairs development of the normal retinal 
vasculature and causes regression of many existing vessels. After removal from the high 
oxygen environment, the lack of retinal blood vessels results in profound retinal 
ischemia and neovascularization. The neovascularization in this model differs from 
diabetic retinopathy in that the neovascularization in the OIR model occurs acutely in a 
retina that is not fully differentiated, as compared to the progressive capillary oblitera-
tion that develops in the fully differentiated retina in diabetes.

Sympathectomy
Several retinal lesions consistent with diabetic retinopathy also have been detected 

after sympathectomy in rats (151). Experimental elimination of sympathetic innervation 
to the eye resulted in increases in expression of basement membrane proteins, capillary 
basement membrane thickness, and glial fibrillary acidic protein (GFAP) staining, and 
reduced number of capillary pericytes (151, 152). There was a significant reduction in 
photoreceptor numbers due to apoptosis and changes of choroidal vascularity in the 
sympathectomized eye (153).

Retinal Ischemia–Reperfusion
Ischemia and reperfusion injury to the retina has been known for many years to cause 

degeneration of retinal neurons. Subsequent to the neuronal injury, however, retinal 
capillaries also begin to degenerate, a fact that was only recently demonstrated (154). 
The capillary degeneration is morphologically similar to that which develops in diabe-
tes, but occurs over a period of only days (instead of months to years in diabetes). 
Aminoguanidine, a nonspecific inhibitor of iNOS, inhibited the degeneration of both 
neuronal and vascular cells of the retina. This study raises a possibility that damage to 
the neural retina contributes to capillary degeneration, and perhaps does so also in 
diabetes.

AREN’T THERE ANY “GOOD” MODELS OF DIABETIC 
RETINOPATHY?

Some have claimed that there are no “good” or “appropriate” animal models of dia-
betic retinopathy because diabetic animal models have failed to reproduce the advanced 
(neovascular) stages of diabetic retinopathy. The statement that animal models have not 
developed the advanced lesions of diabetic retinopathy seems accurate, but is that 
because the animals do not live long enough, or because the animals lack some critical 
biochemical feature that would allow the neovascular response? Moreover, some diabetic 
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or galactosemic animals have been demonstrated to develop intraretinal vessel structures 
that are characteristic of endothelial proliferation or intraretinal neovascularization after 
prolonged study (15, 115, 155).

A critical component of diabetic retinopathy that is commonly overlooked is duration 
of diabetes. Vaso-obliteration and subsequent retinal ischemia are believed to be major 
causes of neovascularization in the retina, and one likely reason that the diabetic models 
have not developed preretinal neovascularization is that much less retinal vaso-obliteration 
develops during the short duration of diabetes that the animal models are studied (as com-
pared to the more extensive vaso-obliteration that develops over many years in diabetic 
patients). Efforts to reduce the length of research studies, usually by using models that 
develop complications “faster,” likely will not provide much insight into how the early 
stages of diabetic retinopathy progress to the neovascular stages in humans, and why ani-
mals seem not to duplicate this. On the other hand, identifying causes of capillary oblitera-
tion in diabetes, and using models where those processes are especially accelerated are 
likely to provide a perspective that is directly relevant to understanding and developing 
therapies to inhibit the progression of diabetic retinopathy.

SUMMARY

Animal models of diabetic retinopathy have provided a wealth of information pertain-
ing to biochemical, physiological, and histopathologic abnormalities that contribute to the 
development of diabetic retinopathy, and additional insight from the models can be 
expected to continue. Nevertheless, the advantages and deficiencies of the various models 
need to be recognized in order to utilize them to their fullest potential. The early stages of 
diabetic retinopathy have been found to develop in essentially all species studied who 
have had diabetes for sufficiently long durations. It does seem that animal models develop 
at least the early stages of the retinopathy faster than what occurs in diabetic humans 
(rodents < dogs and cats < humans and nonhuman primates). Rats and genetically modi-
fied mice are likely to remain the most utilized models to study the pathogenesis of the 
retinopathy and in efforts to develop pharmacological therapies to inhibit it. There remains 
considerable value, however, in the use also of larger animals as models of diabetic retin-
opathy, since the rate at which the retinopathy develops, the life span of the animals, and 
the size of eye are more comparable in large animals to that of humans. Only primates 
have the macula, an important site of damage in diabetic retinopathy.
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ABSTRACT

The polyol pathway is a two-step metabolic pathway in which glucose is reduced to 
sorbitol, which is then converted to fructose. Several biochemical features and a large body 
of data implicate the polyol pathway as a plausible and important contributor to diabetic 
retinopathy and other complications of diabetes. In both humans and experimental animals, 
all retinal cell types known to be affected by diabetes contain aldose reductase (AR), the 
first and rate-limiting enzyme of the pathway. Metabolism through the pathway is acceler-
ated by elevated cytoplasmic glucose concentrations induced by hyperglycemia. The result-
ing altered concentrations of pathway products and cofactors can cause osmotic and 
oxidative stress, the latter through multiple mechanisms that include the generation of pre-
cursors of advanced glycation endproducts. These stresses eventually lead to apoptosis and 
proinflammatory events. In diabetic individuals, certain polymorphisms of the AR gene are 
associated with high AR expression levels and an accelerated or more severe course of 
retinopathy. Conversely, genetic ablation of AR in mice results in protection from diabetic 
retinopathy. In rats with experimental diabetes, drugs that inhibit AR are, as of today, the only 
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drugs documented to prevent the whole spectrum of abnormalities induced by diabetes in 
glial cells, neurons, and vascular cells of the retina. This may have translational importance, 
because human diabetic retinopathy has recently become known to include glial and neuro-
nal abnormalities.

The efficacy of AR inhibitors (ARIs) has been, for the most part, disappointing in 
humans. The major reason for the discrepant results in clinical vs. preclinical studies is 
likely discrepant doses; for example, in recent studies the ARI sorbinil proved successful in 
preventing retinopathy in diabetic rats when given at a dose 20-fold larger than the dose 
used unsuccessfully in a past clinical trial. It has become clear that larger doses of ARIs 
ensure that metabolic flux through both steps of the pathway is inhibited – as opposed to merely 
reducing sorbitol accumulation. A current hypothesis posits that normalization of glucose 
flux through the pathway is required in order to prevent excessive turnover of pathway cofac-
tors and oxidative stress; and that the latter is a critical, if not the main, determinant of the 
tissue consequences of excess polyol pathway activity. Testing this concept in humans will 
become possible when new drugs, capable of inhibiting aldose reductase with higher in vivo 
efficacy and safety than the older ARIs, become available. It is reasonable and important to 
advocate, and work toward, the discovery of such drugs because some features of diabetic 
retinopathy appear best or uniquely approached via inhibition of excess polyol pathway 
activity.

Key Words: Diabetic retinopathy; polyol pathway; aldose reductase; sorbitol dehydrogenase; 
aldose reductase polymorphisms; sorbitol; fructose; osmotic stress; oxidative stress; advanced 
glycation endproducts; pericytes; endothelial cells; Müller glial cells; apoptosis; inflamma-
tion; aldose reductase inhibitors.

INTRODUCTION

Retinopathy is the most severe of the ocular complications of diabetes (1). More 
than all other complications of diabetes, retinopathy may begin as a rather pure mani-
festation of glucose toxicity. This is suggested and supported by the demonstration 
that experimental galactosemia induces in animals a picture of retinal microangiopathy 
highly similar to that of nonproliferative diabetic retinopathy (2, 3), while not mim-
icking fully complications of diabetes in other tissues (4). Galactosemia induced by a 
galactose-rich diet results in elevated hexose levels in blood without the array of 
metabolic and hormonal changes characteristic of diabetes (3). Hence, the galactosemic 
model provides a rigorous argument for the discrete role of hyperhexosemia in causing 
retinopathy. The role of hyperhexosemia is also suggested by the fact that the levels 
of glycated hemoglobin (HbA

1c
) over time are the dominant predictor of retinopathy 

progression in diabetic patients (5). This observation is less compelling in its patho-
genic implications than the first because, while HbA

1c
 does reflect glycemic levels, 

glycemic levels reflect a multitude of metabolic and hormonal changes. However, the 
HbA

1c
 data are critically important because they are consistent with a role for glucose 

toxicity in human diabetic retinopathy.
The galactosemic model also points to a biochemical mechanism for how elevated 

hexose levels may lead to retinopathy: activation of the polyol pathway. The longest 
known consequence of polyol pathway activation is a rise in tissue polyol levels. For 
example, when blood galactose levels increase, many tissues accumulate galactitol, 
which is produced from galactose via the action of aldose reductase (AR), the first and 
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rate-limiting enzyme in the polyol pathway. AR inhibitors prevent in most cases the rise 
in tissue polyol and, at sufficiently high dose, tissue damage observed in experimental 
galactosemia (6). This does not mean that high glucose causes tissue damage via 
precisely the same mechanisms as high galactose, considering that glucose is substrate 
for several enzymatic and nonenzymatic reactions in addition to those of the polyol 
pathway, and is metabolized differently from galactose even in the polyol pathway. That 
is, galactose is metabolized by AR more avidly than glucose, and galactitol, the product 
of galactose metabolism through AR, is a very poor substrate for further metabolism by 
the second enzyme in the pathway, sorbitol dehydrogenase (7–9); therefore, galactitol 
accumulates to an even greater degree than sorbitol. [Although galactitol is a poor sub-
strate for the second step of the polyol pathway, galactose can cause a rise in NADH/
NAD+ by another pathway, likely the galactonate pathway (10)]. In any event, the galac-
tosemic model – where hyperhexosemia in the presence of normal insulin action is the 
trigger, and aldose reductase is a key transducer from hyperhexosemia to retinal his-
topathology that closely resembles human diabetic retinopathy (3, 11) – has provided an 
important and testable paradigm for the pathogenesis of diabetic retinopathy.

Indeed, several experimental findings over the years have made the polyol pathway an 
attractive mechanism for the characteristic lesions of human diabetic retinopathy. As 
will be described in more detail below, certain polymorphisms in the promoter region of 
the aldose reductase gene are associated with susceptibility to, or more rapid progression 
of, diabetic retinopathy (12). Polyol pathway activity can damage cells by multiple 
mechanisms ((13), and later in this chapter), and all cell types that in the human retina 
are affected by diabetes contain AR (14–16). The neuroglial abnormalities now known 
to be part of both human and experimental diabetic retinopathy (17, 18) are attributable 
in experimental animals to polyol pathway activity (19, 20), as is the spectrum of early 
and late vascular abnormalities (16). But the evidence necessary to implicate mechanisti-
cally the polyol pathway in the pathogenesis of human diabetic retinopathy is not yet in. 
In this chapter we aim to review in some detail the features of the polyol pathway, the 
reasons for its attractiveness as a mechanism and a target, and the steps that must be taken 
to prove or disprove that it is relevant to human diabetic retinopathy.

BIOCHEMISTRY AND GENETICS OF THE POLYOL PATHWAY

The polyol pathway consists of two soluble cytoplasmic enzymes, AR and sorbitol 
dehydrogenase (Fig. 1a and b, respectively). The first enzyme, AR, can convert intracel-
lular glucose and NADPH to sorbitol and NADP+, while the second enzyme, sorbitol 
dehydrogenase, reversibly changes sorbitol and NAD+ into fructose and NADH. In the 
diabetic state, chronic hyperactivity of this pathway is driven by “hyperglysolia,” i.e., 
chronically elevated cytosolic glucose concentration, and underlies shifts in cellular 
redox, osmotic, and antioxidant systems.

Aldose Reductase
THE ALDOSE REDUCTASE ENZYME

Aldose reductase (E.C. 1.1.1.21; abbreviated ALD2, AKR1B1, or in this chapter, AR) 
was first described by Hers (21) and belongs to the aldo-keto reductase superfamily (22). 
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AR is a monomeric enzyme of ∼35,900 Da with an (α/β)
8
 structure composed of eight 

beta-pleated sheet segments comprising a β-barrel surrounded by eight alpha-helices and 
two small accessory helices (Fig. 1a). AR is localized to cell cytoplasm and contains no 
metal ion or carbohydrate (23, 24). The enzyme preferentially uses NADPH as a hydride 
donor to reduce aldehydic carbons to the corresponding alcohol, e.g., glucose to sorbitol.

Aldose reductase has broad substrate specificity, but its “natural” substrate in most 
tissues is unknown. Its kinetic constants are such that it functions primarily in the reductive 
direction, that is, to reduce aldehydes to corresponding alcohols (25). Its kinetic mecha-
nism is formally categorized as compulsory ordered bi–bi with coenzyme binding first, 
then binding of aldehyde followed by alcohol leaving first and oxidized coenzyme 
NADP+ leaving last (26). Although the K

m
 for glucose is often reported as 70–400 mM, 

AR acts catalytically only on the low abundance (0.0023%) aldehydic, straight-chain 
form of glucose, as opposed to the much more prevalent cyclic anomeric “boat” and 
“chair” forms of glucose (27, 28); it transforms the straight-chain form of glucose with 
a K

m
 of 5 µM (29). AR transforms glucose into sorbitol relatively slowly with a k

cat
 of 

∼30 min−1 (29). For further details on the structure and enzymology of AR, the reader is 
referred to recent studies and previous reviews, e.g., (26, 30, 31).

THE ALDOSE REDUCTASE GENE

Location and Structure of the AR Gene. The aldose reductase gene (AKR1B1) has 
been localized to human chromosome 7 locus q35 (32) and is distributed over ∼18 kilo-
bases (kb) that contain ten exons coding for 316 amino acids (33, 34) (Fig. 2). 

Fig. 1. X-Ray structures of the two enzymes of the polyol pathway, aldose reductase and sorbitol dehy-
drogenase. Shown in Fig. 1a is human aldose reductase (AR) with a bound molecule of nicotinamide-
adenine dinucleotide phosphate (NADPH) cofactor as well as a molecule of aldose reductase inhibitor 
(ARI) ARI-809. The asterisk (*) designates the C4 carbon of the nicotinamide ring of NADPH, the site 
of the substrate hydride transfer from the C4 carbon of the nicotinamide ring to the C1 aldehydic car-
bon of the substrate, e.g., glucose (not shown). Prepared by PJO from Protein Data Bank (http://www.
rcsb.org) entry 1Z89 (177) using MoVit v. 2.0. Shown in Fig. 1b is a human sorbitol dehydrogenase 
(SDH) monomer of an SDH tetramer with a bound molecule of oxidized nicotinamide-adenine dinu-
cleotide (NAD+) cofactor and a catalytic zinc atom (Zn) (sphere). The asterisk (*) designates the C4 
carbon of the nicotinamide ring of NAD+, the site of hydride transfer between the nicotinamide ring 
and the C2 carbon of the substrate, e.g., sorbitol or fructose (not shown). Prepared by PJO from Protein 
Data Bank (http://www.rcsb.org) entry 1PL8 and from data in (50), using MoVit v. 2.0.

http://www.rcsb.org
http://www.rcsb.org
http://www.rcsb.org
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Interestingly, the 7q35 genetic region was previously linked to diabetic complications 
by independent studies (35, 36). The AR gene basal promoter has a TATA box at −37, a 
CCAAT box at −104, and an androgen-like response element at −396 to −382 (33, 37). 
About 1,200 basepairs (bp) upstream of the transcription start site there is a 132 bp 
region that contains three osmotic response elements, labeled OreA, OreB, and OreC 
(38).

The rat and mouse AR genes are 14.1 and 14.2 kb, respectively, i.e., slightly shorter 
than the ∼18 kb human AR gene, but they are of similar overall organization to the 
human gene (39, 40). However, transcriptional regulation is complex and may involve 
species-specific elements (39).

Polymorphisms of the AR Gene
Three types of genetic polymorphisms have been identified in the human AR gene. 

The most studied is an (AC)
n
 repeat microsatellite located ∼2.1 kb upstream of the 

transcription start site (41) (Fig. 2). The number of AC repeats varies in different 

Fig. 2. Structure of the human aldose reductase (AKR1B1) gene. Starting from position 1 (“Basepairs,” 
x-axis) and going to the right, the gene consists of nine introns (numbered gray areas) and ten exons 
(bolded numbers above dark gray gene areas) that code for the 316 amino acids of the AR polypep-
tide. A 2.3 kb part of intron 1 is omitted for illustrative purposes. Working upstream (to the left) from 
position 1, the Basal Promoter Region is shown to extend back to approximately bp –190 and contains 
TATA, CCAAT, and Sp1 elements (shaded areas). Further upstream there is an Androgen Response 
Element-like (ARE-like) sequence at ∼−390 (shaded area) and in the Osmotic Response Region there 
is an AP-1 binding site at −1,110 and the three Osmotic Response Elements (Ore), OreC, B, and A 
in the −1,150 to −1,230 region. Finally, at approximately 2.1 kb upstream there is an (AC)n 
Dinucleotide Repeat microsatellite region with its polymorphic variants indicated. Additional single 
nucleotide polymorphisms in the gene include C(−106)T and C(−12)G in the basal promoter region, 
as well as the IVS8A(+95)C polymorphism in intron 8. These genetic polymorphisms have been 
linked to altered expression levels of the AR gene product and/or to altered retinopathy risk in human 
diabetics. See text for further discussion. Modified slightly with permission from (178).
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individuals with up to 13 different alleles in some populations. The most common allele 
in all populations is n = 24, called “Z.” An allele with two fewer bases, i.e., one less (AC)

n
 unit, viz., n = 23, is designated “Z−2.” Similarly, a microsatellite allele with one addi-

tional AC unit compared to the most frequent, viz., n = 25, is referred to as “Z + 2,” etc. 
A second polymorphism of the AR gene is a C(−106)T single nucleotide polymorphism 
(SNP) in the basal promoter region (42). A third polymorphism is a BamHI site consist-
ing of a single A to C substitution at the 95th nucleotide of intron 8 (43, 44) [IVS8A(+95)
C in Fig. 2; also designated A(+11842)C (12)]. The (AC)

n
 and C(−106)T polymorphisms 

are closely linked (42, 45, 46). A C(−12)G SNP has also been described (47).

Sorbitol Dehydrogenase
THE SORBITOL DEHYDROGENASE ENZYME

Sorbitol dehydrogenase (SDH) (48) (EC 1.1.1.14) belongs to a superfamily of 
medium-chain dehydrogenase/reductases (49), and the X-ray structure of human and rat 
SDH has been determined (Fig. 1b) (50, 51). The native enzyme is 140,000–160,000 Da 
and has four identical subunits of 354–356 amino acids that each contain one catalytic 
zinc and one NAD(H) binding site (29, 52, 53) (Fig. 1b). The N-terminal amino acid of 
human and sheep SDH is acetylated, e.g., (54). Interestingly, the tip of the “tail” of the 
SDH monomer (Fig. 1b) is predominantly hydrophobic, suggesting it could interact 
with a lipid environment. Although the subcellular localization of SDH is primarily 
cytosolic (55, 56), some of the SDH in human liver is found to be associated with the 
microsomal fraction (57) and multiple SDH isoforms have been reported (9, 58).

Each independent monomer of SDH stereospecifically oxidizes a spectrum of 
secondary alcohols (59, 60), including sorbitol which it reversibly oxidizes to fructose 
using coenzyme NAD+ (60). SDH likely binds and releases the straight-chain form of 
fructose (61); this conformer exists at ∼0.8% of the total ketose (62). Galactitol is 
metabolized weakly or negligibly by SDH, e.g., (7, 9, 63). Kinetic analysis of the mech-
anism of SDH reveals that it has a compulsory ordered reaction that is classified as 
Theorell-Chance bi–bi with coenzyme binding first and leaving last (64–66). The K

m
 of 

SDH for sorbitol is 1–4 mM and its k
cat

 is ∼100 s−1 at pH 7.1 (29, 63, 67, 68). Thus, the 
catalytic rate constant, k

cat
, of SDH is approximately three times higher than for AR.

THE SORBITOL DEHYDROGENASE GENE

Location and Structure of the SDH Gene. The SDH gene, SORD, resides on 
human chromosome 15 (69). Its position on this chromosome is reported at 15q15 
(70, 71) or 15q21.1 (72). The human SORD gene has nine exons and eight introns and 
extends approximately 30 kb (73). Three Sp1 sites (CCCGCCCC) and a CACCC box 
were found in the 5′ noncoding region, but classical TATAA or CCAAT elements were 
absent, although a unique repetitive (CAAA)

5
 sequence was observed. In all tissues 

analyzed, two transcriptional initiation signals occur at 16 and 89 bp upstream of the 
translation initiation site for SDH. As seen for rat SDH mRNA (74), human SDH 
mRNA has an open reading frame that codes for 356 amino acids (73). In addition, a 
second ATG translation start site codon 126 bp upstream from the first start site was 
detected in sequencing rat testis SDH cDNA; in principle this could code for an 
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additional 42 amino acid N-terminal peptides in a pre-SDH (75). However, this peptide 
is probably removed in post-translational processing since pre-SDH has not yet been 
detected experimentally.

LEVEL OF EXPRESSION OF POLYOL PATHWAY ENZYMES 
AND DIABETIC RETINOPATHY

Natural Variations in Polyol Pathway Enzyme Levels 
and Diabetic Retinopathy

AR POLYMORPHISMS AND RISK OF DIABETIC RETINOPATHY

Certain polymorphisms of the AR gene have been linked in numerous, but not all, 
genotypic studies to faster or slower rates of development of diabetic retinopathy and 
other diabetic complications, e.g., (12, 76). In particular, the “Z−2” (AC)

n
 microsatellite 

polymorphism, i.e., (AC)
23

 (Fig. 2), was originally discovered in association with rapid 
progression of diabetic retinopathy; i.e., Z−2 occurred in higher than expected frequen-
cies in patients with type 2 diabetes who had retinopathy after a relatively short (∼5 years) 
duration of known diabetes (41). Subsequent studies in both type 1 and type 2 diabetic 
patients across different ethnic groups have found a positive association of Z−2, C(−106)
T, and A(+11842)C polymorphisms of the AR gene (Fig. 2) with diabetic retinopathy 
(12, 77). One report found an association between C(−12)G, elevated AR transcription 
rate, and diabetic retinopathy (47). Negative studies may be attributable to differences in 
the sample size, patients’ characteristics such as duration of disease and genetic com-
plexities in certain populations. For example, the CC genotype of the C(−106)T polymor-
phism, which caused higher AR transcriptional rates in vitro (78), was found associated 
with an approximately twofold increased risk of having proliferative retinopathy inde-
pendent of other risk factors in Caucasian Brazilians, but not in African Brazilians (79).

The Z−2 allele of the AR gene was also found to be associated with approximately 
twofold higher levels of AR mRNA in peripheral blood monocytes of diabetic patients 
with nephropathy vs. diabetic patients without nephropathy or nephropathic patients with-
out diabetes (80). In studies in vitro, constructs containing the Z−2 variant of the AR 
microsatellite resulted in rates of AR gene transcription 1.6- to 6-fold higher than con-
structs containing the Z + 2 or other variants of the microsatellite (78). In Japanese 
patients with type 2 diabetes, the Z−4, not the Z−2, polymorphism was found associated 
with proliferative retinopathy and with higher AR protein levels in the erythrocytes; 
while the Z + 2 allele was associated with absence of diabetic retinopathy (81). 
Likewise, the prevalence of diabetic retinopathy was observed to increase significantly 
with elevated erythrocyte AR levels in type 2 diabetic patients with duration of known 
diabetes of less than 10 years, but not with longer durations (82), another suggestion 
that increased AR expression may work to accelerate the development of retinopathy.

Conversely, several reports have linked polymorphisms associated with low expression 
of AR with lower than average frequencies of diabetic retinopathy, e.g., (81). Consistent 
with these and the aforementioned data, Zou and coworkers reported a twofold higher 
AR activity level in erythrocytes from Z−2/Z−2 patients than in erythrocytes from Z + 
2/Z + 2 patients, although confirmation of the specificity of the enzyme activity assay 
(vs. aldehyde reductase activity) is warranted (83).
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SDH POLYMORPHISMS AND DIABETIC RETINOPATHY

Although variations in the human SDH gene sequence have been detected, the impact 
of such variations on the expression of the gene or the prevalence and course of diabetic 
complications has not been determined (70).

Experimental Manipulations of Polyol Pathway Enzyme Levels 
and Retinopathy

AR OVEREXPRESSION

Overexpression of human AR in diabetic mice accelerated diabetic neuropathy as 
manifested by a significantly increased drop in nerve conduction velocity and increased 
severity of nerve fiber atrophy in diabetic transgenic mice compared to nontransgenic 
diabetic littermates (84). However, no data for retinal endpoints in these AR transgenic 
diabetic mice are yet available. Another set of transgenic mice carrying human AR was 
studied after receiving for only 5–7 days diets high in glucose or galactose; in mice fed a 
diet containing 20% galactose for 7 days, the ocular pathology observed was cataract 
and occlusion of the retinal-choroidal vessels (85). However, in these transgenic mice 
no data for retinal endpoints were reported at later times or at any time in which diabetes 
was also present.

SDH OVEREXPRESSION

Bovine retinal capillary pericytes that were exposed to 30 mM glucose had modestly 
increased reactive oxygen species (ROS) generation, reduced DNA synthesis, and 
upregulated VEGF expression; under the same conditions, SDH overexpression signifi-
cantly stimulated ROS generation and accentuated the cytopathic effects of glucose in 
an ARI- and antioxidant sensitive manner (86). These data strongly suggest that elevated 
metabolic flux through the SDH step of the polyol pathway, as well as through the AR 
step of the polyol pathway, can contribute to ROS generation in retinal cells exposed to 
high glucose levels.

Transgenic mice that overexpress SDH have not been described to date.

AR “KNOCKOUT” MICE

Signs of diabetic retinopathy that include blood-retinal barrier breakdown, loss of 
pericytes, neuroretinal apoptosis, glial activation, and proliferation of blood vessels, 
were observed in 15-month-old db/db mice, and were all attenuated or prevented in db/
db mice with an AR null mutation (AR−/− db/db) (87). In the same study, AR deficiency 
also prevented diabetes-induced increased retinal nitrotyrosine staining, a marker of 
oxidative-nitrosative stress, reduction of platelet/endothelial cell adhesion molecule-1 
expression, and increased expression of vascular endothelial growth factor, suggesting 
that AR is responsible for this spectrum of early events in the pathogenesis of diabetic 
retinopathy. The same group recently reported that AR deficiency prevented neuroretinal 
damage and glial activation induced by carotid artery transient ischemia (88), consistent 
with similar findings in cardiac tissue (89).

SDH-DEFICIENT MICE

No retinal endpoint data have been reported for C57BL/LiA SDH-deficient strain of 
mice that can be rendered diabetic with streptozotocin treatment (90).
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MECHANISMS OF CELLULAR TOXICITY OF THE POLYOL PATHWAY 
AND RELEVANCE TO DIABETIC RETINOPATHY

To begin entertaining a connection of the polyol pathway with diabetic retinopathy, 
it must be known that some critical cell types in the retina contain the enzymes of the 
pathway. This condition is well satisfied for AR, which is present in the vascular pericytes, 
endothelial cells, ganglion cells, and Müller glial cells of all species studied, including 
human (14–16, 91–93).

Chronic polyol pathway hyperactivity can impose on cells a variety of stresses, notably 
osmotic and oxidative stress, increased protein kinase C activation, and enhanced glyca-
tion via fructose and its metabolites leading to formation of advanced glycation 
endproducts (AGEs) (Fig. 3). Activation of the polyol pathway is also tightly coupled 
to activation of the pentose phosphate pathway (PPP) (7) which produces, among other 
metabolites, NADPH and glyceraldehyde-3-phosphate, the latter also strongly impli-
cated in AGE formation (94, 95) (Fig. 3). Eventually, it will be important to know which 
of these stresses are operative in the individual retinal cell types that contain AR and 
undergo damage or death in diabetes. This knowledge may have therapeutic implica-
tions related to effective doses of AR inhibitors and identification of alternative drugs. 
For the moment, however, individual retinal cell types are not accessible with the rapidity 
required for direct biochemical and metabolic studies. We thus illustrate the biochemical 
and metabolic consequences of polyol pathway activation using data obtained in the 
whole retina and, mostly, in other tissues.

Osmotic Stress
AR reduces cytosolic glucose to sorbitol using NADPH as a cofactor. Sorbitol is 

an alcohol, polyhydroxylated and strongly hydrophilic, and therefore does not diffuse 
readily through cell membranes and can accumulate intracellularly with possible 
osmotic consequences (96). Of note, production of intracellular osmolytes to coun-
terbalance extracellular hypertonicity is a physiological role of AR in the kidney 
medulla (97). Insofar as accumulation of 1 µmol of membrane-impermeant solute per 
gram of intracellular tissue water will increase osmotic pressure by 1 mOsm per liter, 
elevation of intracellular sorbitol will trigger osmotic regulatory mechanisms (98). 
When such mechanisms, relatively unexplored in the retina, fail to fully compensate 
for increased intracellular sorbitol in the diabetic state, osmotic stress will result 
(Fig. 3). Probably only tissues and organs that accumulate concentrations of sorbitol 
in excess of 5 µmol per gram will suffer osmotic consequences (99, 100). The increase 
in sorbitol concentrations measured in the whole retina of diabetic rats is not in the 
range that would generate osmotic stress (19, 101), but measurements performed in 
the whole organ may not be informative of events in discrete cell types. For example, 
a cell type that had an especially high ratio of AR to SDH could accumulate sorbitol 
to the point of generating intracellular hypertonicity, and yet the amount of sorbitol 
would be diluted substantially if the measurement, performed in the whole retina, 
included cell types not accumulating sorbitol. Additional studies are required to 
ascertain the susceptibility of individual retinal cell types to polyol pathway-induced 
osmotic stress.
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Oxidative Stress
Linkage of the polyol pathway activity with the generation of oxidative stress begins 

in principle with consumption of NADPH by AR, as this could result in less NADPH 
cofactor being available for glutathione reductase, an enzyme critical for maintaining 

Fig. 3. Biochemical mechanisms linking the polyol pathway to apoptosis and proinflammatory 
responses. Elevated cytosolic glucose (upper left) causes accelerated transformation of glucose to 
sorbitol by aldose reductase (AR), with consumption of free cytosolic NADPH and production of 
NADP+. NADP+ triggers the pentose phosphate pathway (PPP) and other NADPH-synthesizing 
enzymes, e.g., NADP+-dependent cytoplasmic isocitrate (isocit.) dehydrogenase (IDHc) and malic 
enzyme (not shown), to replenish NADPH. NADPH is essential for glutathione reductase (GR) to 
reduce oxidized glutathione (GSSG) back to reduced glutathione (GSH), and GSH is in turn essential 
for restoring oxidized cellular biomolecules (Rox) to their reduced state (RH). Thus, an increased rate 
of NADPH utilization reduces cellular antioxidant defenses and can enhance vulnerability to oxida-
tive stress (text box). In the second step of the polyol pathway, sorbitol is oxidized to fructose by 
sorbitol dehydrogenase (SDH), with concomitant reduction of free cytosolic NAD+ to NADH. 
Increased intracellular sorbitol and fructose concentrations can cause osmotic stress (text box, lower 
left) which can contribute importantly to apoptosis (text box, lower left). Elevation of free cytosolic 
NADH relative to NAD+ contributes to increased superoxide (Fig. 3: O

2

.−) generation via a variety of 
pathways, including provision of substrate for NAD(P)H oxidase (NOX) and for mitochondrial oxida-
tion (mitochondrion). Oxidative stress (textbox) can be further amplified by oxidation of xanthine 
dehydrogenase (XDH) to xanthine oxidase (XO) which produces superoxide from xanthine (X), 
hypoxanthine (HX) and oxygen; it can also impair the synthesis of mRNAs for antioxidant enzymes 
(textbox). Finally, fructose produced in the second step of the polyol pathway is a precursor of advanced 
glycation endproducts (AGEs) which interact with the receptor for AGEs (RAGE) to also contribute 
to oxidant production (upper right). AGEs also result from reactions of triose phosphates such as 
glyceraldehyde-3-phosphate (GA3P) (left side) that are elevated because of oxidative-stress-related 
reduced activity of glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Thus, the second reaction 
of the polyol pathway triggers production of oxidant from multiple sources and impairs antioxidant 
defenses, with the consequence of generating oxidative stress (and nitrative stress, not shown) that can 
activate both proapoptotic and proinflammatory signals (textboxes). Additional abbreviations: ffa free 
fatty acids; G6P glucose-6-phosphate; GSH Trans. glutathione transferase; HK hexokinase; PM 
plasma membrane; pyr pyruvate; SOD superoxide dismutase.
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the intracellular pool of reduced glutathione (GSH) (Fig. 3). Nuclear magnetic resonance 
studies of rat lens exposed in vitro to both high glucose levels and oxidants indicate 
competition between the polyol pathway and the glutathione reductase pathway for 
NADPH (102). However, in some tissues, rapid regeneration of NADPH is possible 
through the action of the pentose phosphate pathway (PPP) (103), as well as by cyto-
plasmic malic enzyme and NADP+-dependent isocitrate dehydrogenase, e.g., (104). The 
latter two enzyme activities are reported to be “high” in rat retinal tissue, with NADP+-
dependent isocitrate dehydrogenase activity (Fig. 3) ∼8-fold higher per retina than malic 
enzyme (105). Depletion of NADPH or GSH has not been observed in the retina of rats 
with a short (6 weeks) duration of diabetes (101). It must be noted, however, that after 
such short diabetes duration there is also no evidence of diabetes-induced toxicity for 
relevant retinal cell types. Apoptosis of retinal capillary cells is not yet detectable (106), 
and Müller glial cells do not show reactive characteristics (C. Gerhardinger, unpub-
lished observations).

In the second step of the pathway, persistent utilization of NAD+ by SDH can lead to 
an increased ratio of NADH/NAD+, a condition that has been termed “pseudohypoxia” 
(107). Numerous investigators have observed increased free cytoplasmic NADH/NAD+ 
(calculated from retinal lactate/pyruvate) in retinas from diabetic rats and retinas 
exposed to high glucose in vitro when compared to normal retinas (108–112). Discordant 
results (113, 114) seem likely to be due to methodological differences. Elevated free 
cytoplasmic NADH/NAD+ has been linked to a multitude of metabolic and signaling 
changes that contribute to oxidative stress and changes in gene expression (115, 116). 
For example, excess NADH can provide substrate for NAD(P)H oxidase, which, in the 
presence of oxygen, generates superoxide and related intracellular oxidant species (117) 
(Fig. 3). Superoxide reacts nonenzymatically with nitric oxide to produce the powerful 
oxidant, peroxynitrite (118) (for simplicity not shown in Fig. 3); thus, nitric oxide levels 
also play a key role in retinopathy (119). Elevated cytoplasmic unbound NADH as well 
as cytoplasmic pyruvate can also transmit reducing equivalents into the mitochondrion 
via mitochondrial transporters and shuttles and accelerate electron transport within the 
mitochondrial membrane, a process also linked to superoxide production (120) (Fig. 3). 
In addition increased oxidative stress can reversibly convert xanthine dehydrogenase to 
superoxide-generating xanthine oxidase (Fig. 3) (121), an enzyme found in human and 
bovine inner retinal capillaries and in human cones (122).

Excess polyol pathway activity can contribute to oxidative stress also by interfering 
with upregulation of antioxidant defenses. Peripheral white blood cells or fibroblasts 
from diabetic patients with retinopathy and nephropathy, but not from uncomplicated 
diabetic patients or healthy individuals, when exposed to high glucose in vitro failed to 
induce mRNAs for antioxidant defense enzymes including catalase, glutathione peroxi-
dase, and cytoplasmic superoxide dismutase (123, 124). In white blood cells, the defect 
correlated inversely with the AR genotype, i.e., the high AR expression genotype mani-
fested low antioxidant mRNA induction. Moreover, an essentially normal response of 
antioxidant mRNAs was restored by treatment in vitro with ARI zopolrestat (124). 
Thus, it appears that increased flux through the polyol pathway can interfere with the 
induction or upregulation of antioxidant defense enzymes (Fig. 3), especially in cells 
from individuals prone to the complications of diabetes. Consistent with these findings 
in human cells, treatment with fidarestat, an ARI structurally distinct from zopolrestat, 
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prevented oxidative stress and allowed upregulation of antioxidant defense enzymes in 
the retina of diabetic rats (101). Importantly, fidarestat did not prevent oxidative stress 
caused in cultured retinal endothelial cells by three different pro-oxidants under normal 
glucose conditions, demonstrating that the ARI did not have direct antioxidant activity. 
Rather, the antioxidant effect of the ARI in the diabetic rat retina results in all likelihood 
from inhibiting elevated metabolic flux through retinal aldose reductase (see also 
the sections “AR Knockout Mice” and “Effects of ARIs in Experimental Diabetic 
Retinopathy”).

Activation of Protein Kinase C
Sustained elevation of NADH/NAD+ under hyperglysolic conditions coupled with 

oxidative and poly(ADP-ribose) polymerase-mediated inhibition of glyceraldehyde-3-
phosphate dehydrogenase (125), favors production of diacylglycerol which activates 
protein kinase C (PKC). Accordingly, AR inhibition prevents high glucose-induced 
diacylglycerol production and PKC activation in vascular smooth muscle cells (126) 
and rat glomeruli (127), and glucose-induced PKC activation in human mesangial cells 
(128). PKC can further activate the superoxide-producing NAD(P)H oxidase complex 
(129) (Fig. 3).

Generation of AGE Precursors
The fructose produced by the polyol pathway, which can directly fructosylate 

proteins and induce cross-linking more rapidly than glucose (130), can enter in the 
formation of fructose-3-phosphate and 3-deoxyglucosone. These are powerful glycating 
agents and AGE precursors (131), and their formation is prevented by ARI treatment in 
both the erythrocytes of diabetic patients (132, 133) and the lens of diabetic rats (134). 
Moreover, 3-deoxyglucosone has been shown to inactivate intracellular enzymes impor-
tant in the detoxification of oxidant species (133). The retina of experimentally diabetic 
rats shows accumulation of AGEs colocalized with AGE receptors (135), and interaction 
of AGEs with their receptor generates oxidative stress (136, 137). Excess polyol 
pathway activity may thus contribute to oxidative stress also through the generation of 
AGE precursors.

Proinflammatory Events and Apoptosis
Reactive oxygen species, functioning both as signaling and damaging molecules, are 

known to trigger proinflammatory responses (138) as well as apoptosis (139) (Fig. 3). 
It may thus be expected that chronically enhanced polyol pathway activity in diabetes 
will contribute to both these types of events. Of the proinflammatory events described 
in diabetic retinopathy, a few have been examined in relation to polyol pathway activity. 
AR inhibitors have shown thus far to prevent in experimentally diabetic rats increased 
expression of leukocyte adhesion molecules (140) and complement activation (16). 
Apoptosis is a prominent phenomenon in the diabetic retina (141, 142), and AR inhibitors 
have successfully prevented in diabetic rats apoptosis of both retinal neurons and 
vascular cells (16, 19, 140).
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Polyol pathway activity appears thus sufficient to initiate the oxidative stress that is 
observed in the diabetic retina and to account for cellular consequences that have the 
potential to shape the development and progression of diabetic retinopathy. To prove or 
disprove a causative role of the polyol pathway in the lesions of diabetic retinopathy, 
studies have been undertaken over the years using AR inhibitors (ARIs). These drugs 
have been useful tools and have provided results that justify a continuing interest in 
the polyol pathway. However, the results also urge the development of new types of 
drugs and the testing of new hypotheses. We provide below highlights of studies with 
ARIs used to date that are instrumental to the well-informed interpretation of the results 
obtained in diabetic retinopathy.

ARI STRUCTURES AND PROPERTIES

ARIs have been reviewed on numerous occasions, and the reader is directed to the 
published reviews for details, e.g., (6, 96, 143–146). Selected ARIs of current interest or 
of particular historical interest to diabetic retinopathy are shown in Fig. 4. There have 
been three major chemical classes of ARIs (1) spiro-imides, exemplified in Fig. 4 by 
sorbinil, fidarestat, and ranirestat; (2) carboxylic acids, illustrated by tolrestat, zopolrestat, 
zenarestat, and epalrestat; and (3) pyridazinones, represented by ARI-809. Each class 
has had distinctive strengths and limitations in terms of in vitro potency, in vivo potency, 
pharmacokinetic properties, and safety. With few exceptions, toxicity has been unique 
for each ARI and apparently not related to AR inhibition.

For reasons of cost, speed, and presumed tissue sensitivity, most ARI clinical trials 
have been conducted against diabetic neuropathy. Epalrestat (Fig. 4) is commercially 
available (only) in Japan for this indication, and a multiyear study has recently reported 
a protective effect of chronic epalrestat use on diabetic nerve function (147), although 
the study was not double blinded (148). Fidarestat and ranirestat (Fig. 4) have been 
studied for improvement of diabetic neuropathy, but have given disappointing results in 
their Phase 2 (149) and Phase 3 (150) trials, respectively. However, Phase 3 study of 
ranirestat for prevention of progression of diabetic neuropathy and retinopathy is cur-
rently ongoing (150). A recent analysis based on translational pharmacology data in 
preclinical models of diabetic neuropathy, suggests that most ARIs have been used in 
human neuropathy trials at doses that were of inadequate functional potency against the 
endpoints tested (151). This appears to have resulted from relying on nerve sorbitol 
levels as the primary biomarker of tissue effect, which caused an ∼20- to 40-fold over-
estimation of in vivo potency. Thus, despite early encouraging results, sorbinil, tolr-
estat, zopolrestat, and zenarestat (Fig. 4) are no longer in development. Nor is the newly 
discovered pyridazinone ARI-809 (152), recently found to absorb UV-A and UV-B and 
to cause exacerbation of spontaneous light-induced retinal damage in albino rats after 6 
months of dosing (153). However, the discovery of the pyridazinone class demonstrated 
that it is possible to find new classes of ARIs with in vivo potencies high enough to exert 
robust in vivo antioxidant activity as opposed to simply lowering tissue sorbitol (151).

ARIs that penetrate lens have shown in most cases robust activity against retinopathy 
when given at relatively high doses in preclinical models (see later), but there has been 
only one major ARI trial for diabetic retinopathy, the Sorbinil Retinopathy Trial, which 
was unsuccessful and will be discussed further below.
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EFFECTS OF ARIS IN EXPERIMENTAL DIABETIC RETINOPATHY

It has become evident over the years that the species of the experimental animal 
model and the dose of ARI are important determinants of the effect on retinopathy. 
Whether induced by galactosemia or diabetes, retinopathy is more consistently susceptible 
to prevention by ARIs in the rat than in the dog model (reviewed in (154)). The reasons 
have not been investigated systematically, but may relate, at least in part, to the doses 
of ARIs used in the two species and relevant pharmacokinetics. In diabetic dogs, the 
ARI sorbinil used at a dose of 20 mg/kg/day failed to prevent the typical vascular lesions 
of retinopathy (155). This could not be attributed to absent activity of the polyol 
pathway in the retina of diabetic dogs, insofar as the retinal concentration of sorbitol 
increased by the approximately threefold observed in most models, and the increase was 
prevented by the dose of sorbinil used (155). Studies on the role of the polyol pathway 
in the neuropathy of diabetic rats made clear that inhibition of tissue fructose accumula-
tion predicted the efficacy of ARIs on outcomes related to neuropathy better than inhibition 
of sorbitol accumulation (151, 156, 157). This is consistent with the hypothesis that tis-
sue damage is a consequence of the flux of glucose through the pathway altering home-
ostasis at several levels (see earlier), rather than of the amount of tissue sorbitol 
measurable at any given time (29, 102). The reason normalization of abnormal metabolic 
flux through the polyol pathway – as opposed to normalization of tissue sorbitol – is 

Fig. 4. Structures of selected aldose reductase inhibitors (ARIs). See text for further discussion.
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essential in order to prevent tissue damage is because the abnormal flux is closely linked 
to the generation of oxidative stress (Fig. 3) (151, 158).

When tested on functional abnormalities of the retina or retinal vessels in diabetic rats, 
sorbinil at a dose of 10 mg/kg/day reduced but did not prevent deterioration of the elec-
troretinogram (159), and different ARIs prevented in a dose-related manner albumin 
permeation (160). Among the characteristic structural changes of retinal vessels, basement 
membrane thickening was only partially prevented in diabetic rats by ponalrestat in 
experiments that did not however document the effect of the dose used on polyol pathway 
metabolites (161); fidarestat prevented basement membrane thickening in a dose-related 
manner, while pericyte loss appeared sensitive to all doses of fidarestat tested (162).

Studies performed more recently in the diabetic rat have taken such dose considera-
tions into account and used doses of ARIs documented in advance to prevent or decrease 
substantially retinal fructose accumulation. It is of note that for both sorbinil and ARI-
809, two structurally different ARIs, the doses used to normalize retinal fructose in dia-
betic rats (65 and 50 mg/kg/day, respectively) led to lowering of sorbitol below control 
levels (19, 140). This is consistent with the pattern seen with functionally efficacious 
doses in diabetic rat nerve, e.g., (156, 157), and confirms that doses targeting fructose 
levels inhibit the pathway to a greater extent than doses targeting, and often not even 
normalizing, sorbitol levels.

The streptozocin diabetic rat is currently the most comprehensive model for human 
diabetic retinopathy. Like diabetic humans, diabetic rats show in the retinal capillaries 
apoptosis of pericytes and endothelial cells (141), deposition of complement (163), and 
ultimately development of pericyte ghosts and acellular capillaries (16, 141). Diabetic 
rats also show the Müller cell reactivity (18) and apoptosis of neurons in the ganglion 
cell layer (142) observed in human diabetes. All these abnormalities are prevented in 
the diabetic rat by different ARIs administered at doses that inhibit retinal polyol path-
way activity (16, 19, 140).

The recent results in diabetic rats are not only proving a role for the polyol pathway 
in the spectrum of vascular, glial, and neural abnormalities that diabetes induces in the 
retina; they are also showing that ARIs are, to date, the only drugs that can prevent the 
whole spectrum of abnormalities (Fig. 5). When sorbinil and aspirin were compared to 
each other in the same experiments, both prevented the development of acellular capil-
laries, but only sorbinil prevented neuronal apoptosis and Müller cell reactivity (20). 
This could have translational importance if we were to learn that the early neural and/
or glial abnormalities occurring in the diabetic retina impact on clinically important 
aspects of retinopathy. For example, proper Müller cell function may be critical to the 
prevention and/or resolution of macular edema (164), and there is evidence that diabetes 
affects the regulation of water channels in these cells (165).

New observations are also defining with increasing precision the mechanisms 
whereby the polyol pathway causes the retinal abnormalities. ARIs inhibit AR prefer-
entially, and can inhibit also aldehyde reductase, another enzyme in the aldo–keto 
reductase superfamily that plays a role in the detoxification of reactive aldehydes. This 
has generated the question of whether inhibition of aldehyde reductase (166) contributes 
to the beneficial or to the unwanted effects of ARIs, especially at the higher doses (167). 
Availability of ARI-809 (Fig. 4), characterized as one of the most potent and selective 
ARIs yet described with an IC50

 for aldehyde reductase of 930 nM as compared to 1 nM 
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Fig. 5. Comparison of the effects of clopidogrel, aspirin, and ARI sorbinil on neuronal apoptosis and 
glial reactivity in the retina of rats with 2.5 months of streptozotocin-induced diabetes. In these 
experiments, rats were randomized from the time of diabetes induction to treatment with clopidogrel 
(Clop) (10 mg/kg/day), used as a selective antiplatelet agent, aspirin (ASA) (30 mg/kg/day) used as 
anti-inflammatory and antiplatelet agent, and ARI sorbinil (Sorb) (65 mg/kg/day) to test the effects of 
the three drugs on early and late vascular, neuronal, and glial abnormalities caused by diabetes in the 
retina. Clopidogrel had no effect on any abnormality tested, aspirin prevented all capillary abnormalities 
(results not shown in this figure), but only sorbinil prevented both the capillary and the neuroglial 
abnormalities. Neuronal apoptosis (A) was measured by counting TUNEL-positive nonvascular nuclei 
in whole retinas mounted and observed vitreal side up. In the boxplots, the bars encompass from the 
90th to the 10th percentile of the scores and the box from the 75th to the 25th percentile; arrows point 
to the median. Glial reactivity was assessed by observing (B) the pattern of glial fibrillary acidic protein 
(GFAP) immunostaining in retinal sections (diabetes causes GFAP to be prominently expressed in the 
processes of the Müller glial cells that span the thickness of the retina; GCL ganglion cell layer; INL 
inner nuclear layer; ONL outer nuclear layer), and by measuring the levels of retinal GFAP by immu-
noblot ( (C) shows a representative immunoblot, and (D) the quantitation of the signals from immuno-
blots of retinal GFAP). C control rats, D diabetic rats. *P < 0.006 vs. control rats; **P < 0.002 vs. 
diabetic rats. Copyright © 2005 American Diabetes Association (from (20) reprinted with permission 
from the American Diabetes Association).
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for AR (152), has made it possible to target specifically the role of the polyol pathway 
in the early stages of the development of experimental diabetic retinopathy. ARI-809 
administered to diabetic rats at doses documented to inhibit both sorbitol and fructose 
accumulation in the retina, reproduced exactly all preventative effects on retinopathy 
(16, 19, 20) observed with the less specific (168) ARI sorbinil (140). On this basis, it can 
be stated that aldose reductase is itself the key relay that converts hyperglycemia into 
glucotoxicity for specific cell types in the retina. This conclusion is bolstered by the 
robust protection against the effects of diabetes observed in the retinas of 15-month-old 
db/db mice lacking the AR gene product (87).

As to the nature of the glucotoxicity generated through AR activity in the retinal 
vessels and leading to the characteristic histopathology of diabetic retinopathy, gene 
expression profiling points to the concurrence of multiple events, but identifies oxidative 
stress and proinflammatory changes as uniquely induced by excessive polyol pathway 
activity (169). This “signature” may become a useful reference when seeking evidence 
for polyol pathway activity in human diabetic retinopathy.

THE POLYOL PATHWAY IN HUMAN DIABETIC RETINOPATHY

The Sorbinil Trial
The Sorbinil Retinopathy Trial has been the only major clinical trial testing an AR 

inhibitor on diabetic retinopathy. In this multicenter, randomized, placebo-controlled, 
double-blind study, 497 patients with insulin-dependent diabetes and absent to mild retin-
opathy were followed for a median of 41 months. The sorbinil-treated (250 mg/day) group 
was found not to differ from the placebo-treated group in terms of progression of retinopa-
thy, although the number of microaneurysms increased at a slightly slower rate in the 
sorbinil-treated group (170). Knowledge gained since the trial warns that the findings are 
not readily interpretable. First, the efficacy of sorbinil was monitored by measuring in 
erythrocytes the levels of sorbitol, an imprecise indicator of flux, and now known to be a 
poor predictor of the functional benefits of ARIs (156). Moreover, erythrocyte sorbitol 
levels remained 26% above normal, and there was no information of an effect of sorbinil 
on the polyol pathway in retinal target cells. Although sorbinil could not have been used 
in larger doses on account of the risk of side effects in humans, the drug was given at a 
dose corresponding to 3.5 mg/kg/day, almost 20-fold lower than the dose effective in pre-
vention of retinopathy in diabetic rats (16). It is therefore probable that the dose of sorbinil 
used in the Sorbinil Trial was insufficient to silence the polyol pathway and did not permit 
testing the role of the pathway in diabetic retinopathy. Additionally, approximately half of 
the study population had some degree of retinopathy, and the treatment lasted a little over 
3 years. We have since learned from the Diabetes Control and Complications Trial 
(DCCT) that in diabetic retinopathy prevention is much more effective than intervention, 
and that 3 years are grossly insufficient to demonstrate the efficacy even of treatments, 
such as improved glycemic control, that have a priori a high likelihood of success (171).

Evidence Supporting Polyol Pathway Activity and Functional 
Importance in Human Diabetic Retinopathy

The negative results of the Sorbinil Trial could be falsely negative, or may instead 
reflect that the polyol pathway is not active and/or not pathogenic in human diabetes. 
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Only the appropriate tools, i.e., new ARIs with a therapeutic index higher than those of 
the older drugs, and clinical trials better controlled and better designed than the Sorbinil 
trial will finally, bring the polyol pathway hypothesis to rigorous testing in human dia-
betic retinopathy.

Several observations support a continuing interest in testing the hypothesis. Studies 
in postmortem human eyes have shown in retinas from diabetic patients with retin-
opathy more abundant AR immunoreactivity in ganglion cells, nerve fibers, and 
Müller cells, as compared to retinas from nondiabetic individuals (172). After nega-
tive findings by several investigators in the past, we have documented unequivocally 
that human retinal endothelial cells contain AR (16) (Fig. 6). Insofar as the good 
health of endothelial cells is critical to the highly regulated permeability and struc-
tural integrity of the retinal capillaries, excess glucose flux through the AR of retinal 
endothelial cells becomes a strong candidate mechanism for the disruption of barrier 
properties and the capillary obliteration characteristic of human diabetic retinopathy. 
We have reviewed above the presence of AR in other retinal cell types, such as peri-
cytes and Müller cells, also affected in human diabetes. Finally, human retinas from 
nondiabetic eye donors accumulate sorbitol when exposed to high glucose in organ 
culture (16) (Fig. 7). The extent of accumulation is quite comparable to that occurring 

Fig. 6. Aldose reductase in human retinal endothelial cells. Fresh retinas obtained from postmortem 
eyes of nondiabetic donors were incubated with collagenase type 1, and the dissociated cells were 
fixed briefly with acetone and immunostained with antibodies to AR and von Willebrand factor. (A) 
and (B) show AR immunoreactivity (green) in cells manifesting the granular perinuclear fluorescence 
of von Willebrand factor (red) characteristically seen in retinal endothelial cells in situ (179). The AR 
antibodies used in (A) were a gift from D. Carper, those used in (B) from R. Sorenson. Panel (C) 
shows cells from the same preparations staining only for AR or for neither protein. Bar = 20 µm. 
Copyright © 2004 American Diabetes Association (from (16) reprinted with permission from the 
American Diabetes Association).
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in the normal rat retina incubated in parallel, indicating that human retinal AR is 
 readily responsive to hyperglycemia. The human enzyme is in fact widely used as a 
transgene in mice to confer susceptibility to diabetic complications, from cataract 
(100), to atherosclerosis (173). The evidence that the polyol pathway can be activated 
in the human retina in the presence of high glucose permits anticipation of tissue 
consequences, and complements in this respect the information from the human 
genetic studies reported earlier (see the sections “Polymorphisms of the AR Gene” 
and “AR Polymorphisms and Risk of Diabetic Retinopathy”) that alleles associated 
with elevated AR expression are also associated with accelerated development or progres-
sion of human diabetic retinopathy.
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Fig. 7. Aldose reductase activity in human retina. Fresh retinas obtained from postmortem eyes of 
nondiabetic donors were exposed for 24 h in organ culture to normal (5 mmol/l, blue bar) or high 
(30 mmol/l, red bar) glucose, and sorbitol levels were measured. Fresh retinas obtained from normal 
rats were tested in parallel. In (A), the bars represent the mean ± SD of the measurements performed 
in the indicated number of individuals. *P < 0.01 vs. normal glucose. (B) Presents a hemoglobin (Hb) 
immunoblot performed to assess the quantity of erythrocytes trapped in the blood vessels of the 
human retinas and potentially contributing to sorbitol accumulation. Protein lysate (20 µg/lane) from 
fresh human retina or retina incubated in normal (N) or high (H) glucose was subjected to SDS–PAGE 
together with human Hb standards and probed with antibodies to Hb. Hb levels in the whole human 
retina did not exceed 40 µg, whereas both the basal and stimulated levels of sorbitol were of the 
magnitude measured per gram Hb in human erythrocytes. This documented that resident cells of the 
human retina metabolize glucose to sorbitol when exposed to high glucose. Copyright © 2004 
American Diabetes Association (from (16) reprinted with permission from the American Diabetes 
Association).
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PERSPECTIVE AND NEEDS

Rationale for Defining the Pathogenic Role of the Polyol Pathway
We see at least three reasons, connected to therapeutic opportunities, for continuing 

the quest for the role of the polyol pathway in human diabetic retinopathy. The overarch-
ing reason is the persistent need for adjunct treatments to pre-empt in diabetic patients 
the damaging effects of residual hyperglycemia on tissues. The strategies available to 
control hyperglycemia have improved dramatically over the last 15 years, but the means 
available remain imperfect and most often do not ensure sustained normoglycemia. 
Hence, knowing conclusively that the polyol pathway is operative and pathogenic in the 
human retina when hyperglycemia develops, would provide a rational target toward 
prevention of tissue damage. ARIs are not the sole type of drugs that may become useful 
as adjunct treatment for diabetic retinopathy (174). However, the nature of the cellular 
stresses that the polyol pathway can engender may make ARIs the most rational or even 
the only approach to some abnormalities. Specifically, if glucose flux through the path-
way generates oxidative stress by a multitude of mechanisms – from generation of ROS 
and AGEs to decreased antioxidant defenses (Fig. 3) – prevention will likely be much 
more effective if directed to the upstream causal catalytic trigger with an ARI than to 
multiple downstream effectors through exogenous noncatalytic antioxidants. Furthermore, 
if glucose flux through the pathway indeed also generates osmotic stress, the need to know 
is even more compelling because other types of adjunct drugs would not likely be able to 
prevent or cure such occurrence. The third reason for defining precisely the contribution of 
the polyol pathway to retinopathy is its candidacy to be a unique player in the causation of 
diabetic macular edema. Cytotoxic effects of the pathway in endothelial cells could initi-
ate capillary leakage, and in Müller cells could generate intracellular edema and/or com-
promise the reabsorption of fluid in the inner retina. It is noteworthy that ARIs are the only 
type of drug, among those tested to date, able to prevent in diabetic rats the reactive fea-
tures of Müller cells (20) (Fig. 5), and that a recent anecdotal statement reports clinical 
benefits of an ARI on macular edema in diabetic patients (175).

Needs to be Met to Arrive at Anti-Polyol Pathway Therapy
Several needs must be met to make polyol pathway inhibition a viable therapeutic 

alternative in diabetic retinopathy. The first type of need is quantitative data on the 
activity and consequences of the polyol pathway in specific retinal cell types, comple-
mented by modeling in genetically engineered mice to arrive at a detailed reconstruction 
of the contribution of the pathway to discrete features of diabetic retinopathy. These 
data will help us address the second type of need, which is the development of informative 
surrogate endpoints for polyol pathway activity in the human retina. In view of the dura-
tion and cost of clinical trials targeting prevention or early intervention in retinopathy 
in the era of intensive treatment of diabetes, it is likely that only drugs that have given 
encouraging results when pilot-tested on surrogate endpoints will be brought to full 
trial. This practice will lessen the risk of false negative trials, because experimentation 
on the long-term clinical features of retinopathy will be initiated only upon verification 
of drug efficacy on relevant shorter-term outcomes.

The final and crucial type of need is the availability of new, more potent, and better 
tolerated ARIs. Heretofore ARIs were designed on the basis of the osmotic theory of 
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diabetic complications to lower tissue sorbitol, a theory that has been confirmed in the 
diabetic lens (100). However, recent data reviewed earlier in this chapter indicate that 
oxidative stress and subtle proinflammatory events can be initiated by the polyol pathway 
and are critical components of the pathogenesis of diabetic retinopathy (174,  176). Data 
from the experimental and human diabetic nerve indicate that higher doses of ARIs are 
needed to prevent oxidant stress than to normalize tissue sorbitol (151); a similar relation-
ship may apply in the diabetic retina. Therefore, now is the time to attempt to identify new 
classes of well-tolerated ARIs whose efficacy is based, not on lowering tissue sorbitol, but 
on lowering oxidative stress markers. The multiple molecular interactions depicted in Fig. 
3 highlight the concept that the cellular consequences of the polyol pathway are likely to 
be the balance of the demands imposed by excess pathway activity and the responses 
available within, or mounted by, the cells. It may thus be indicated to develop dose–
response data for the cell types of interest, comparing systematically the doses of ARIs 
that inhibit sorbitol accumulation, oxidative stress, AGE formation, and retinal functional 
and histological outcomes, respectively. Doses for particular endpoints may differ in the 
different cell types, and one would want to use the minimal dose to achieve efficacy on 
the designated critical target. The next few years of experiments will determine whether 
and how ARIs will be included in tomorrow’s prescription for the prevention of diabetic 
retinopathy and its sight-threatening features. After courting the polyol pathway for so 
many years, an empowering verdict would be welcomed by all.
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Abstract

Through intensive laboratory and clinic-based research the complex nature of diabetic 
retinopathy pathogenesis is becoming better appreciated. Nevertheless, further research is 
needed to achieve a clear understanding of the cellular and molecular basis of disease initia-
tion and progression. Such advances may lead to effective treatments that not only preserve 
vision at the late stages of disease but can also prevent retinopathy progression from the 
point of diabetes diagnosis. This chapter discusses the role that formation and accumulation 
of advanced glycation endproducts (AGEs) play in diabetic retinopathy. In particular, it will 
outline our current knowledge about how AGE adducts influence retinal function in diabe-
tes. There will be emphasis placed on the modulatory role of AGE receptors and useful new 
therapeutic approaches to inhibit AGE formation or harmful receptor interactions in order 
to prevent diabetic retinopathy.

Key Words: Diabetic retinopathy; pathogenesis; advanced glycation endproducts (AGEs); 
receptor for AGEs (RAGE); retina; microvasculopathy; AGE inhibitors; therapy

From: Contemporary Diabetes: Diabetic Retinopathy 
Edited by: E. Duh © Humana Press, Totowa, NJ

187



188 Stitt

INTRODUCTION TO DIABETIC RETINOPATHY

In humans the central retinal artery branches into a unique microvascular system that 
plays a major role in embryological development of the retina and other intraocular 
structures (1). In maturity this microvasculature serves the peculiar metabolic require-
ments of the unique neuroglial configuration of the retina. Within the vascular unit 
itself, there is complex crosstalk between the component cells which maintains cell 
function/survival, blood flow, and the inner blood-retinal barrier (iBRB). For example, 
the end-artery vascular network of the retina lacks any obvious autonomic nerve supply, 
and blood flow into the capillary beds is tightly regulated in response to the metabolic 
needs of the retinal parenchyma. This is achieved, in large part, by the regulatory capac-
ity of the component smooth muscle cells in the retinal arteries and arterioles which are 
highly sensitive to endothelial-generated vasodilators and vasoconstrictors (2). When 
these cell relationships are disrupted, as in some pathological situations such as diabetes, 
the vasculature can become dysfunctional, losing the ability to tightly regulate flow and 
maintain barrier properties. Vascular cells may eventually die and this leads to progres-
sive nonperfusion of the retina.

Diabetic retinopathy is widely regarded as a quintessential disease of the intraretinal 
microvasculature, although as diabetes progresses changes may also occur in the 
choroidal vessels. The vascular-centric view of this disease has led to its clinical clas-
sification into two forms: nonproliferative diabetic retinopathy (NPDR) and prolifera-
tive diabetic retinopathy (PDR). The nonproliferative form is by far the most common, 
and in a significant number of cases it progresses to sight-threatening PDR (3). The 
greatest risk of vision loss occurs in the later phases of diabetic retinopathy with the 
development of macular edema and/or retinal neovascularization, the former being a 
direct consequence of iBRB breakdown and the latter to widespread retinal ischemia 
(4). Retinopathy is the most common microvascular complication suffered by patients 
with diabetes, and it remains a major cause of visual impairment worldwide (5).

Measurable dysfunction of the retinal microvasculature commences within weeks of 
diabetes onset in both patients and animal models of diabetic retinopathy. This is char-
acterized by changes to retinal blood flow, impaired autoregulation, and abnormal 
vasopermeability to plasma proteins (2, 6). As disease duration increases, the nonprolif-
erative phase of diabetic retinopathy is associated with excessive capillary permeability 
leading to iBRB dysfunction (7), capillary basement membrane (BM) thickening (8), 
and pericyte/smooth muscle depletion (9). Weakness of capillary walls (perhaps because 
of pericyte loss) and increased intraluminal pressure probably lead to the formation of 
microaneurysms which provide a clinically visible, quantifiable lesion in the fundus of 
diabetic patients. These are often associated with large areas of nonperfusion at the arte-
rial side of the circulation (10, 11) (Fig. 1). Progression to the proliferative stage of 
diabetic retinopathy is linked to widespread ischemia and subsequent upregulation of 
potent angiogenic growth factors such as VEGF that drive preretinal neovascularization. 
Presence of new vessels on the retinal surface may lead to retraction of the vitreous from 
sites of firm fibrovascular adhesion and, if left untreated, can lead to tractional retinal 
detachment. Also associated with retinal vasodegeneration, diabetic macular edema 
(DME) is caused by wholesale breakdown of the iBRB and constitutes a major cause of 
vision loss associated with diabetic retinopathy.
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endproducts (AGEs) and activation of receptors for AGEs constitute the main focus of 
this chapter, although it should be appreciated that hyperglycemia can simultaneously 
provoke several other pathogenic pathways in retinal cells. One such mechanism is 
linked to increased flux through the polyol or hexosamine pathways which is associated 
with subsequent alterations in the redox state of pyridine nucleotides (17). Accumulation 
of sorbitol in retinal cells is dependent on activity of aldose reductase, and this may 
impinge on a range of pathways and contribute to diabetic retinopathy (18). Also, de 
novo synthesis of diacylglycerol (DAG) leading to the overactivation of several iso-
forms of protein kinase C (PKC) (19), excessive production of free radicals leading to 
oxidative stress (20, 21), changes in blood rheology and hemodynamics (2, 22), and 
overactivation of the renin-angiotensin system (RAS) (23) contribute significantly to 
retinopathy as diabetes progresses. These mechanisms have formed a basis for thera-
peutic intervention, and the PKC β inhibitor ruboxistaurin holds promise for preventing 
progression of diabetic retinopathy. While protection was not observed for some aspects 
of pathology in a recent clinical trial, ruboxistaurin did achieve significant reduction in 
the vision loss through DME (24).

Pathogenic pathways to diabetic retinopathy continue to be elucidated, but these 
should not necessarily be viewed as independent phenomena. As an exemplar for this, 
Brownlee has proposed a unifying concept whereby hyperglycemia increases superox-
ide production (via the mitochondrial electron transport chain) which in turn initiates 
accelerated AGE formation and also exacerbates many of the aforementioned patho-
genic mechanisms (25). This hypothesis has been reinforced in the field of retinopathy, 
in which three biochemical abnormalities involving AGE formation, flux through the 
hexosamine pathway, and DAG-mediated activation of PKC-β have been attenuated 
using the thiamine derivative benfotiamine. Treatment of diabetic animals with benfo-
tiamine showed a convergent protective effect on three pathways and also inhibited 
proinflammatory NFκB activation, culminating in effective prevention of key diabetes-
related retinal lesions (26). More recently, benefits of this drug have also been demon-
strated in retinal microvascular cells exposed to high glucose in vitro (27).

BIOCHEMISTRY OF AGE FORMATION

Excess glucose in cells leads to enhanced nonenzymatic glycation reactions between 
reducing sugars and the free amino groups on proteins, lipids, and DNA. This is an 
inevitable consequence of the reactivity of aldehydes and as a consequence nearly all 
body proteins carry some “burden” of chemically attached carbohydrate. The nature of 
this chemistry was established as early as 1912 when the food chemist Louis Camille 
Maillard reported formation of yellow brown products on heating mixtures of amino 
acids and sugars. The so-called Maillard reaction begins with the formation of a Schiff 
base between glucose and ε-amino groups (e.g., lysine) that slowly rearranges to rela-
tively stable Amadori adducts (Fig. 2). The most widely known Amadori product is a 
modification of hemoglobin (HbA1c) which is used clinically as an indicator for cumu-
lative exposure to elevated blood glucose. Both the Schiff base and the Amadori com-
pound can undergo further oxidation and dehydration so that their concentrations 
ultimately depend on both forward and reverse reactions. The forward reactions give 
rise to additional protein-bound compounds collectively termed AGEs. During diabetes 
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exposed to high glucose, and they are also elevated in diabetic plasma (31). Dicarbonyls 
can react directly with protein to yield many of the same structures derived from the 
Amadori product, and they constitute an important source of intra- and extracellular 
AGEs (32). For example, fructose-lysine can undergo metal-catalyzed oxidative cleav-
age giving rise to the irreversible “glycoxidation” product, CML which can also be 
formed from direct reaction of GO with lysine, independent of the presence of glucose. 
GO also reacts with arginine residues on protein to form carboxymethyl-arginine 
(CMA) (33), while MGO can give rise to the AGEs N(-(carboxyethyl)lysine (CEL) and 
arginine-hydroimidazolone (28, 32). MGO is also derived from spontaneous elimination 
of phosphate from triose phosphates, the concentrations of which are increased during 
hyperglycemia because of the increased flux of glucose through glycolysis.

Cells may have endogenous protection against intracellular reactivity of AGE-
forming dicarbonyls and several such “detoxifying” enzymes have been identified. For 
example, a glutathione-dependent glyoxalase complex (formed from glyoxalase I and 
glyoxalase II components) acts as an effective detoxification system for GO and MGO 
(34). The enzyme system catalyzes conversion of MGO to s-d-lactoylglutathione which 
is subsequently converted to d-lactate by glyoxalase II. Cells that overexpress this 
enzyme show less accumulation of MGO-derived AGEs (35).

Dyslipidemia is often overlooked as a pathogenic force in diabetic retinopathy (36). 
Lipid peroxidation reactions can also form a class of Maillard products called advanced 
lipoxidation endproducts (ALEs), and these are linked to diabetes and dyslipidemia (37) 
(Fig. 2). ALEs may represent an important source of protein modification especially in 
lipid-rich, highly oxidative environments, such as in the retina. Although understanding 
about the role of ALEs in diabetic retinopathy lags far behind that which is known about 
AGEs, these pathogenic adducts deserve more investigation.

PATHOGENIC ROLE OF AGES IN DIABETIC RETINOPATHY

AGEs and Clinical Correlation of Diabetic Retinopathy
The methods for AGE quantification in biological systems are based on analytical 

and/or immunocytochemical analysis that differ between researchers, and this has pro-
duced variable outcomes in a wide range of studies. With this proviso, patient-based 
studies have demonstrated that the levels of AGEs in serum correlate with the clinical 
progression of diabetic retinopathy (38). While many reported studies measured a range 
of ill-defined AGE moieties, others evaluated specific adducts such as CML, pentosi-
dine, crossline, or hydroimidazolone (39–41) and found association with diabetic retin-
opathy. At the same time, some studies have reported no correlation between AGE 
levels and retinopathy in diabetic patients (39, 42), although the apparent disparity with 
other studies may be related to variations in patient populations, presence of nephropa-
thy, and/or the nonuniform assays for plasma AGE quantification.

AGE-modified proteins in serum get readily cleared (except during renal dysfunction) 
and thus may not always provide robust biomarkers for disease. By contrast, modifica-
tion of extracellular matrix proteins isolated from skin biopsies often provides more 
meaningful data (43). This is well illustrated by recent investigation of skin AGEs by the 
Diabetic Control and Complications Trial (DCCT) skin collagen ancillary study group 
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(44) which has added weight to the assertion that glycation and AGE modifications on 
long-lived proteins could be associated with progression of diabetic retinopathy. This 
study followed over 200 patients from the original DCCT for a further 10 years under the 
auspices of the Epidemiology of Diabetes Interventions and Complications (EDIC) trial 
(45). It revealed that levels of diabetic retinopathy were significantly less in the group 
initially maintained under “tight” glycemic control and that these benefits extended far 
beyond the period of intensive insulin therapy (45). The patients under “conventional” 
control for the first 10 years maintained a so-called hyperglycemic or metabolic memory 
and retained a strong association with retinopathic progression. Interestingly, the same 
memory phenomenon was also shown for retinopathy nearly 20 years previously by 
Engerman and Kern in variously controlled diabetic dogs (46). CML-modified skin col-
lagen significantly predicted the progression of retinopathy (and nephropathy) even after 
initiation of intensive insulin therapy (45). Furthermore, the predictive effect of hemo-
globin A1c (HbA1c) vanished after adjustment for furosine and CML, suggesting that 
accumulation of these adducts is an excellent marker for retinopathic progression and 
could offer a basis for the metabolic memory phenomenon (44).

AGE Accumulation in the Eye
AGEs have been extensively quantified in ocular tissues and shown to be elevated in 

diabetics when compared to nondiabetic controls. This includes cornea (47) and vitreous 
(48), where the levels of adducts may form an association with diabetic retinopathy (49). 
In the retina, AGEs and/or late Amadori products have been localized to vascular cells, 
neurons, and glia of diabetics (50–55). This would be expected to have pathogenic impli-
cations for the individual cells and retinal function. Although differential accumulation of 
AGEs exists in the diabetic retina over the course of life, diabetes significantly enhances 
the occurrence of these adducts in the vascular and neural tissue components (54).

Effect of AGEs on Retinal Cells
Demise of the retinal microvasculature remains a hallmark lesion of retinopathy in both 

diabetic animal models and patients (11). Retinal capillaries could be the principal targets 
for AGE-induced toxicity by several routes (Fig. 3). AGEs induce toxic effects on retinal 
pericytes by inducing apoptotic death linked to increased oxidative stress (56) and depleted 
superoxide dismutase (SOD) activity. Increases in such oxidative stress along with enhanced 
levels of ceramide and DAG further contribute to pericyte loss in the retinal capillaries (57). 
In addition, some studies have indicated that AGEs cause osteoblastic differentiation and 
calcification in retinal pericytes by the activation of alkaline phosphatases eventually leading 
to apoptosis (58). Pericytes exposed to AGE-modified basement membrane undergo 
MAPK-dependent apoptosis (59) and show acute attenuation in endothelin-1 (ETA receptor 
mediated)-induced contraction with subsequent downregulation of ETA receptor signaling 
suggesting that substrate-derived AGE cross-links could influence pericyte physiology (60). 
A more recent study shows that the intrinsic glyoxalase I detoxification system is critical for 
pericyte survival, and under high glucose conditions these cells may undergo rapid apoptosis 
possibly by the inactivation of glyoxalase by nitric oxide (NO) (61).
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The 35-kDa receptor for AGE (RAGE) is the best characterized AGE-receptor 
protein and was originally identified in endothelium, although it is now known to be 
present in multiple vascular, neural, and cardiac tissues (76). RAGE acts as a signaling 
receptor for at least two distinct AGEs: CML (77) and hydroimidazolone adducts (29). 
These ligands can evoke proinflammatory signaling cascades mediated through NF-κB 
transcriptional activation and leading to oxidative stress and upstream expression of 
molecules such as ICAM-1/VCAM-1 (78, 79). A naturally occurring soluble fragment 
of RAGE (sRAGE) can block AGE receptor binding and effectively suppress vascu-
lopathy. This may form an important endogenous regulatory mechanism for RAGE-
mediated inflammation since it has been shown that patients with coronary artery 
disease (80) and diabetic complications (81) have low endogenous sRAGE.

It should be appreciated that RAGE is a promiscuous receptor and can bind many non-
AGE ligands, including amphoterin (82) and amyloid beta peptide (83). RAGE also binds 
to members of the S100/calgranulin family whose interaction on endothelium, mononu-
clear phagocytes, and lymphocytes trigger cellular activation and inflammation (84). 
S100A12 (Extracellular novel RAGE binding protein (EN-RAGE) ) acts as an important 
ligand for RAGE with these interactions reported to be increased in patients with type 2 
diabetes (85). EN-RAGE is induced by IL-6 exposure via the JAK-STAT kinase pathway, 
while activation of the peroxisome proliferators activator receptor gamma (PPARγ) inhib-
its production of EN-RAGE in macrophages (86). Binding of EN-RAGE to RAGE 
induces strong inflammatory stimuli by producing cytokines like IL-8, TNF-α (87) which 
are linked to atherosclerosis (88) and vascular hyperplasia (89).

RAGE in Diabetic Retinopathy
There appears to be significant activation of the proinflammatory RAGE axis 

among the patients with PDR and proliferative vitreoretinopathy which may be asso-
ciated with concurrent presence of AGE ligands (90). Hyperglycemic mice exhibit 
enhanced RAGE expression in the inner retina, particularly in Muller cells, which 
show elevated receptor levels at the vitreoretinal surface (91). This opens a further 
new paradigm for possible RAGE-mediated involvement in retinal neuropathic abnor-
malities during diabetes, and recent studies have indicated a role for the receptor in 
Muller cell dysfunction (92).

Modulation of the AGE-RAGE axis has therapeutic potential as demonstrated by 
sRAGE efficacy against diabetes-related neuronal dysfunction and vascular lesions in 
mice (92). The clinical potential for reducing RAGE signaling in the cells of the diabetic 
retina is further underscored by the increasing range of new RAGE-regulating agents. 
One such agent is TTP488 which is an orally delivered small molecule that has com-
pleted a Phase IIa study in patients with Alzheimer’s disease. This “RAGE-blocker” is 
also being evaluated in the Phase II trial for the patients with diabetic nephropathy, while 
another large molecule TTP4000 may soon enter Phase I clinical trials (93). These agents 
are exciting because they directly address RAGE-ligand binding and show great potential 
for diabetic complications although their role in retinopathy requires assessment.

Some commonly used diabetes drugs such as thiazolidinediones (Rosiglitazone) (94) 
or calcium channel blockers like nifedipine (95) reduce RAGE expression in endothelial 
cells and could serve to limit proinflammatory effects of AGEs. In particular, 
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Rosiglitazone can inhibit neointimal hyperplasia via downregulation of RAGE expres-
sion in aortic smooth muscle cells (96). 3-Hydroxy-3-methylglutaryl coenzyme A 
reductase inhibitors (statins) may also lead to a reduction in AGE-RAGE elicited ang-
iogenesis via suppression of VEGF (97). Moreover, angiotensin II receptor blockers 
(ARB) can reduce RAGE expression which should be factored into the benefit that these 
agents have in preventing diabetic retinopathy (98). This observation is further eluci-
dated by recent work which suggests AGEs activate chymase-dependent alternative 
pathway contributing to more than 70% of production of angiotensin II production 
which was inhibited by the use of neutralizing antibodies for RAGE (99). In addition to 
the downregulation of RAGE and concomitant reduction in oxidative stress, an impor-
tant ARB, Telmisartan, also acts as selective modulator of PPARγ which suggests some 
crosstalk between AGE-RAGE system and PPARγ modulation (100). Thus a complex 
interplay between enhanced levels of AGEs, suppressed antioxidant status, and upregu-
lation of RAGE axis may together play a pivotal role in the progression of diabetic 
retinopathy.

Other AGE Receptors in Diabetic Retinopathy
While RAGE biology is well established, other AGE receptors may also play an 

important pathogenic role in diabetic complications in general and retinopathy in par-
ticular. So-called AGE-R1 and AGE-R2 are expressed on the plasma membrane of 
endothelium, monocytes/macrophages, T lymphocytes, neurons, glia, renal cells, and 
smooth muscle (101). AGE-R1 serves as both cell surface and intracellular binding/
transporting protein and may have a negative regulatory influence on RAGE and there-
fore serve to reduce proinflammatory responses (102). AGE-R2 may act as a substrate 
for PKC (103) and have role in intracellular signaling leading to cytokine and growth 
factor secretion associated with AGE receptor binding (104). Galectin-3, also termed 
AGE-R3, is a member of beta-galactoside-binding lectin family present in foam cells of 
the atherosclerotic lesion (105). AGE-R3 is capable of promoting high molecular 
weight complex formation with AGE ligands and with other membrane receptor mole-
cules on the cell surface (106). AGE-R3 lacks a signal sequence indicating that this 
protein probably requires association with other members of the complex (AGE-R1 and 
AGE-R2) to operate (106). AGE-R3-deficient mice develop more severe renal lesions 
in the presence of diabetes as compared to wild-type counterparts suggesting an impor-
tant protective role for this protein in AGE-induced tissue injury (107, 108). This 
response may be tissue-specific since AGE-R3 shows an opposing response in the con-
text of retinal angiogenic repair mechanisms. AGE-treated wild-type diabetic mice 
show enhanced retinal ischemia, an effect which is abolished in AGE-R3 knock out 
animals (64).

AGE-modified proteins may also bind to the class A scavenger receptor (SR-A), 
class B scavenger receptors like CD36, SR-BI, Type D scavenger receptor LOX-1 and 
the fasciclin EGF-like, laminin-type EGF-like, and link domain-containing scavenger 
receptor-1 (FEEL-1) (109, 110). CD36 mediates endocytic uptake of AGEs and subse-
quent degradation and in addition to AGE interactions may serve as a major receptor for 
oxidized LDL in macrophages and smooth-muscle-derived foam cells in atherosclerotic 
lesions (111). The role of CD36 in diabetic retinopathy remains largely unknown.
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ANTI-AGE STRATEGIES FOR DIABETIC RETINOPATHY

In recent years there have been many approaches to protect against AGE formation, 
reduce AGE receptor signaling cascades, or sever established AGE crosslinks. These 
treatments not only offer an important insight into the pathogenic role of AGEs in dia-
betic retinopathy but also have translational potential for the treatment of patients.

Amadori product formation is an important basis of Maillard chemistry in biologi-
cal systems because progression to AGE formation requires chemical rearrangement 
to create reactive intermediates. An important pharmacological strategy for the 
inhibition of this process commenced with the small nucleophilic hydrazine com-
pound aminoguanidine (Pimagedine) (112) (Fig. 5). This drug is a potent inhibitor 
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Fig. 5. Basement membrane thickening and AGE immunoreactivity in diabetic rat retina. Transmission 
electron microscopy (TEM) of rat retina shows that retinal capillary basement membranes (BMs) 
(arrows) are susceptible to thickening during 12 months of diabetes (compare nondiabetic (A), with 
diabetic (B)). Treatment of diabetic rat with the AGE inhibitor aminoguanidine protects against dia-
betes-related BM thickening (C)). Trypsin digest preparations were evaluated for AGE immunoreac-
tivity using an AGE-specific monoclonal antibody. The retinal microvasculature of 12-month-old 
nondiabetic rats demonstrates some AGE immunoreactivity which is largely within the vascular BM, 
as indicated by diffuse fluorescence (arrow) (D). Twelve-month diabetic rat retinal vessels show 
intense AGE immunoreactivity, localized particularly in the retinal arteries and arterioles (E). The cell 
bodies of the retinal pericytes show high levels of AGEs when compared to controls (arrows). 
Treatment of diabetic rats with aminoguanidine for the duration of diabetes reduces AGE immunore-
activity within the cells and vessel walls (F).
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of AGE-mediated crosslinking and has been shown to prevent diabetic vascular 
complications in experimental animals (113), including diabetic retinopathy (50,
114–117). Aminoguanidine has been evaluated in a multicenter clinical trial where 
it failed to achieve statistically significant lowering of serum creatinine, but showed 
positive signs toward slowing the progression of overt nephropathy and retinopathy 
progression (118).

For many patients there will have been extensive AGE formation at the time of dia-
betes diagnosis. Therefore it would be beneficial to attack established AGE crosslinks 
in tissues. This constitutes an exciting approach since it would “break” pre-accumulated 
AGEs and subsequently allow their clearance via the kidney. An AGE crosslink 
“breaker” prototype has been described to attack dicarbonyl-derived crosslinks in vitro 
(119), and there are now at least two such (related) chemical agents with reported ability 
to reduce tissue AGEs in experimental diabetes (120, 121). The compound ALT-711 has 
been shown to ameliorate myocardial stiffness in aged dogs (122) and improve the abil-
ity of carotid arteries to expand during systole in diabetic rats (121). In preliminary 
clinical trials, ALT-711 modestly improved arterial compliance in aged patients with 
measurable cardiovascular stiffening (113). The effects of ALT-711 on retinopathy have 
yet to be evaluated.

Compounds with post-Amadori product scavenging potential offer therapeutic poten-
tial since this is an important route for AGE formation in vivo. So-called Amadorins 
have an ability to scavenge reactive carbonyls and therefore inhibit the conversion of 
Amadori intermediates to AGEs and also ALEs (37, 123). Aminoguanidine possesses 
no scavenging properties (123, 124), but it has been found that the derivative of vitamin 
B6, pyridoxamine (Pyridorin™), is an efficacious and specific post-Amadori inhibitor 
(37, 124, 125), with the ability to prevent renal dysfunction in diabetic rats (126). Also 
in rats, pyridoxamine successfully reduced retinal AGE accumulation and also pre-
vented upregulation of BM-associated genes and diabetes-associated capillary acellu-
larity (127).

CONCLUSION

Initiation and progression of retinopathy reflect the multifactorial nature of metabolic 
upset within the diabetic milieu leading to activation of many inter-related pathogenic 
pathways. Long-term management of retinopathy in the ever-expanding number of dia-
betic patients will involve precise regulation of their glycemic, vasotensive, and lipi-
demic profiles, hopefully in combination with drugs that ameliorate an array of 
biochemical and metabolic abnormalities. Experimental work suggests that AGE for-
mation and activation of AGE receptors represent a key pathogenic mechanism in dia-
betic retinopathy, and inhibition of these pathways presents a valid avenue for therapeutic 
exploitation (Fig. 6). As our knowledge of Maillard chemistry and its biological impact 
improves, alongside clear elucidation of AGE-receptor signaling, there are likely to be 
exciting new opportunities for therapeutic management of diabetic retinopathy at all 
stages of the disease.
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Abstract

The protein kinase C (PKC) molecule is part of a serine/threonine kinase family that 
catalyzes phosphorylation of key proteins involved in signal transduction. Conventional and 
novel PKC isoforms are upregulated by diacylglycerol (DAG), which in turn is increased 
by the hyperglycemia of diabetes. PKC isoforms are differentially expressed and activated 
in tissues throughout the body, including the aorta, kidney, heart, monocytes, and retina, 
but not in the brain or peripheral nerves. In the retina, PKC activation is associated with 
changes in retinal blood flow, possibly through effects on retinal pericytes, the expression 
of endothelium-derived growth factors, and/or leukostasis. The activation of PKC may 
also lead to basement membrane and extracellular matrix alterations within the retinal 
vasculature. Increases in retinal vascular permeability and angiogenesis are seen with PKC 
activation related to its actions on vascular endothelial growth factor. Inhibition of PKC, 
particularly PKC-beta isoforms, appears to ameliorate many of these effects on the retinal 
vasculature. Ruboxistaurin is a PKC inhibitor with a high affinity for PKC-beta isoforms. 
Human clinical studies with this drug are ongoing, but trials have already demonstrated its 
efficacy in preventing vision loss, decreasing the need for laser treatment, and decreasing 
the progression of macular edema in patients with diabetes.
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INTRODUCTION

Numerous studies, including the Diabetes Control and Complications Trial 
(DCCT) and the United Kingdom Prospective Diabetes Study (UKPDS), have dem-
onstrated a close correlation between increased blood glucose levels and diabetic 
complications affecting multiple organ systems, including the brain, cardiovascular 
system, kidneys, and eyes. Complications from this disease may be divided into 
macrovascular, including coronary artery disease, atherosclerosis, and peripheral 
vascular disease; and microvascular, including retinopathy, nephropathy, and neurov-
ascular defects. Intensive control of blood glucose can successfully delay the onset, 
and slow the progression, of diabetic retinopathy, nephropathy, neuropathy, and car-
diac abnormalities (1).

In addition to systemic factors such as hyperglycemia, local tissue responses are 
equally important in the development of pathologies both in the type and the severity of 
complications. For example, some vascularized organs such as the pulmonary system do 
not manifest significant pathological functions even though they are exposed to the same 
levels of hyperglycemia and other systemic metabolites that exist in the diabetic condition. 
Another clear example of the importance of tissue response is in the area of angiogenic 
response. In the retina, excessive proliferation of endothelial cells is the hallmark of dia-
betic proliferative retinopathy. In contrast, myocardium and peripheral limbs exhibit too 
little neovascularization in response to hypoxia even though all the tissues are exposed to 
hyperglycemia, oxidative stress, or inflammatory cytokines. Thus, a complete understand-
ing requires the clarification of changes in systemic and local factors.

Hyperglycemia has been shown to affect several signal transduction pathways includ-
ing the elevation of diacylglycerol (DAG) levels and the activation of protein kinase C 
(PKC) and MAP kinases (2, 3). We have focused on the effects of PKC activation since 
this pathway is involved in regulating vascular function in a variety of ways including 
endothelial permeability regulation, vasoconstriction, extracellular matrix synthesis and 
turnover, cell growth, angiogenesis, activating cytokines, and adherence of leukocytes. 
This chapter will review the role of PKC in diabetes and its complications, particularly in 
respect to PKC’s actions affecting retinal blood flow, basement membrane and extracel-
lular matrix changes, and vascular permeability and angiogenesis.

PKC

Protein kinase C (PKC) is part of a serine/threonine kinase family that phos-
phorylates key proteins involved in cardiovascular and endothelial function. It catalyzes 
the phosphate group transfer from ATP to other substrate proteins. PKC has individual 
isozymes, which are selectively activated in vascular tissues by diacylglycerol (DAG). 
Synthesis of DAG is in turn upregulated in vascular tissues by hyperglycemia. Differences 
in structure and substrate requirements have yielded approximately 12 different PKC 
isoforms. These differences allow classification of PKC into three different groups: 
Conventional (cPKC), novel (nPKC), and atypical PKCs (aPKC) (Table 1) (4, 5–9).
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Each PKC molecule contains a single polypeptide chain with an N-terminal regulatory 
region and a C-terminal catalytic region. The different isoforms are products of separate 
genes (except for PKCβ1 and β2 which are same gene alternate splice variants).

The three PKC groups are characterized by differences in the four conserved 
domains, referred to as C1–C4. All PKC isozymes contain C3 and C4, which are 
located in the C-terminal catalytic portion of the molecule. The C3 site is involved in 
binding ATP, whereas the C4 site recognizes substrates to be phosphorylated by PKC 
(5–9). The cPKC polypeptide structure contains all four conserved domains and five 
variable regions. The components required for interaction with DAG, phorbol esters, 
phosphatidylserine, and calcium are located in the C1 and C2 domains in the N-terminal 
portion of the molecule. In contrast to the cPKC subclass, both nPKC and aPKC possess 
C2-like regions, that do not bind calcium, so that only cPKC is calcium dependent 
(Table 1).

DAG-PKC PATHWAY

In cells, DAG is the physiologic activator of PKC. DAG, in turn, is derived from 
multiple pathways, including the hydrolysis of phosphatidylinositol (PI) by phospholi-
pase C (PLC), and by synthesis from dihydroxyacetone phosphate and glycerol 
3-phosphate. However, several studies have shown that PI hydrolysis does not lead to 
hyperglycemia-induced increases in DAG in vascular cells. De novo synthesis involving 
the metabolism of dihydroxyacetone phosphate into lysophosphatidic acid and then 
phosphatidic acid (PA) has been shown to lead to glucose-induced DAG formation 
(10–12).

Hyperglycemia mediated upregulation of DAG causing corresponding increases in 
PKC activity has been demonstrated in the retina, aorta, heart, monocytes, and glomer-
uli from animals and humans with diabetes (10–12). PKC isoforms are diffusely located 
in mammalian tissue and vary widely in regard to their tissue localization. These iso-
forms are differentially activated within these tissues (Table 2). Of all the isoforms, the 
largest fraction is that of PKCβ, which belongs to the cPKC family. This isoform family, 
as mentioned earlier, requires DAG for activation. Studies have shown that the PKCβ 
isoform demonstrates the most significant increase in a variety of vascularized tissues 
in hyperglycemic states. It is also one of the isoforms activated in hyperglycemic states 
in monocytes and leukocytes (13–17). However, PKCα and δ isoforms have also been 
reported to be activated in several tissues including the retina, heart, kidney, and the 
monocytes.

Table 1
Protein Kinase C Subtypes

Conventional PKC (cPKC) Novel PKC (nPKC) Atypical PKC (aPKC)

α, βI, βII, γ δ, ε, η, θ ζ, ι/π
Ca2+ dependent Ca2+ independent Ca2+ independent
Activated by PS and DAG Regulated by PS and DAG Regulated by PS

PS phosphatidylserine
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This preferential activation of different PKC isoforms in different tissues in hyperg-
lycemic states is not fully understood. Several theories have been proposed. First, cal-
cium levels may change the overall affinity of PKC isoforms to DAG. It has been 
suggested that the PKCβ isoform may be more sensitive to DAG than the nPKC or 
aPKC isoforms when low calcium levels are present (though the latter are overall cal-
cium independent). Another possibility is that because of the specific subcellular loca-
tion of some isoforms, they may be differentially activated in cases of hyperglycemia-induced 
increases in DAG. For example, because PKCβ is present intracellularly, rather than 
being membrane-bound, the mitochondrial-Golgi apparatus could preferentially 
activate it. Third, varying ratios of synthesis and degradation could contribute to differ-
ent concentrations of isoform reported in different tissues (29–31). Fourth, it is also 
possible that the activation of PKCβ isoform appears to be greater than other isoforms 
due to our ability to measure the changes between control and diabetic states.

DIABETES AND RETINAL BLOOD FLOW

Capillary pericyte loss is among the earliest and most specific features of clinical dia-
betic retinopathy. Retinal pericytes serve a key role in maintaining capillary integrity and 
function. Their loss can lead to vessel dysfunction, vascular permeability, increase in ves-
sel diameter and loss of regulatory tone, endothelial cell proliferation, and formation of 
microaneurysms. All these changes may in turn alter retinal blood flow dynamics and 
result in retinal ischemia. This ischemia can cause release of growth factors that stimulate 
new, unhealthy blood vessel formation and proliferation. This stage of proliferative 

Table 2
Differential Expression and Activation of PKC Isoforms in Tissues and Cultured Cells 

Under Normal and Hyperglycemic Conditions

Tissue/cultured cell type
PKC isoforms 
in normal tissue

PKC isoforms activated by 
hyperglycemia/diabetes References

Rat aorta α, βII βII (13)
Rat aortic smooth muscle cells α, βII βII (15,16)

α, βI, βII, δ βII > δ (18)
Rat kidney α, βI, βII, δ, ε, ζ α, ε (19)
Rat glomeruli α, βI, βII, δ, ε a = βI (20)

α, βII, δ, ε βII (54)
α, βII, δ, ε ε > δ > α (21)

Rat mesangial cells α, δ, ε, ζ ζ > α (22)
Rat retina α, βI, βII, ε βII > ε > α > βI (18)
Bovine retinal endothelial cells α, βI, βII, δ, ε, ζ δ > βII > α > βII (17)
Rat corpus cavernosum α, βI, βII, δ, ε βII (23)
Rat heart α, βII βII (13)

α, β, δ, ε, ζ α > δ (24)
α, β, δ, ε, ζ α (19)

Rat cardiac myocytes δ, ε ε (25)
Rat sciatic nerve α, βI, βII, δ, ε No difference (26)
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 retinopathy can lead to hemorrhages and fibrosis, and eventually either vitreous hemor-
rhage or retinal detachment with poor visual outcome. The increased loss of pericytes is 
likely due to apoptosis as a response to diabetes-induced decreases in PDGF-B receptor’s 
actions. We have shown that PDGF-β levels are actually increased in the retina of diabetic 
animals, suggesting that diabetes and possibly PKC activation may cause PDGF-B resist-
ance in retinal pericytes, affecting permeability and blood flow (30).

Some hemodynamic abnormalities are evident and can be recognized before any clini-
cal signs of retinopathy are evident. Circulatory abnormalities have been reported in Type 
1 diabetic patients with no clinical signs of retinopathy. Retinal blood flow is significantly 
decreased in these patients as shown by video fluorescein angiography (VFA) (31). Laser 
Doppler methods have also shown decreased arterial blood velocity in diabetic patients 
with no-to-minimal retinopathy (32). With longer duration of disease and progression to 
proliferative retinopathy, retinal blood flow will actually increase (33–36). Proposed 
mechanisms to explain initial decreases in retinal blood flow include diabetes-related 
changes in vasoactive factors in concordance with the PKC signal transduction pathway 
resulting in increased resistance to blood flow in early stages of diabetes.

It has been reported that injection of the PKC activator, phorbol dibutyrate, into the 
vitreous of healthy rats resulted in a significant increase in arteriovenous passage time. 
This paralleled the increase noted in 2–4 week diabetic rats in the same study. In addi-
tion, intravitreal administration of R59949, a DAG kinase inhibitor, into healthy rats 
demonstrated increased levels of total retinal DAG and showed dose-dependent 
decreases in retinal blood flow (37).

PKC could exert its effects on retinal vascular reactivity by changing the expression 
of certain endothelium-derived growth factors. One such factor is endothelin-1 (ET-1), 
a potent vasoconstrictor which has been identified in capillary endothelial cells, peri-
cytes, and other retinal cells (38, 39). Retina samples from diabetic rats showed 
increased mRNA levels of ET-1. If ET-1 is given as an intravitreal injection to nondia-
betic rats, there is increased retinal vasoconstriction and resultant decreases in retinal 
blood flow. Taking another approach, injecting the ET-1 receptor antagonist, BQ-123, 
dose dependently increases retinal blood flow in diabetic rats. In addition, when bovine 
retinal capillary endothelial cells and pericytes are exposed to high glucose concentra-
tions, both membranous PKC activity and ET-1 expression are increased (17). Following 
the administration of two compounds, PKC inhibitor (GF 109203X) and mitogen-acti-
vated protein kinase inhibitor (PD 98059), the noted increase in ET-1 is inhibited. 
Another endothelium-derived growth factor altering vasoreactivity is nitric oxide (NO), 
which, in contrast to ET-1, is a vasodilator. In response to increased glucose levels, both 
expression and production of NO are decreased in cultured retinal endothelial cells (40). 
This decrease can be partially restored by inhibiting PKC. The combined effects of an 
increase in ET-1 (a vasoconstrictor) and a decrease in NO (a vasodilator) could contrib-
ute to overall vasoconstriction and resulting increased resistance to blood flow. 
Therefore, these endothelium-derived growth factors may exert significant vasoactive 
effects to promote the initial decrease in retinal blood flow observed in early diabetes.

Leukostasis may also play a significant role in diabetic pathology, though it likely does 
not entirely explain the observed decrease in retinal blood flow. Leukocytes and monocytes 
show increased adhesion to retinal endothelial cells in response to the PKC activation seen 
in early diabetes (41). This increased adhesion is more directly related to oxidative stress 
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than to hyperglycemia and can be blocked by the administration of either d-a-tocopherol (a 
nonspecific PKC inhibitor) or ruboxistaurin (RBX) (a PKCβ-specific inhibitor).

BASEMENT MEMBRANE AND ECM CHANGES

Diabetic vasculature undergoes other early changes in the course of diabetes. Increased 
deposition of ECM causes capillary basement membrane thickening (42). This in turn affects 
vascular permeability, cellular adhesion, proliferation, differentiation, and gene expression 
(43). Increased expression of collagens, fibronectin, and laminin has been reported prior to 
basement membrane thickening (44, 45). Expression and transcription of these substances 
have been shown to be reduced in response to administering PKC inhibitors.

Growth factors are also thought to play a role in basement membrane and ECM 
alterations. For example, transforming growth factor β (TGFβ) has been established as 
a regulator of ECM accumulation and increases expression of certain collagens and 
fibronectin. Studies show increased expression of TGFβ in response to hyperglycemia 
(46). Another growth factor, connective tissue growth factor (CTGF), has also been 
shown to regulate ECM accumulation via TGFβ-dependent and TGFβ-independent 
mechanisms (47). Hyperglycemia-induced increases in the expression of CTGF appear 
to be dependent on both TGFβ expression and the PKC signaling pathway, as increases 
are tempered by an anti-TGFβ antibody and by PKC inhibition (48–49). PKC activation 
may play a role in this increase leading to the accumulation of ECM. Certain proto-
oncogenes, c-fos and c-jun, are induced by PKC. They regulate gene expression via an 
AP-1 binding site whose consensus sequence is present in the promoter region of TGFβ, 
CTGF, fibronectin, and laminin (50–53).

VASCULAR PERMEABILITY AND ANGIOGENESIS

Diabetes causes a marked increase in vascular permeability to macromolecules such 
as albumin (54). This has been noted significantly in the retinal and renal vasculature. 
This change in permeability in the retinal vasculature leads to the clinical sequelae of 
transudation of fluid into the retina and subsequent visual loss from macular edema. 
Cultured endothelial cells have shown increased permeability in response to phorbol 
ester-activated PKC to macromolecules including albumin (55–56). This increase is 
reduced by PKC inhibitors. It has been suggested that PKC causes the phosphorylation 
of certain cytoskeletal proteins (caldesmon, vimentin, talin, and vinculin), and through 
this mechanism, stimulates the endothelial cell contractile apparatus, resulting in 
increased vascular permeability (57–59).

Increased levels of vascular endothelial growth factor (VEGF) have been demonstrated 
in vitreous fluid and aqueous in patients with proliferative diabetic retinopathy (60). 
VEGF has mitogenic effects on endothelial cells and promotes vascular permeability. It is 
also a key factor in mediating hypoxia-induced angiogenesis. Increased expression of 
VEGF is reported in vascular smooth muscle cells in response to high glucose. PKC inhi-
bition leads to a decrease in this increased VEGF expression. The nonisoform-specific 
PKC inhibitors GFX and H-7 prevent cellular proliferation in response to VEGF. In addi-
tion, LY333531 (ruboxistaurin), which selectively inhibits the PKCβ isoform, also 
decreases VEGF’s mitogenic effects (versus the antisense PKCα oligonucleotide that did 
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not reduce the mitogenic effects). This suggests an important role for PKCβ in VEGF-
mediated cellular proliferation (61, 62).

INHIBITION OF PKCβ
Many early PKC inhibitors were nonspecific and were associated with a variety of 

adverse clinical side effects. More recent PKC inhibitors proposed for clinical study, 
including ruboxistaurin (RBX), which inhibits PKCβ, have targeted specific PKC iso-
forms. The PKCβ isoform is of particular clinical interest because it demonstrates 
increased activation in many vascular tissues, including the eye and kidney, in the dia-
betic state. RBX exerts its inhibition on the cPKC family, and more specifically has 
affinity for PKCβI and PKCβII over PKCα and other PKC isoforms (63). In addition, 
in a specific dose range, it demonstrates selective inhibition of PKC over other kinases 
such as calcium-calmodulin and src-tyrosine kinases (63).

When given orally to diabetic rats, RBX increases retinal blood flow, and improves 
glomerular filtration rates and albumin excretion (64). It has also been shown to attenu-
ate the microvascular flow disturbances caused by leukocyte adhesion (65). Further 
studies using intravitreal administration of RBX in diabetic rats showed decreased PKC 
activation and increased retinal blood flow (37). RBX also suppresses VEGF-mediated 
retinal vascular permeability in vivo (62) and prevents retinal neovascularization devel-
opment in a pig model of ischemic retinal disease (66). A recent study demonstrated 
that RBX was well tolerated by diabetic patients in doses up to 16 mg twice daily for 28 
days. At these doses, it decreased diabetes-induced retinal circulation time abnormali-
ties without any significant safety issues (67). Subsequent phase 3 studies demonstrated 
that 32 mg of oral RBX given once daily over 3 years significantly reduced the rate of 
sustained moderate visual loss (68). In addition, initial macular laser treatment was 26% 
less frequent in patients on RBX compared to placebo (p = 0.0008), and macular edema 
progressed significantly less frequently to within 100 µm of the fovea (68). To date, 11 
clinical trials of this drug have been completed or are currently recruiting that evaluate 
RBX’s additional effects on endothelial dysfunction, peripheral neuropathy, and neph-
ropathy in diabetic patients (69). Clinical trials involving RBX are discussed in further 
detail in Chap. 18.

CONCLUSIONS

Diabetic complications involving the eye, kidney, heart, and nerve all involve activa-
tion of the DAG-PKC pathway. Hyperglycemia increases the activity of this pathway, 
either directly or indirectly via oxidants and glycated products. PKC inhibition has been 
shown to ameliorate many of hyperglycemia’s adverse effects on the vasculature, 
including changes in retinal blood flow, thickening of basement membrane and extra-
cellular matrix, and increases in vascular permeability and angiogenesis. Given the 
presence of multiple PKC isoforms each with specific triggers and actions, the need for 
targeted therapy is crucial to prevent complications. RBX preferentially inhibits the 
PKCβ isoform and is well tolerated by diabetic patients. However, it is very likely that 
the activation of other PKC isoforms also causes significant retinal pathologies and will 
have to be inhibited in order to stop the progression of diabetic retinopathy.
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Abstract

An association between oxidative stress and the development of diabetes complications 
has been recognized for over 20 years. Increased production of reactive oxygen species 
has been strongly implicated in the pathogenesis of diabetic retinopathy. However, in spite of 
overwhelming evidence supporting the damaging consequences of oxidative stress and its 
established role in experimental models of diabetes, the results of large-scale clinical trials 
with classic antioxidants have failed to show any benefit for diabetic patients. The disap-
pointing results of antioxidant trials in patients underline the importance of identifying the 
specific sites and sources of oxidative stress in the tissues of diabetic patients. This chapter 
summarizes the current perspective on how diabetes induces oxidative stress in the retina, 
how diabetes-induced oxidative stress may lead to the development of diabetic retinopathy 
and reviews strategies for treatment or prevention of diabetic retinopathy by reducing oxida-
tive stress.
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INTRODUCTION

As has been explained in earlier chapters, development of diabetic retinopathy fol-
lows a pattern similar to that seen with ischemic retinopathy, beginning with a period of 
vascular dysfunction and breakdown of the blood-retinal barrier, which may be fol-
lowed by active proliferation of new vessels in the retina and vitreous (for review, see 
(1, 2) ). Large-scale clinical trials have demonstrated that hyperglycemia is the primary 
pathogenic factor in the development of diabetic complications, including diabetic 
retinopathy (3, 4). While the specific mechanisms by which elevated blood glucose 
causes tissue injury in the diabetic retina are not fully understood, studies in animal 
models as well as in clinical specimens have shown that diabetic retinopathy is associ-
ated with increases in inflammatory mediators, including VEGF, TNFα, IL-6, IL-1β, 
and MCP-1 (5–10). This results in increased endothelial cell expression of adhesion 
molecules, such as ICAM-1 and PECAM, and with leukocyte accumulation and attach-
ment to the retinal blood vessels (leukostasis) (11). Leukostasis is thought to contribute 
to increases in vascular permeability and subsequent neovascularization. During retin-
opathy, leukocytes become activated (12) and are thought to influence retinal edema, 
ischemia, and angiogenesis (13). Macrophages are also important participants in the 
inflammatory process (14) and have been implicated in retinal neovascularization in 
models of ischemic retinopathy (15, 16). Microglial cells (resident macrophages) are 
also activated during diabetes (7, 17). Activated monocytes, neutrophils, and microglial 
cells are all important sources of oxidative stress.

The association between oxidative stress and the progression of diabetes and its com-
plications has been recognized for over 20 years (18). Increased production of reactive 
oxygen species (ROS) has been strongly implicated in the pathogenesis of diabetic 
retinopathy (for review, see (2, 19) ). However, in spite of overwhelming evidence sup-
porting the damaging consequences of oxidative stress and its established role in experi-
mental models of diabetes, the results of large-scale clinical trials with classic 
antioxidants have failed to show any benefit for diabetic patients (for review, see (20) ). 
The disappointing results of antioxidant trials in patients underline the importance of 
identifying the specific sites and sources of oxidative stress in the tissues of diabetic 
patients. In this chapter we will summarize the current perspective on how diabetes 
induces oxidative stress in the retina, how diabetes-induced oxidative stress may lead to 
the development of diabetic retinopathy and consider therapeutic approaches for pre-
venting the onset and progression of the retinal complications of diabetes.

SOURCES OF OXIDATIVE STRESS IN THE DIABETIC RETINA

Overview
The term “oxidative stress” refers to the condition in which there is a serious imbalance 

between the production of oxidants (including both reactive oxygen species (ROS) and 
reactive nitrogen species (RNS) ), and antioxidant defense, leading to potential tissue dam-
age (for review, see (21)). Prominent members of the ROS group are superoxide, hydroxyl 
radical, and peroxy radical. Key members of the RNS group are nitric oxide, peroxynitrite, 
and their derivatives. Oxidative reactions are essential for mechanisms of host defense 
mediated by neutrophils, macrophages, and other cells of the immune system. However, 
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when oxidants are overproduced they cause tissue injury and cell death. In normal 
conditions, antioxidants are present in tissues to neutralize free radicals and prevent 
excessive oxidative stress (22, 23). Antioxidants have been variably defined as sub-
stances that, when present at low concentrations compared to those of an oxidizable 
substrate, significantly delay or inhibit oxidation of the substrate (24) or as a meta-
bolic intermediate, i.e., a substrate that protects biological tissues from free-radical 
damage and is able to be recycled or regenerated by biological reductants (25). A 
variety of compounds (flavonoids, uric acid, bilirubin, albumin, vitamin E, vitamin C, 
α-lipoic acid, and glutathione) and various enzymes (catalase, superoxide dismutase, 
glutathione peroxidase) have been described as antioxidants.

Formation of ROS is increased in diabetes/hyperglycemia, and is directly related to 
the vascular dysfunction and complications of diabetes. Several initiating events and 
sources of ROS in diabetes have been described and include disruption of the mitochon-
drial electron transport chain, formation of advanced glycation end (AGE) products, 
auto-oxidation of glucose, flux through the aldose reductase/polyol pathway, uncou-
pling of NOS, and activation of PKC and NAD(P)H oxidase (26, 27). Overproduction 
of superoxide can lead to scavenging of NO, reducing its bioavailability and to produc-
tion of peroxynitrite and other reactive species, with subsequent vascular dysfunction 
and pathology (28). The primary source of ROS is considered to be overproduction of 
superoxide anion by the mitochondrial electron transport chain which then initiates 
superoxide production by other sources (27). However, it is quite likely that several 
sources of superoxide production are activated by hyperglycemia and that the activities 
of these sources are connected and increased through a series of positive feedback rela-
tionships (Fig. 1). The contributing events and ROS sources will be discussed, some 
only briefly as they are the subjects of other chapters in this book.

Mitochondrial Electron Transport Chain (ETC)
Hyperglycemia can disrupt normal mitochondrial function and substantially increase 

superoxide production. This action appears to occur through the increased hyperglyc-
emia-derived electron donors mostly from the citric acid cycle – NADH and FADH

2
 – 

which increase electron flow through the ETC complexes as well as the efflux of 
protons from the mitochondrial matrix across the inner mitochondrial membrane by 
complexes I, III, and IV. This leads to a substantial increase in mitochondrial membrane 
potential and the preferential inhibition of electron flow through complex III. This inhi-
bition disrupts normal ETC electron flow and promotes the leak of electrons leading to 
formation of superoxide (29). The increase in superoxide formation leads to oxidative 
damage of mitochondrial and cellular lipids, proteins, and nucleic acids which contrib-
ute heavily to the pathology of hyperglycemic/diabetic state. These damaging events are 
amplified by the fact that free-radical defense mechanisms such as superoxide dis-
mutase, catalase, glutathione peroxidase, and levels of the intracellular antioxidant GSH 
are also substantially compromised during diabetes (for review, see (19)). The key role 
of mitochondrial ROS formation in diabetes-induced oxidative damage in the retina has 
been demonstrated by recent studies using transgenic mice that overexpress mitochon-
drial SOD. These experiments showed that overexpressing mitochondrial SOD protects 
the retina from diabetes-induced oxidative stress (30). Moreover, studies using the same 
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mice confirmed that retinal mitochondria undergo oxidative damage in diabetes and that 
complex III is a source of increased superoxide formation. Most importantly, the retinas 
of these mice were protected from diabetes-induced capillary degeneration, indicating 
the key role of mitochondrial ROS formation in this pathological process (31).

Advanced Glycation End (AGE) Product Formation
Hyperglycemia is the initiating event in formation of AGEs as gluco-carbonyl 

adducts with amino acids (such as lysine) and can involve auto-oxidation of glucose to 
glyoxal. Besides being able to crosslink a number of proteins and alter their physical 
properties, AGEs interact with a specific receptor, RAGE to activate PKC-δ and subse-
quently NADPH oxidase (32). AGEs appear to activate NADPH oxidase in neural cells 
through activation of PKC- δ.  (33). Studies in patients, animals, and tissue culture mod-
els have clearly demonstrated the role of AGE formation in the complications of diabe-
tes (34,35).

Cyclo-oxygenase (COX)
Expression of the inducible form of COX, COX-2 rises markedly with diabetes, high 

glucose, and oxidant stress (36, 37). This greater COX-2 expression causes an increased 
rate of conversion of prostaglandin G

2
 to prostaglandin H

2
, which increases ROS formation 

through the functionally linked peroxidase activity of COX-2. This results in exacerbation 
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Fig. 1. Sources of ROS and RNS in the diabetic retina.
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of oxidative stress (38). COX-2 inhibition has been noted to protect against diabetic 
neuropathy in STZ-diabetic mice (39). Treatment with aspirin or other nonsteroidal 
anti-inflammatory inhibitors of COX-1, COX-2, and prostaglandin synthesis has been 
shown to prevent signs of vascular lesions in the retinas of diabetic animals (40, 41), 
suggesting that this pathway could be important in the development of diabetic 
retinopathy.

Flux Through Aldose Reductase (AR) Pathway
AR is the first step in the polyol pathway. In hyperglycemia conditions, AR reduces 

glucose to sorbitol and consumes NADPH. Since regeneration of the antioxidant-
reduced glutathione requires NADPH, the active AR pathway can increase levels of 
ROS. Conversion of sorbitol to fructose requires reduction of NAD+ to NADH, leading 
to higher levels of oxidized triose phosphates, precursors of AGEs and of diacylglycerol 
(DAG) through α-glycerol-3-phosphate. Thus, activities through the AGE and PKC 
pathways are enhanced. The potential role of the AR pathway in the development of 
diabetic retinopathy is supported by studies in experimental animal models and endothe-
lial cells treated with high glucose (42, 43).

Activation of Protein Kinase C (PKC)
PKC has many isoforms which are activated by diacylglycerol (DAG). De novo syn-

thesis of DAG comes largely from glycolytic intermediates and stepwise acylation of 
glycerol-3-phosphate. All the classic and novel PKC isoforms are activated by DAG, 
but primarily the ß and α isoforms appear to be involved in diabetes (44). Studies have 
shown increased levels of DAG in vascular tissue of diabetic subjects (45) as well as 
elevated DAG levels in cultured vascular cells exposed to high glucose. Hyperglycemia 
can also indirectly activate PKC through activation of AGE receptors and polyol path-
way products. DAG can also be synthesized through the phospholipase pathways acti-
vated by growth factors, cytokines, and hormones, such as angiotensin II, which are 
elevated in diabetes (46–48). PKC can also be activated by peroxynitrite, superoxide, 
and high amounts of NO (49).

Endothelial NO Synthase (eNOS)
Uncoupled NOS can be a source of superoxide production. When the cellular supply of 

its substrate, l-arginine or the required co-factor tetrahydrobiopterin is limited, NOS 
becomes uncoupled and utilizes molecular oxygen as a principal substrate, producing 
superoxide instead of NO (50–52). Superoxide can combine rapidly with NO to form 
peroxynitrite or other oxidants (53). l-Arginine can be limited by several means. A state 
of imbalance between l-arg availability and NOS activity can occur when cellular trans-
port of l-arginine is inhibited, as with oxidative stress associated with cardiovascular 
disease. Conditions of prolonged and elevated NOS activity (54, 55), reduced recycling of 
l-citrulline back to l-arginine (56), and/or elevated catabolism of l-arginine by arginase 
(57–59) can also reduce l-arginine availability to NOS. Diabetes has been shown to reduce 
cellular transport of l-arginine and enhance vascular and hepatic arginase activity (60).
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Formation of peroxynitrite and superoxide can also cause NOS uncoupling due to 
oxidation of tetrahydrobiopterin, leading to further formation of superoxide. It has also 
been reported that hydrogen peroxide, a byproduct of superoxide, can itself stimulate 
eNOS activity (61). This may result in a positive feedback loop, stimulating further 
increases in superoxide production. Further evidence of ROS involvement in eNOS 
uncoupling and vascular dysfunction has been provided by experiments showing that 
native LDL enhances superoxide formation in blood vessels and that this effect can be 
reversed by acute treatment with supplemental l-arginine (62). Additionally, blood ves-
sels dysfunctional because of oxidized LDL exposure regain their ability to vasodilate 
in response to serotonin or acetylcholine upon treatment with l-arginine (63, 64). Thus, 
supplemental l-arginine treatment may ameliorate vascular injury by limiting superox-
ide formation. However, a number of studies in animals and humans have found no 
benefit or worsening of adverse outcomes when administration of supplemental 
l-arginine is prolonged (65, 66). These negative outcomes may be related to the action 
of l-arginine in increasing arginase activity (67). A study with rabbits showed that 
chronic administration of l-arginine for 3 days caused decreased NO production in 
response to acetylcholine which was associated with increased arginase activity in both 
liver and aorta. In contrast, chronic treatment with l-citrulline for the same period was 
beneficial in supporting NO production (68). l-Citrulline, a byproduct in the formation 
of NO, is recycled back to l-arginine, contributing to sustained l-arginine supply for 
NOS activity (69). l-Citrulline is also an allosteric inhibitor of arginase (70). Therefore, 
l-citrulline may suppress arginase activity.

Certain eNOS polymorphisms in humans have been associated with severe diabetic 
retinopathy (71). The eNOS4b/b polymorphism, which increases NOS expression and 
activity, is associated with severe diabetic retinopathy. In contrast, persons with the 
eNOS4a/a homozygous deletion in which NOS expression and activity are reduced 
have absent or background diabetic retinopathy (72). It is possible that those with a high 
eNOS expression phenotype are more prone to eNOS uncoupling when l-arginine 
availability and BH4 levels are reduced. An uncoupled highly expressed and activated 
enzyme would produce higher levels of peroxynitrite through a combination of super-
oxide and NO, leading to increased VEGF levels (73), a major feature of diabetic 
retinopathy.

Inducible NOS (iNOS)
Excessive NOS activity and peroxynitrite formation may also be involved in vas-

cular and cellular injury associated with diabetic retinopathy. Peroxynitrite can 
modify protein and lipid structure via multiple mechanisms (74). These include 
nitration of tyrosine residues or thiol oxidation, which can alter cell signaling events, 
and DNA strand breakage, which leads to activation of the nuclear enzyme poly-
ADP-ribose polymerase (PARP). Studies showing that diabetes-induced activation of 
PARP, leukostasis, and formation of acellular capillaries in the retina are all accompa-
nied by increases in the nitration of tyrosine residues of retinal proteins imply a role for 
peroxynitrite in diabetic retinopathy (75). These effects are blocked in mice deficient in 
inducible NOS, suggesting that the activity of this enzyme has a critical role in the 
development of diabetic retinopathy. The potential role of peroxynitrite and protein 
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tyrosine nitration in retinopathy is further supported by studies showing that knocking 
out eNOS prevents vaso-obliteration in the mouse model of ischemic retinopathy (76) 
and by data showing that treatment with aminoguanidine, which inhibits inducible NOS 
(iNOS) and reduces AGE, also inhibits the development of microvascular lesions of 
diabetic retinopathy in animals (77–79).

In contrast with the constitutive isoforms of NOS (eNOS and nNOS), the activity of 
iNOS is regulated primarily at the transcriptional level. NO formation by iNOS is inde-
pendent of agonist stimulation and does not require a rise in intracellular calcium. iNOS 
is expressed in macrophages, microglia, glial cells, neurons, and vascular cells of the 
retina and can play multiple roles in inflammatory response. During inflammation, 
iNOS is upregulated by multiple stimuli, for example cytokines such as IL-1β activate 
NFκB, which upregulates the transcription of iNOS. In macrophages, monocytes, and 
other cells the induction of iNOS and the presence of l-arginine are sufficient to initiate 
the generation of NO. Kinetics of NO production by iNOS differs greatly from the pro-
duction by eNOS or nNOS in that iNOS produces very large, toxic amounts of NO in a 
sustained manner, whereas the constitutive NOS isoforms produce NO within seconds 
and its activities are direct and short acting.

There are multiple intracellular mechanisms through which NO may act as a proin-
flammatory mediator (for review, see (80) ). When it is produced by activated macro-
phages, NO kills microorganisms and nitrosylates macromolecules. Large amounts of 
“inflammatory NO” from myeloid cells are usually generated side by side with large 
amounts of superoxide anion. As explained these two can form peroxynitrite which 
mediates cytotoxic effects of NO, such as DNA damage, LDL oxidation, isoprostane 
formation, tyrosine nitration, and modification of enzyme activity.

The role of iNOS in diabetic retinopathy has been supported by numerous experi-
ments showing beneficial effects of iNOS inhibitors in blocking signs of diabetic retin-
opathy (for review, see (81) ). Moreover, recent studies with mice have shown that iNOS 
deletion prevents the development of vascular lesions and blocks the loss of neuronal 
cells in the diabetic retina (75). While the results of these experiments are promising, it 
is important to remember that NO made by iNOS is of benefit to host defense reactions 
by contributing to microbial killing. The exact role of iNOS-derived NO in diabetic 
retinopathy awaits further elucidation and evaluation

NADPH Oxidase
NADPH oxidase is considered to be a major source of ROS in diabetes. Recently, the 

NOX family of NADPH oxidases has emerged as a major source of ROS induction (82). 
Studies have shown that both the mitochondria and the NADPH oxidase are involved in 
the sustained accumulation of ROS in a serum-withdrawal model of cell death (83). 
Importantly, it was found that the mitochondria and the NADPH oxidase do not act 
independently but rather function in a cooperative manner to extend the production of 
ROS. Data showing increased activity of NADPH oxidase in diabetic patients and ani-
mals and in high glucose-treated endothelial cells (84–87) suggest that NADPH oxidase 
is an important source of hyperglycemia-induced ROS formation. Recent studies indi-
cate that superoxide production by NADPH oxidase has a primary role in VEGF expres-
sion and vitreoretinal neovascularization in a mouse model for ischemic retinopathy 
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(88A). Studies of cultured retinal endothelial cells have implicated activity of NADPH 
oxidase in high glucose-mediated increases in VEGF expression. Moreover, increased 
expression of the NADPH oxidase catalytic subunit NOX2 (previously known as 
gp91phox) is correlated with early signs of diabetic retinopathy, including increases in 
ROS and VEGF, leukostasis, and breakdown of the blood-retinal barrier (89). 
Furthermore, in vitro studies show that inhibiting NADPH oxidase blocks the effects of 
high glucose in stimulating VEGF expression.

The generation of ROS through activation of NADPH oxidase in neutrophils is a 
well-known process with various means of regulation, including phosphorylation, 
GTPase activation, and protein–protein interactions (for review, see (90) ). Neutrophil 
NOX consists of a heterodimer with a large catalytic subunit, NOX2, and a small 
subunit, p22phox. Enzyme activation is controlled by recruitment of the regulatory 
proteins p40phox, p47phox, and p67phox. Assembly of the complex is initiated upon 
phosphorylation of p47phox (91). The p67phox subunit mediates direct binding of the 
complex with activated Rac (92). Rac initiates the electron transfer reaction that pro-
duces superoxide. Several isoforms of Rac proteins exist, including Rac1, Rac1b, 
Rac2, and Rac3. Rac1 is widely expressed and is likely the main Rac GTPase for 
NADPH oxidase activation in nonhematopoietic cells, including vascular endothelial 
cells. Rac2 is expressed in hematopoietic cells only and is the most relevant isoform 
for activation of neutrophil NADPH. Rac1 and Rac2 proteins are 92% homologous 
and show great overlap in their biological effects. However, mice deficient in Rac2 
show defects in neutrophil function and NADPH oxidase activity that are not rescued 
by the remaining fraction of Rac1 (for review, see (90)).

The Rac1–ROS signaling pathway has been strongly implicated in vascular disease. 
Studies of murine models of diabetes and endothelial cells treated with high glucose 
have shown enhanced Rac1 activity. Moreover, inhibition of Rac1 by a dominant nega-
tive mutant of Rac1 protected against oxidative stress and vascular dysfunction induced 
by diabetes in mice (93). Current literature suggests that the most relevant NOX iso-
forms in endothelial cells are NOX1 and NOX2. NOX1 is expressed at higher levels 
than NOX2 in normal endothelial cells (94, 95). However, studies have shown that 
NOX2 is upregulated in the diabetic retina and in high glucose-treated retinal vascular 
endothelial cells (89). Moreover, diabetes-induced leukostasis and hyperpermeability 
are blocked in NOX2-deficient mice (88B). These results are consistent with previous 
studies implicating NOX2 expression in ischemia-reperfusion injury in the brain (96). 
Thus, it is likely that NOX2 activity has a key role in diabetes and hyperglycemia-
induced vascular injury. It should be noted that endothelial cells also express high levels 
of Nox4 (indeed, greater than Nox2 levels). The function of NOX4 is not yet under-
stood, but it has been suggested that NOX4 may contribute to the basal levels of super-
oxide formation in unstimulated cells (97).

ANTIOXIDANTS IN DIABETIC RETINOPATHY

Overview
The retina has several defense mechanisms to minimize oxidative stress. These 

include nonenzyme systems such as α-tocopherol, glutathione, and vitamins A, C, and 
E. Enzyme systems, such as superoxide dismutase, catalase, glutathione reductase, 
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and glutathione peroxidase, help to maintain the intracellular concentration of glutath-
ione and NADPH necessary for the optimal function of cellular antioxidant defense 
mechanisms. Other antioxidants include α-lipoic acid, mixed carotenoids, coenzyme 
Q10, several bioflavonoids, antioxidant minerals (copper, zinc, manganese, selenium), 
and the cofactors (folic acid, vitamins B1, B2, B6, B12) (for review, see (98, 99) ). 
Comparison of antioxidant enzyme activities in retina and retinal microvessels showed 
that enzyme activities are much higher in the retina than in isolated retinal vascular tis-
sue (100). The higher activity is required to protect the retinal neurons and particularly 
rod outer segments from oxidative stress due to their high content of polyunsaturated 
fatty acids, high oxygen consumption, and light exposure. The same study showed that 
retinal microvascular endothelial cells have substantially less antioxidant activity com-
pared to aortic endothelial cells. This may account for the unique vulnerability of retinal 
capillaries to oxidative stress under diabetic conditions. Several studies have demon-
strated that diabetes-induced increases in lipid peroxidation are paralleled by decreases 
in antioxidant defense levels. Studies in diabetic patients and experimental animals have 
shown that antioxidant defense enzymes such as SOD, glutathione reductase, glutath-
ione peroxidase, and catalase are diminished in the retina (for review, see (19) ). A clini-
cal study found that serum levels of ascorbic acid, a scavenger of free radicals, are 
significantly decreased in patients with type I or type II diabetes compared to nondia-
betic controls (101). These findings suggest that diabetics have diminished antioxidant 
defense and are more vulnerable to oxidative damage.

Glutathione (GSH)
Reduced GSH is a major component of the intracellular defense system. It functions 

as a direct free-radical scavenger and as a cosubstrate for glutathione peroxidase (GPx). 
GSH acts as a free-radical scavenger by trapping ROS that otherwise would react with 
cellular thiol groups (for review, see (102) ). This process is accomplished through 
enzyme-catalyzed reactions in which GSH peroxidases (GPx) use GSH in the reduction 
of peroxides. GPx metabolizes hydrogen peroxide to water by using reduced GSH as a 
hydrogen donor. GSH reductase (GRx) functions to regenerate GSH from GSH 
disulfide. This GSH enzyme system protects the retina from toxic effects of ROS and 
helps maintain normal cellular redox potential.

The retina has a very active system for maintaining GSH in its reduced form 
(103). Normal GSH levels are maintained by a balance between its synthesis and 
utilization by the GSH redox cycle, and alteration of either or both of these proc-
esses can result in abnormal GSH levels (for review, see (104) ). Decreases in retinal 
GSH levels have been found to be associated with increased concentrations of 
oxidized GSH in diabetic rats and mice (30, 105–107). Decreased GSH concentrations 
have also been observed in vitreous and blood samples of patients with diabetic 
retinopathy as compared with nondiabetic controls (108, 109). In addition, a study 
of pericytes from human retinas found that GRx mRNA is decreased, whereas GPx 
mRNA is increased in diabetic patients as compared with controls (110). On the 
other hand, studies with rats have suggested that GRx activity is reduced in diabetic 
retinas (111). Further investigation is needed to determine the reasons for these 
apparent contradictions.
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Superoxide Dismutase (SOD)
The SODs are ubiquitous components of cellular antioxidant systems and effectively 

protect retinal tissue against free-radical oxidation of membrane phospholipids. 
Different isoforms of SOD are located at different sites within the cell. CuZn-SOD is 
located in both the cytoplasm and the nucleus. In contrast MnSOD is found only in the 
mitochondria, but can be released into the extracellular space (for review, see (99)). The 
SODs act as a major defense system against the cytotoxic effects of superoxide radicals 
by catalyzing the conversion of superoxide anion to oxygen and hydrogen peroxide. The 
activity and the expression of SOD are downregulated in the retinas of diabetic or galac-
tosemic rats (79, 112). It has also been shown that diabetes causes decreases in CuZn-
SOD mRNA in human pericytes but that levels of MnSOD mRNA were not affected 
(110). Studies in diabetic rats have shown that therapies that inhibit the development of 
retinopathy, including aminoguanidine and antioxidants, also prevent diabetes-induced 
decreases in retinal SOD levels and normalize SOD activity (for review, see (19)). 
Furthermore, treatment with SOD mimetics and overexpression of MnSOD protect the 
retina from diabetes-induced oxidative stress and prevent glucose-induced mitochon-
drial dysfunction and apoptosis of retinal capillary cells (30, 31, 113).

Catalase
Catalase catalyzes the conversion of hydrogen peroxide to water and oxygen and thus 

protects against hydrogen peroxide-mediated oxidative damage. The enzyme also has 
peroxidase activity and reacts with organic peroxides and hydrogen donors to form 
water and organic alcohols. It is located mainly in cellular peroxisomes and to some 
extent in the cytosol. The enzyme is especially important in conditions where content 
of GSH is limited or when activity of GPx in diminished. The effects of diabetes on 
catalase activity in the retina are somewhat contradictory. Studies have shown modest 
increases in catalase activity in the diabetic rat retina (112), whereas activity in the dia-
betic mouse retina is apparently decreased (114).

EFFECTS OF OXIDATIVE STRESS IN THE DIABETIC RETINA

Overview
Recent studies have identified ROS as key second messengers in multiple signaling 

pathways that initiate diverse biological responses (for review, see (115, 116)). First, 
ROS can modify the activity of redox-sensitive protein kinases (such as members of the 
MAPK family, Akt, PKC, PKD, and JAK (Janus kinase)) either indirectly via inactivation 
of tyrosine phosphatases or in some cases by direct activation. Second, ROS can alter the 
activity of redox-sensitive transcription factors such as AP-1 (activator protein 1), NF-kB 
(nuclear factor kB), HIF-1 (hypoxia-inducible factor 1), and STAT (signal transducer 
and activator of transcription). This latter effect can occur directly or secondary to 
altered activity of upstream kinases. Third, ROS can modulate the activity of redox-
sensitive molecules such as thioredoxin. Fourth, ROS can directly affect the function of 
enzymes, receptors, or ion channels. Finally, ROS-mediated production of inflamma-
tory cytokines such as TNF-α may in turn increase NADPH oxidase activity and expres-
sion, thereby completing the vicious circle of inflammation (117).
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Growth Factors and Cytokines
Increases in oxidative stress have been linked to increased production of VEGF upon 

high glucose treatment in vitro and in the diabetic retina (84, 118–121). The mecha-
nisms by which oxidative stress contributes to VEGF overexpression are not fully 
understood. However, inhibiting NOS or scavenging peroxynitrite has been shown to 
prevent signs of diabetic retinopathy in rats (73, 105), suggesting that formation of reac-
tive nitrogen species plays a role in the pathology. Studies using tissue culture models 
suggest that high glucose-induced peroxynitrite formation increases VEGF expression 
by a mechanism involving the activation of STAT3 (122, 123). Studies have shown that 
constitutive activation of STAT3 is correlated with increased rates of VEGF expression 
and angiogenesis (124–128). Because VEGF stimulation of retinal microvascular 
endothelial cells can induce its own expression via the activation of STAT3 (123, 129), 
it appears likely that the effects of diabetes in causing pathological overgrowth of the 
retinal microvasculature are due in part to VEGF’s actions in triggering its autocrine 
expression. VEGF autocrine production in the microvascular endothelium has been 
described in hypoxia, brain tumors, when the cell-to-cell junctions are disrupted or dur-
ing in vitro angiogenesis induced by AGE products (127, 130).

PEDF is a noninhibitory member of the serpin superfamily. It was first discovered as 
a neurotrophic factor, but it is now known to function as an endogenous inhibitor of 
angiogenesis and a blocker of VEGF-induced permeability (131–134). VEGF and PEDF 
appear to have a reciprocal relationship in the eyes of patients with proliferative diabetic 
retinopathy in that levels of VEGF are increased whereas levels of PEDF are decreased 
(135). The protective role of PEDF in preventing retinopathy has been supported by stud-
ies showing that intravitreal injection of PEDF significantly reduces vascular hyperper-
meability in models of diabetes and oxygen-induced retinopathy. The permeability-blocking 
effect was correlated with decreased levels of retinal inflammatory factors, including 
VEGF, VEGF receptor-2, MCP-1, TNF-α, and ICAM-1 (136). In cultured retinal capil-
lary endothelial cells, PEDF significantly decreased TNF-α and ICAM-1 expression 
induced by hypoxia. These protective actions of PEDF may involve an antioxidant func-
tion in that PEDF has been shown to protect cultured retinal pericytes from AGE-induced 
injury through its antioxidative properties (137). It has also been shown to block angi-
otensin II signaling and to inhibit TNF-alpha-induced IL-6 expression in endothelial 
cells by suppressing NADPH oxidase-mediated ROS generation (138, 139). PEDF was 
also found to inhibit AGE-induced retinal vascular hyperpermeability by blocking 
ROS-mediated expression of VEGF (140) and to block ROS-induced apoptosis and 
dysfunction of cultured retinal pericytes (141). Further evidence supporting an antioxi-
dant action of PEDF comes from studies of ocular fluids from patients with proliferative 
diabetic retinopathy which showed that levels of PEDF are positively correlated with 
total antioxidant capacity (142, 143).

Diabetic retinopathy exhibits signs of chronic inflammatory disease (144). As has 
been explained in the section on sources of ROS, iNOS expression is increased in reti-
nas of diabetic patients and experimental animal models, and inhibiting iNOS or knock-
ing out the iNOS gene protects against diabetic retinopathy (75, 81). Production of large 
amounts of NO and ROS can trigger a variety of inflammatory reactions. Extracellular 
release of superoxide, produced in leukocytes as a respiratory burst, is an important 
mechanism of pathogen killing and also leads to endothelial damage resulting in 
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increased vascular permeability as well as cell death. Intracellular production of NO and 
ROS also can promote the release of other mediators of inflammation. ROS can increase 
chemokine and cytokine expression, which can increase adhesion molecule expression 
on both the endothelium and the inflammatory cells, thus affecting inflammatory cell 
recruitment to the sites of vascular damage. Recent studies in animal and tissue culture 
models indicate that diabetes- or high glucose-induced increases in expression of VEGF 
and ICAM-1 as well as retinal leukostasis and breakdown of the blood-retinal barrier 
depend critically on the activity of NADPH oxidase in triggering the activation of 
STAT3 (89, 122). The role of NADPH oxidase in diabetes-induced retinal vascular 
inflammation has been confirmed by studies showing that diabetes or high glucose 
increase NADPH oxidase expression in the vascular wall and that inhibition of NADPH 
oxidase or deletion of its catalytic subunit NOX2 reduces signs of vascular inflamma-
tion in the diabetic retina (88).

Cytoxicity
Studies in clinical specimens and animal models have shown that retinal capillary 

cells undergo accelerated apoptosis prior to the appearance of clinical signs of diabetic 
retinopathy (79, 145). Experimental diabetes or treatment of endothelial cells or pericytes 
with high glucose has been shown to result in increased levels of oxidative stress and 
activation of caspase 3 and NF-κB, suggesting a causal relationship between oxidative 
stress and vascular injury (for review, see (19)). Studies showing that overexpression of 
mitochondrial SOD reduces oxidative stress, protects the retina from diabetes-induced 
abnormalities in the mitochondria, and prevents vascular pathology strongly support the 
role of mitochondrial-derived ROS in diabetic vascular injury (31).

Nearly 50 years ago, Bloodworth proposed that diabetic retinopathy is not just a 
disease of the vasculature but a multifactorial disease involving the retinal neurons and 
glia (146). Early histopathologic studies noted the loss of neurons in patients with 
diabetic retinopathy. Since then, studies using electroretinography, dark adaptation, con-
trast sensitivity, and color vision tests have conclusively demonstrated that neuroretinal 
function is compromised before the onset of vascular lesions in humans (for review, see 
(147, 148)). While extensive research effort has been focused on defining the vascular 
pathology in the diabetic retina, neurodegenerative changes also occur. These include 
increased apoptosis of ganglion cells; glial cell reactivity, microglial activation, and 
altered glutamate metabolism. The metabolic factors that lead to this neuronal cell death 
have been suggested to include loss of insulin-mediated trophic support (149–151) and/
or injury due to accumulation of excess hexosamines (152), tumor necrosis factor-alpha 
(7, 153), or glutamate (for review, see (147)). Studies showing that treatments that target 
formation of ROS exert neuroprotective effects suggest that diabetes-induced oxidative 
stress also has a key role in the pathogenesis of the neuronal degeneration (154–155).

Müller cells undergo reactive gliosis following acute retinal injury or chronic neuronal 
stress (156). Gliosis is characterized by glial cell proliferation, changes in cell shape due 
to alterations in intermediate filament production (GFAP), and secretion of NO and 
VEGF (for review, see (157)). The progression of gliosis in diabetic retina has been 
correlated with increases in ROS/RNS formation (158–161) as well as with increased 
levels of inflammatory mediators (162, 163).
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VEGF’s function as an endothelial cell survival factor is well established (164). 
However, VEGF also appears to have a role in promoting neuronal cell survival. Genetic 
studies in mice with a deletion of the hypoxia response element in the VEGF gene pro-
moter have shown that mice with reduced VEGF levels develop adult-onset motor 
neuron degeneration similar to that seen in patients with amyotrophic lateral sclerosis 
(165). VEGF has also been found to reduce neuronal injury in stroke (165). The 
mechanism(s) of these effects are not yet clear, but may involve both a direct action on 
neural cells that express VEGFR1 and 2 as well as an indirect action in promoting ang-
iogenesis and reducing tissue ischemia. In the developing retina VEGFR-1 and -2 are 
expressed specifically in Muller glial cells. Studies in the developing retina showed that 
inhibiting the activity of VEGFR1 and 2 in the avascular regions of the developing 
neural retina results in a loss of cells in the inner retinal layers, suggesting that retinal 
neurons and/or glial cells may be VEGF dependent (166).

Paradoxically, even though levels of VEGF and VEGFR2 are increased in the diabetic 
retina, VEGF’s prosurvival function is compromised in that endothelial cells, neurons, and 
glial cells undergo apoptosis (145, 147, 164, 167). These observations suggest that VEGF 
prosurvival signaling is altered by the diabetic state. VEGF activation of VEGFR2 trans-
duces prosurvival signals via the PI3-kinase/Akt signaling pathway (168). However, 
VEGF also activates p38 MAP kinase, which is a known modulator of proapoptotic 
signals in endothelial cells (169). Blockade of VEGF-mediated activation of PI3 kinase or 
Akt signaling can lead to increases in apoptosis by enhancing the activation of p38 MAP 
kinase (170). Studies in retinal endothelial cells have shown a similar phenomenon of 
accelerated apoptosis even in the presence of exogenous VEGF when cells are exposed to 
high glucose or oxidative stress (171, 172). This proapoptotic effect is associated with 
activation of p38 MAP kinase, inhibition of Akt-kinase, and tyrosine nitration of the regu-
latory subunit of PI3 kinase p85 (171). Given that p85 is a known target for peroxynitrite-
induced nitration on tyrosine which blocks its interaction with the PI3 kinase catalytic 
subunit p110 (173), these data suggest that peroxynitrite can alter cell survival responses 
mediated by PI3-kinase. More work is needed to determine whether this mechanism also 
plays a role in ROS-mediated impairment of neuronal and glial cell survival function.

THERAPEUTIC STRATEGIES FOR REDUCING OXIDATIVE STRESS

Overview
As has been explained in the section “Antioxidants in Diabetic Retinopathy,” forma-

tion of ROS is increased in diabetes and is directly related to the complications of dia-
betes. A number of treatments that reduce levels of oxidative stress have also shown 
promise in reducing signs of diabetic retinopathy in experimental models (Fig. 2). 
Therapies with potential actions in reducing ROS will be discussed in this section, some 
only briefly as they are the subjects of other chapters in this book.

Antioxidants
The causal role of oxidants in diabetic retinopathy is well established, and antioxi-

dant therapy has shown great promise when tested in tissue culture and experimental 
animal models. However, antioxidant agents that scavenge formed oxidants have not 
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proven to be very effective clinically. Treatment with vitamin E (α-tocopherol) for 4 
months raised retinal blood flow in patients with type I diabetes and mild or no retinopa-
thy (174), but other large studies failed to show a beneficial effect. Chronic treatment 
with vitamin E also failed to decrease cardiovascular events in a large study with a high 
percentage of diabetic patients (20). A major limitation of treatment with vitamin E or 
other antioxidants is that these therapies scavenge already-formed oxidants, but do not 
prevent their formation.

PKC Inhibitors
As has been noted, PKC has been clearly established as both a source and a target of 

reactive oxygen species in diabetic retinopathy. Clinical trials testing the efficacy of the 
PKC-beta inhibitor ruboxistaurin have supported the hypothesis that PKC activation, 
especially the β isoform, plays an important role in the development of diabetic macular 
edema (for review, see (45)). However, while ruboxistaurin treatment was found to 
improve visual acuity in patients with diabetic macular edema, clinical trials showed 
that it did not reduce or reverse the progression of diabetic macular edema or prevent 
the development of proliferative diabetic retinopathy (175).

Inhibitors of the Renin-Angiotensin System
Studies in animal and tissue culture models have implicated the renin-angiotensin 

system (RAS) in the development and progression of retinal vascular diseases, including 
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Fig. 2. Therapeutic strategies for reducing ROS and RNS in the diabetic retina.
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diabetic retinopathy. Angiotensin II (Ang II) is the main mediator of the RAS and has 
been shown to activate PKC. Ang II induces vascular injury through several mecha-
nisms, including ROS formation and inflammation. Several small studies of patients 
with type I or type II diabetes have shown beneficial effects of inhibiting the RAS in 
reducing the risk of diabetic retinopathy. A larger trial in patients with type I diabetes 
showed that treatment with an angiotensin-converting enzyme (ACE) inhibitor 
reduced the risk for progression of retinopathy. Another study in patients with type II 
diabetes found that treatment with an ACE inhibitor reduced the need for laser pho-
tocoagulation treatment. However, questions remain as to the effect of blood pres-
sure control on development and progression of microvascular complications in the 
retina. A large clinical trial is in progress to determine whether blockade of the RAS 
with an Ang II-receptor blocker can prevent the incidence and progression of 
retinopathy in normotensive or mildly hypertensive diabetic patients (for review, see 
(176, 177)).

Inhibitors of the Polyol Pathway
As has been discussed in the section “Sources of Oxidative Stress in the Diabetic 

Retina,” the importance of the aldose reductase (AR) polyol pathway in the develop-
ment of diabetic retinopathy has been strongly supported by studies in experimental 
animals and endothelial cells treated with high glucose (42, 43), However, clinical stud-
ies using AR inhibitors in patients have failed to show a beneficial effect in preventing 
diabetic retinopathy (for review, see (178)).

HMG-CoA Reductase Inhibitors (Statins)
Increases in serum lipid levels are positively correlated with visual impairment due 

to macular edema and formation of hard exudates in the retinas of diabetic patients 
(179). The lipid-lowering agents statins have been shown to reduce the risk of cardio-
vascular events in diabetic patients (180, 181). Recent studies have shown that statins 
possess remarkable vasoprotective effects in a variety of diseases, including diabetes 
(182–184). These protective effects are exerted mainly on the microvasculature, are 
independent of their cholesterol-lowering properties, and appear to be the result of both 
anti-inflammatory and antioxidant functions (185). The efficacy of statin therapy for 
diabetic retinopathy has not been fully studied, but several small trials in patients with 
macular edema have found positive effects on hard exudates, clinically significant 
macular edema, and simple diabetic retinopathy (186–188).

PEDF
As has been discussed in the section “Effects of Oxidative Stress in the Diabetic 

Retina,” PEDF has been shown to have prominent antioxidant function in various in 
vitro model systems. Studies showing that retinal and choroidal neovascularization as 
well as ischemia-induced neurotoxicity and proliferative neovascularization can be 
inhibited by intraocular gene transfer of PEDF (189–192) suggest that a strategy for 
enhancing the expression and function of this protein could be effective in treating 
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diabetic retinopathy. A phase I trial investigating the effect of a single intraocular injec-
tion of an adenoviral vector-expressing human PEDF in patients with advanced choroi-
dal neovascularization due to age-related macular degeneration has been completed 
with promising results (193). Further study is needed to determine the efficacy of PEDF 
in preventing diabetic retinopathy.

Cannabinoids
Recent studies indicate that cannabinoids may also be useful in reducing oxidative 

stress. Cannabinoids have a variety of potentially beneficial properties including anti-
inflammatory (194) and antioxidant actions (195). Several synthetic, nonpsychoactive 
cannabinoids have shown promising results in the reducing oxidative stress, suppressing 
inflammation, and inhibiting neurotoxicity in conditions of central nervous system 
injury. Phase 3 clinical trials have demonstrated the efficacy and safety of dexanabinol in 
the treatment of traumatic brain injury due to its abilities to antagonize N-methyl-
d-aspartate receptors, scavenge reactive oxygen species, and suppress inflammation 
(196). Another synthetic, nonpsychoactive compound, cannabidiol (CBD), has been 
found to block neuronal damage resulting from cerebral ischemia (197). CBD has 
recently been approved for the treatment of inflammation, pain, and spasticity in patients 
with multiple sclerosis. A recent study demonstrated potent antioxidant and anti-
inflammatory effects of CBD where it blocked the effects of high glucose in increasing 
mitochondrial superoxide generation, NF-kappa B activation, nitrotyrosine formation, 
upregulation of iNOS and adhesion molecules ICAM-1 and VCAM-1, transendothelial 
migration of monocytes, and monocyte-endothelial adhesion in human coronary 
endothelial cells (198). CBD has also been shown to have potent neuroprotective actions 
in the retina (199). Studies showing that CBD also prevents diabetes-induced neurotoxicity 
and preserves blood-retinal barrier function in experimental diabetes suggest that it could 
also be useful in the treatment of diabetic retinopathy (155).

Cyclo-oxygenase-2 (COX-2) Inhibitors
As has been outlined in the section “Antioxidants in Diabetic Retinopathy,” COX-2 

expression is increased during diabetes (37) and elevated COX-2 increases ROS forma-
tion (38). COX-2 inhibition has been noted to protect against diabetic neuropathy in 
animals (39). High doses of aspirin, a nonselective inhibitor of both COX-1 and-2, have 
been reported to prevent some signs of diabetic retinopathy in diabetic patients and 
experimental animals (78, 200, 201). However, other clinical trials showed that treatment 
with high-dose aspirin did not prevent the development of high-risk proliferative retinopathy 
and did not reduce the risk of visual loss, nor did it increase the risk of vitreous hemorrhage 
(202). Clinical trials are in progress to evaluate the effectiveness of celecoxib on prolifera-
tive diabetic retinopathy (179). Unfortunately, chronic use of selective COX-2 inhibitors 
has been associated with increased risks of adverse cardiovascular events (203).

Peroxisome Proliferator-Activated Receptor g Ligands
Thiazolidinediones and glitazones are insulin-sensitizer agents that bind to and activate 

the nuclear receptor peroxisome proliferator-activated receptor γ (PPARγ). Although these 
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drugs are used primarily for lowering blood glucose levels, studies have shown that they 
are also effective in reducing arterial inflammation and oxidative stress (for review, see 
(204)). The ability of PPARγ ligands to improve endothelial dysfunction by reducing 
oxidative stress has prompted the initiation of clinical trials designed to investigate their 
effects on cardiovascular disease in diabetes. A large clinical trial with pioglitazone 
showed a beneficial effect in reducing all-cause mortality, nonfatal myocardial infarc-
tion, and stroke in patients with type 2 diabetes and pre-existing cardiovascular disease 
(205). However, this positive outcome was also accompanied adverse findings, includ-
ing increases in the incidence of edema not attributable to heart failure and increases in 
heart failure. Moreover, the frequency of each of these adverse outcomes was greater 
than the reduction in incidence of cardiovascular events by the drug treatment. 
Furthermore, pioglitazone also caused greater increases in body weight than with other 
antihyperglycemic therapies, including insulin. Studies in which diabetic rats were 
treated with rosiglitazone have shown blockade of early signs of diabetic retinopathy 
(206). However the efficacy of PPARγ ligands in improving diabetic retinopathy in 
patients has not yet been determined.
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Abstract

Retinal pericytes are enigmatic cells. The lack of a panpericyte marker and the diver-
sity of possible origins suggest that there is not one pericyte population in a given organ. 
The important functions of pericytes related to the specific demands of the retina are the 
control of endothelial survival and growth, and the tightness of the blood retinal barrier. 
Pericyte loss is a common early phenomenon of all diabetic mammalians. An important 
molecular contribution to pericyte functionality comes from the angiopoietin-Tie system 
that is involved in the maturation of the developing vascular network as well as in its 
destabilization and angiogenesis. Hyperglycemia induces upregulation of angiopoietin-2 
which inhibits the pericyte-recruiting function of Ang-1 suggesting a novel, active, mecha-
nism in pericyte loss, rather than a passive intoxication by glycolytic intermediates. Post-
translational modification involving intracellular methylglyoxal-type AGEs and enzymatic 
modification of transcription factors are involved in glucose-induced transcription changes 
of Ang-2. Metabolic signal blockers as well as catalytic antioxidants prevent Ang-2 upregu-
lation as well as diabetic pericyte loss in vivo.
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INTRODUCTION

Promoted by the observation that they are selectively lost in early diabetic retinopa-
thy, pericytes have attracted the interest of researchers from many disciplines. Still, 
pericytes are enigmatic cells. Neither their origin, nor their normal function has been 
fully delineated, and the biological meaning and the causes and consequences of their 
loss in the diabetic retina are still under investigation. It is useful to review current 
knowledge about the cellular crosstalk between vascular cells, before adding a further 
level of complexity by addressing the cellular crosstalk between vascular and neuro-
glial cells (1, 2) Pericytes are functionally codependent on endothelial cell, and each 
cell type provides its counterpart with growth factors and contact-dependent signals 
that influence survival and/or proliferation (3). Diabetic pericyte loss may represent 
one of the prominent examples in which the survival impact of pericytes is critically 
lost for endothelial cells.

Origin and Differentiation
Resident retinal pericytes derive from mesodermal and from neural crest origin dur-

ing development (4). The relative contribution of common embryonic stem cell precur-
sor which may incorporate into vessels under the influence of pericyte-recruiting factors 
such as PDGF-B remains unclear (5). During postnatal vascular repair conditions, and 
during angiogenesis, endothelial cell transdifferentiation into pericytes has been sug-
gested (6). Recently, evidence for a bone marrow origin of mural cells supporting adult 
angiogenesis has been presented (7). Whether endothelial precursor cells from nondia-
betic origin can integrate into diabetic retinal capillaries and replace functional peri-
cytes is also unclear (8).

Pericytes are able to transdifferentiate into other cell types. For example, in the rat 
brain, phagocytic pericytes assume microglia cell functions (9). The conversion of peri-
cytes to tissue macrophages has been observed, suggesting an active contribution to a 
variety of clearance and defense functions (10). In the brain, a transitional cell pheno-
type of pericytes compatible with a fibroblast morphology and localization, but with a 
surface expression pattern of a pericyte (see later) has been reported. In particular, peri-
cytes can differentiate into vSMC and fibroblasts, and the reverse transformation of 
vSMC and fibroblasts into pericytes is possible (10–15). In vitro observations suggest 
further transdifferential potential into adipogenic, chondrogenic, and osteogenic cells 
(16, 17), reflecting the heterogeneity of pericyte populations in general.

Morphology and Distribution
Pericytes are regular components of capillaries in almost all human tissues and 

organs (10). In contrast to arteries and arterioles, where the coverage consists of single 
or multilayers of vascular smooth muscle cells (vSMC), the capillary system is exclu-
sively covered by individual pericytes. It has been suggested that vSMC and pericytes 
represent phenotypic variations of a continuous cell lineage, because of morphological 
similarities and the expression of common markers such as smooth muscle actin and 
desmin (3). In the capillary system, pericytes are readily identifiable by the protuberant 
position within the capillary basement membrane and the shape (18, 19) (Fig. 1). They 
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neighboring endothelial cells via various adhesive structures, such as gap junctions, 
tight junctions, adhesion plaques, and so-called peg and pocket contacts (26, 27). These 
communications are the basis for the variety of direct or indirect consequences of peri-
cytes on endothelial survival and proliferation.

Gap junctions between endothelial cells and pericytes are membranous channels 
directly connecting the cytoplasms of both cell types. These junctions are involved in 
the exchange of nucleotides and small molecules between pericytes and endothelial 
cells (28). Major components of gap junctions are the connexins of which Cx-37,-42, 
and -57 have been identified in the eye. Gap junctions provide a substantial role in con-
trolling endothelial cell proliferation during physiological angiogenesis (29, 30). Tight 
junctions are membrane proteins which interconnect endothelial cells and pericytes. 
Pericytes are frequently located adjacent to or over tight endothelial junctions, support-
ing a direct barrier-promoting role. These contacts form a diffusion barrier that controls 
paracellular fluid transport through the capillary wall. By this, the number of pericytes 
determines the number of tight junction proteins. Importantly, membrane protein fami-
lies of tight junctions are the claudins and the occludins. Cell culture experiments dem-
onstrated that pericytes induce occludin production of brain endothelial cells. Occludin 
expression is induced by the pericyte-derived Angiopoietin-1. In brain microvessels, the 
induction of occludin expression enhances the tightness of tight junctions. Further stud-
ies suggested that the attenuation or inhibition of the angiopoietin-1/Tie-2 signaling 
leads to dysfunction of blood brain barrier in disease (31). These data exemplify the 
importance of pericytes for the maintenance of endothelial barrier function. Another 
variant of cell contact between pericytes and endothelial cell is the adhesion plaque 
which is rich in fibronectin depositions. These cell contacts anchor the pericyte to the 
endothelium during the transfer of contractile forces such as during contraction or 
during propagation of shear stress (20, 32–34).

Fig. 2. Retinal digestion preparation of a nondiabetic rat retina. Note the approx. 1:1 ratio of peri-
cytes and endothelial cells. PAS staining, original magnification 400x.
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Identification
The phenotypic nature of pericytes was largely disclosed by transmission and scan-

ning electron microscopy. However, due to the morphological similarities of rodent reti-
nal capillary endothelial cells and pericytes, markers allowing for the distinction of 
retinal capillary cells were crucial for quantitative analysis.

There is still no “pan pericyte marker” due to the versatility of pericytes, even in one 
organ such as the retina (27). Common markers of pericytes are smooth muscle actin 
(SMA), desmin, the proteoglycan NG2, and the platelet-derived growth factor-receptor 
beta (PDGFR-beta). The aminopeptidase N, the identification of the expression of 
XlacZ gene in pericytes (and vSMC), and the regulator of G-signaling 5 (RGS5) are 
also used for identification (14, 35–44). By comparing cDNA microarrays of mouse 
brain of PDGF-B knockout with wildtype embryos, several downregulated genes were 
expressed in brain capillary pericytes of wildtype tissue, such as the ATP-sensitive 
potassium channel complex (Kir 6.1), the sulfonylurea receptor 2 (SUR2) and the delta 
homolog 1 (DLK1) (45).

The XlacZ4 mouse is widely used as a model to study the role of pericytes and SMC 
because it expresses a reporter gene under control of a pericyte/SMC-specific promoter. 
However, according to our analysis, approximately 55–65% of retinal pericytes express 
the XlacZ4 and the expression is context dependent. Common to all markers mentioned 
is that they fail to recognize all pericytes at all stages (26).

FUNCTION

Contractility
Pericytes are the capillary counterparts to SMC on arterioles and arteries (44, 46). 

One remarkable feature that pericytes have in common with SMC is their contractile 
phenotype. Pericytes contain both smooth muscle and nonsmooth muscle isoforms of 
actin and myosin, however, with an uneven distribution within the pericyte population 
(39). The differential expression of SMA in pericytes may reflect the continuum from 
SMC of arteries and arterioles to pericytes of true capillaries and may correlate with the 
physical forces that pericytes are exposed to. The same pericytes are immunolabeled 
with smooth muscle tropomyosin and cGK suggestive of a contractile function (37, 47, 
48). Meanwhile, several factors are identified that regulate pericytes contractility. While 
alpha 2-adrenergic agonists, cholinergic agonists, histamine, serotonin, angiotensin II, 
and endothelin-1 lead to vasoconstriction, beta-2 adrenergic agonists, NO, and atrial 
natriuretic peptide lead to a dilatation of the pericyte-covered capillaries (34). As dem-
onstrated in in vivo studies, pericytes in brain and retinal capillaries constrict in response 
to electrical stimulation, superperfusion with ATP and noradrenalin. These data provide 
firm evidence that pericyte control capillary blood flow in response to local modulation 
by vasoactive mechanisms (49). However, whether the hyperglycemic milieu or the loss 
of pericytes has an impact on contractility, in particular when basement membrane 
components have changed under hyperglycaemic conditions, awaits further 
clarification.
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Role in Vessel Formation and Stabilization
The function of pericytes that has been most intensively studied is their role in 

endothelial proliferation and angiogenesis. Studies also highlighted the importance of 
pericytes for vessel maturation in embryonic development, in vascular remodeling, 
and in guidance of sprouting angiogenesis (50–54). Endothelial cells alone can initi-
ate, but not complete vessel formation. After the primary network of vessels has 
formed during vasculogenesis, maturation of the primitive network ensues. During 
this process, pericytes are recruited to the forming vasculature. Important molecular 
pathways, involved in pericyte recruitment during embryonic vessel maturation, are 
platelet-derived growth factor-beta (PDGF-B) and its receptor (PDGFR-B), trans-
forming growth factor-beta (TGF-β) and its receptor and the angiopoietin/Tie-2 sys-
tem (Ang/Tie-2). While the PDGF/PDGF-receptor system is crucial for pericyte 
migration and proliferation during vascular maturation, the angiopoietin/Tie-2 system 
is essential for subsequent vessel stabilization, and TGF-β is involved in the interac-
tion of vascular cells with extracellular matrix (ECM) and ECM production and fur-
ther mural cell differentiation. Inhibition of pericyte recruitment to capillaries by 
interfering with the recruitment leads to abnormal remodeling of developing vessels, 
a process that is reversed by administration of endothelial survival factors (55). 
During this angiogenic remodeling the initial vascular network is also modified 
through both pruning and vessel enlargement (56, 57).

In sprouting angiogenesis, pericytes are actively involved (56). Under the influence 
of VEGF, endothelial cells start to evade from their resident site toward a VEGF gradi-
ent (58). Endothelial cell proliferation and migration of sprouting tip cells include the 
degradation and losing of ECM and is dependent on tip cell guidance (59). In this proc-
ess, pericytes are recruited to vessels by the platelet-derived growth factor PDGF-B/
PDGFR-B system (60), but other factors such as sphingosine-1-phosphate-1 (S1P-1) 
and the angiopoietins are also involved (61). For the completion of vessel maturation, 
active TGF-ß signaling via the ALK-1 and Smad5 pathway is needed (62).

Vessels are resistant to hyperoxic vasoregression when covered with pericytes. This 
led to the concept of the “window of plasticity” determined by pericyte recruitment lag-
ging behind endothelial sprouting (63). By the use of complementary phase-specific 
pericyte markers outlined earlier, it was shown that pericytes play an active role in 
physiological and pathological angiogenesis, as they are frequently found near, at or 
even in front of the tips of endothelial sprouts (14, 27, 64). When remodeling ceases, 
pericytes contribute to the stabilization of vessels by the production of collagen and 
ECM proteins, such as fibronectin, laminin, and glycosaminglycans to the basal lamina 
(33, 65–68). Once the entire vascular system has formed, the major function of pericytes 
becomes the maintenance of a functional vascular network by their ability to control 
endothelial cell proliferation and vascular tone and by making endothelial cells refrac-
tory to shifts in oxygen tension and growth factor levels (69–72). Another paracrine 
signaling pathway implicated in vessel stabilization is the angiopoietin/Tie-2 system. 
Angiopoietins (Ang-1 and Ang-2) signal via the tyrosine kinase receptor Tie-2. Pericytes 
are a predominant source of Ang-1 (54, 73). Ang-1 in endothelial cells is believed to 
maintain vessel integrity by its ability to stabilize nascent vessels and to promote tight-
ness of vessel barrier function, presumably by facilitating communication between ECs 
and pericytes (31).
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LOSS IN DIABETIC RETINOPATHY

Given the complex cell-cell crosstalk outlined earlier, and the high numbers of peri-
cytes covering retinal capillaries, the observation that pericytes are lost in a diabetic 
retina predicts profound consequences for the integrity of the affected tissue.

Important insight into the cellular changes that underlie diabetic retinopathy dates 
back to the early 1960s. Kuwabara and Cogan developed a method that allowed for the 
direct inspection of the affected retina liberated from neuroglial tissues due to differen-
tial susceptibility against trypsin digestion. As a result of their work and that of others 
presented later, they identified pericyte loss as one of the earliest changes in the diabetic 
retina (18), though not truly specific for the diabetic retina. However, the time course of 
pericyte loss in humans and the degree remain unclear.

Thus, although the specificity and the primacy of pericyte loss in the human diabetic 
retina are not verified, the pericyte biology outlined earlier, and the clear evidence of 
pericyte abolition suggests an important impact in the evolution of diabetic 
retinopathy.

As appropriate human original material is unavailable, data on the degree and the 
time course of pericyte function mostly derive from animal models as widespread as 
from mice to monkeys.

With the following paragraphs summarizing data on different animal species with 
regard to early diabetic lesions in the retina, it becomes clear that pericyte loss in dia-
betes is a universal event, not restricted to specific conditions or species. Therefore, it 
is unlikely that humans are an exception from the rule.

Animal models of diabetic retinopathy were either spontaneously diabetic caused by 
genetic or inbreed alterations, or diabetes was induced by chemicals such as streptozo-
tocin. In addition, dietary modifications were used to imitate diabetic hyperhexosemia 
with sufficient duration to assess retinal vascular changes such as pericyte loss. Mice 
with modified expressions of genes involved in pericyte behavior during developmental 
angiogenesis were also proposed as retinopathy models.

The unequivocal identification of pericytes succeeds in retinal digest preparations. 
Modifications of the original protocol for digestion not only improved the completeness 
of the resulting vessel network, but also allowed for advanced analytical methods, in 
particular, when the fixation procedure was modified, or enzymatic isolation of the 
vasculature was omitted. One important requirement of the morphological distinction 
between endothelial cells and pericytes, which is more difficult in rodents than in pri-
mates or humans (only exception: Chinese hamster), is the staining. Using differential 
staining techniques, a selective labeling of pericytes improved the completeness of peri-
cyte identification (74).

Rats
Rats are the most commonly used models of experimental diabetic retinopathy. 

Permanent hyperglycemia is usually achieved by chemical induction with streptozo-
tocin (STZ). The type of diabetes resembles more type 1 than type 2 with severe hyper-
glycemia and moderate hypoinsulinemia. In this model, pericyte loss is reproducible, 
depending on the strain used (75). Sprague-Dawley rats which are often used for studies 
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in experimental diabetic nephropathy develop pericyte loss later than Lewis or Wistar 
rats. Brown Norway or Fisher rats, sometimes used in short-term gene expression 
experiments, have not been fully characterized for diabetic pericyte loss and other rel-
evant retinal lesions so that their usefulness remains unclear.

STZ-diabetic Lewis and Wistar rats generally show a 30–50% reduction of pericyte 
numbers after 6–9 months of diabetes (74, 76–78). Specifically, in STZ-diabetic Wistar 
rats a pericyte dropout over 30% has been reported after 30 weeks of experimental 
hyperglycemia (77). In STZ-diabetic Wistar rats supplemented with sucrose the loss 
was even more pronounced (79).

There are spontaneous diabetic rat models which resemble type 1 diabetes more 
closely because of their pathogenesis. The insulin-dependent diabetic BB Wistar rat 
and the spontaneous diabetic SDT rat, both develop typical retinal lesions including 
pericyte loss, due to hyperglycemia. In the diabetic BB Wistar rats, signs of degener-
ating pericytes and a decreased pericyte/endothelial cell ratio were observed after 
8–11 months. In diabetic spontaneous diabetic Torii rat, the loss of pericytes and the 
formation of acellular capillaries have been described in the majority of the observed 
eyes (80%) (80, 81). The quantity of pericyte loss would be of particular interest as 
these animals develop intraretinal neovascularizations. In nondiabetic models mice 
with a conditional depletion of PDGF-B this only happens if pericyte coverage drops 
below 50% (82).

Rat models of type 2 diabetes show similar morphological characteristics suggesting 
that pericyte loss and other changes characteristic for retinopathy are caused by hyper-
glycemia-mediated mechanisms (83–85). As in other animal models, the addition of 
sucrose to the diet in genetically obese fatty fa/fa rats resulted in a pronounced decrease 
in pericytes and signs of pericyte degeneration (84).

Mice
Mice are cheap to house and easy to breed, but they were less favored than rats as 

models of diabetic retinopathy. With the widespread use of genetically manipulated 
mice, their use, in particular in combination with chronic hyperglycemia, has become 
popular, although their retinopathic phenotype is considered less severe and the identi-
fication of pericytes more difficult than rats. Furthermore, some mouse strains are 
unsuitable as models, because of the lack of a deep capillary network, in which hyper-
glycemia-induced lesions occur first. Retinae of some strains inherited tend to degener-
ate imposing a potential analytical bias between hyperglycemic and degenerative cell 
loss. In turn, mice are better to study, because of the availability of molecular tools such 
as antibodies for specific characterization.

Like in rats, diabetes induction in mice is performed by injection of STZ and ensuing 
hyperglycemia persists. Studies in C57BL6 mice revealed that retinal capillaries show 
a significant loss of pericyte beginning 6 months after STZ-diabetes induction, which 
continued to increase through the 18 months examined (86).

A transgenic mouse model of diabetes is the spontaneous diabetic Ins2Akita mouse. 
A point mutation in the insulin 2 gene results in misfolding and accumulation of the 
maturing insulin in beta cells of the pancreas. Subsequent hypoinsulinemia leads to 
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spontaneous hyperglycemia with a rapid onset 4–5 weeks after birth. Male Ins2Akita 
mice remain constant on glucose levels over 500 mg ml−1 during life, while females have 
lower blood glucose and HbA1c levels. After 6 months of experimental hyperglycemia 
Ins2Akita males develop morphological characteristics of diabetic retinopathy, 
including the loss of pericytes of approximately 15% (87, 125).

Diabetic db/db mice as a model for type 2 diabetes show a more than 25% decrease 
in pericyte density after 15 months of disease duration (88). Pericyte dropout may start 
earlier in the course of diabetes, but systematic studies on the time course are not avail-
able (Pfister, Sauerhöfer, Möller, and Hammes, unpublished). The somewhat milder 
overall phenotype of retinal changes in mice may result from a higher antioxidative 
defense capacity as suggested recently (89).

Chinese Hamster
Another rodent model of diabetic retinopathy is the Chinese spontaneous diabetic 

hamster. In this species, two different levels of hyperglycemia are achieved by 
breeding, one with mild hyperglycemia (blood glucose between 6 and 15 mmol L−1), 
the other one with severe hyperglycemia (blood glucose between 25 and 30 mmol 
L−1) over a period of 12 months. Our own studies revealed a comparable early drop-
out of pericytes of both the mild and the severe diabetic group (approximately 25% 
after 3 months), and a maximum loss of pericytes in the severely diabetic group of 
57% after 12 months. Despite the extended pericyte dropout, these animals do not 
develop microaneuryms. Therefore, the proposed link between pericyte loss and a 
local weakening of the capillary wall as a cause for microaneuryms formation is 
questionable (90).

Dog
Pericyte-deficient capillaries and the presence of pericyte ghosts in diabetic dogs 

have been reported in this model (91–94). As researchers working with dogs use quan-
titation of pericyte ghosts, but not quantitative retinal morphometry, information on the 
real degree of pericyte loss is not available (the method of counting pericyte ghosts can-
not detect ghosts above and below capillaries and can therefore miss up to 50% of the 
actual deficit).

As hyperglycemia affects the retina as a whole, Engerman and Kern, using dogs, 
asked whether pericyte loss was uniformly distributed throughout the retina as 
expected. Indeed, by dividing the retina into four quadrants, they identified equal num-
bers of pericytes throughout the retina. However, the numbers of acellular capillaries 
were preponderant in the upper temporal quadrant which led the authors to speculate 
that pericyte loss and acellular capillaries occur by different mechanisms. Like in rats, 
a qualitative loss of smooth muscle cells was also found in dogs, extending the concept 
of a loss of mural cells also to smooth muscle cells (95).

Apart from these experimental animals, pericyte loss has been observed in diabetic 
monkeys, however, without precise data about onset or degree (96, 97).
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Animal Models Mimicking Retinal Pericyte Loss
As noted earlier, the PDGF-B/ß-receptor and the Ang/Tie-2 system are important in 

the recruitment of pericytes to the retinal vasculature. Mice with modifications of these 
factors are suitable to understand the vascular consequences of pericyte deficiencies. 
Other factors like VEGF and IGF-1 can play a critical role in the survival of retinal ves-
sels and in the pathogenesis of proliferative diabetic retinopathy.

PDGF-B-PDGF-SSR

Genetic ablation of PDGF-B has major effects on the brain microvasculature. Studies 
using PDGF-B deficient mouse embryos demonstrated a complete lack of microvascu-
lar pericytes and the development of numerous capillary microaneurysms that ruptured 
at birth, when blood pressure increases. Endothelial cells of sprouting capillaries in the 
mutant mice appeared to be unable to attract PDGFR-b-positive pericyte progenitor 
cells (98). Hemorrhages are also prevalent in mice with a deletion of the cognate recep-
tor PDGFR-b, and in mice in which the proper recruitment of pericytes was abolished 
by an antagonistic mAb against PDGFR-beta. The perinatal death of these animals pre-
cluded retinal studies. However, as some of the lesions in vessels of affected mice were 
reminiscent of early retinal lesions in diabetes, heterozygous PDGF-B mice were used 
to study the retinal vasculature. The retinae showed a 28% reduction in the number of 
pericytes compared to wildtype littermates and an increase in acellular capillaries dur-
ing adulthood, implying that pericytes have survival-promoting functions for estab-
lished retinal capillary. This concept was supported by the findings that pericyte dropout 
in PDGF-B deficient mice was further aggravated when chronic hyperglycemia was 
superimposed (99).

Since the perinatal lethality of homozygous PDGF-B mice precluded vascular studies 
of the retina, mice with an endothelium-restricted ablation of PDGF-B were created to 
study pericyte recruitment, vasoregression, and proliferation. The level of pericyte cov-
erage was determined in different areas of the brain and in the retina. It was observed 
that pericyte loss up to 50% was accompanied by vasoregression in the retina, whereas 
pericyte deficits exceeding 50% induced retinal vasoproliferations mimicking prolifera-
tive diabetic retinopathy. Thus, there is an obvious discrepancy between hyperglycemia-
induced pericyte loss > 50% and a genetically induced loss.

ANGIOPOIETIN-TIE

The Angiopoietin-Tie family consists of several members of ligands (Ang-1–4) and 
of receptor tyrosine kinases (Tie-1/2). While Ang-1–4 act via ligation to Tie-2, no active 
ligand for Tie-1 has been unequivocally identified. Tie-2 has been identified on cells 
important for vascular cell survival and angiogenesis, including pericytes (54)].

The interaction of Ang-1 with Tie-2 is crucial for the timely and coordinated recruit-
ment of pericytes to the developing vascular system. The concept that angiopoietin-1 
acting via the receptor tyrosine kinase Tie-2 determines endothelial cell survival, 
sprouting, vessel remodeling, and stabilization though the recruitment of pericytes still 
hold true for retinal vessels. The activity of Tie-2 is differentially regulated as the natu-
ral antagonist of Ang-1, angiopoietin-2 (Ang-2) inhibits the phosphorylation of Tie-2, 
induced by Ang-1. Ang-2 cooperates with VEGF to induce angiogenesis, while Ang-2 
in absence of VEGF induces capillary regression (100). To assess the pathogenetic role 
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of the angiopoietin-Tie system in diabetic pericyte loss, the expression of Ang-1 and -2 
was studied in a diabetic rat model, in which the onset of pericyte dropout is exactly 
known. It was found that Ang-2 is 37-fold upregulated prior to the onset of pericyte 
dropout. Injection of recombinant Ang-2 into the vitreous of nondiabetic rats repro-
duced pericyte dropout within days, and the 25% pericyte loss of diabetic C56BL6/J 
mice after 6 months of diabetes was abolished in a diabetic mouse with a 50% reduction 
of Ang-2 gene dose (101). Constitutive overexpression of Ang-2 in photoreceptor cells 
induces reduced pericyte coverage in the deep capillary layers of the retina (102). 
Diabetes aggravates the pericyte deficiency and promotes acellular capillaries over time, 
similarly to the changes in PDGF-B+/− mice. These data suggest that hyperglycemic 
regulation of angiopoietin-2 plays a crucial role in the survival of pericytes in the dia-
betic retina and the subsequent development of pathology. This notion leads to the ques-
tion of the regulation of growth factors such as angiopoietin-2 by glucose and its 
intracellular metabolites. This will be addressed later.

VEGF-VEGFR2

VEGF is a major determinant of retinal vascular development and responses to 
injury. The murine VEGF gene is alternatively transcribed to yield the VEGF120, 
VEGF164, and VEGF188 isoforms, which differ in their potential to bind to heparan 
sulfate. While the VEGF164 mouse yielded regular pericyte-recruiting patterns in all 
vascular beds, the VEGF120 mouse had major defects in pericyte recruitment to capil-
laries and arterioles, but not to venules. As signs of impaired vessel maturation and 
patency, extravasations of red blood cells were also observed. Endothelial cells provide 
pericyte-recruiting factors like PDGF-B, and VEGF120 mice had lower PDGF-B 
expression suggesting that the defect was secondary to the endothelial defect. 
Endothelial cells of larger vessels express VEGF-R1, but the affinity of VEGF120 to 
this receptor is lower than other VEGF isoforms. It is thus unclear whether this axis 
contributes significantly to pericyte recruitment to capillaries in the retina. The 188 
isoform of VEGF did not yield a defect in pericyte recruitment to capillaries. In essence, 
VEGF may play a significant role in pericyte recruitment, but the specific and predomi-
nant mechanism working in the eye, and in particular in the capillary network, may be 
difficult to dissect (103).

IGF-1/IGF-R

The growth hormone-IGF-1-IGF-1 receptor system has been involved in the patho-
genesis of proliferative diabetic retinopathy since the early days when pituitary ablation 
was the only feasible approach. However, the question of a possible involvement in 
incipient changes was only addressed recently by Ruberte et al. They used a mouse 
overexpressing IGF-1 in several organs, including the retina. The transgene was found 
in the outer nuclear layer and in photoreceptors. After 2 months of paracrine IGF-1 
exposure, quantitative retinal morphometry in retinal digest preparations revealed an 
almost 50% reduction of pericyte numbers, while the numbers of endothelial cells 
remained unexpectedly unchanged. Of note, acellular capillaries were more numerous 
already at this early time point. In analogy to cells exposed to high glucose in the pres-
ence of low IGF-1 the authors claimed a cooperative effect of glucose and IGF-1 on the 
observed ocular alterations (104).
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MECHANISMS OF LOSS

The underlying causes and mechanisms of early pericyte dropout in diabetic retin-
opathy remain still unclear. It is possible that pericyte loss is a result of passive proc-
esses, such as degeneration and apoptosis. For example, STZ-diabetic Wistar rats 
showed a 2.65 fold increase in the numbers of TUNEL positive cells (including peri-
cytes) in retinae after 11 months of hyperglycemia (105). Pericyte death was also 
present in retinal vessels of diabetic patients suggesting its relevance in clinical 
disease (106).

Biochemical Pathways
ALDOSE REDUCTASE

The selective damage of pericytes by chronic hyperglycemia may be explained by 
altered biochemical pathways which have been implicated in the pathogenesis of micro-
vascular damage, so that pericyte loss may be the consequence of hyperglycemic toxic-
ity. The four biochemical pathways that have been discussed over years to be involved 
in the pathogenesis of diabetic complications are i. increased activity of the polyol-
pathway, ii. activation of PKC isoforms by de novo synthesis of diacylglycerol, iii. 
increased flux through the hexosamine pathway and iiii. supply of glycolytic intermedi-
ates for the formation of AGEs. The first pathway to be studied in this regard was the 
aldose reductase pathway, as immunological evidence had suggested the selective pres-
ence of aldose reductase in pericytes (107). When glucose levels in cells are low, the 
enzyme aldose reductase functions by detoxifying aldehydes to inactive alcohols. When 
glucose levels in cells rise in diabetes, the enzyme starts to reduce glucose to sorbitol, 
and this process consumes the cofactor NADPH. Since NADPH is an essential cofactor 
for the regeneration of an important intracellular antioxidant, reduced glutathione, its 
depletion may induce a significant impact on cellular defense against oxidative stress. 
According to novel findings, the expression and the activity of aldose reductase are 
increased in bovine retinal pericytes in vitro when cultured in high glucose (108), and 
are accompanied by elevated intracellular sorbitol levels. Whether this leads to increased 
pericyte death and is amenable to pharmacological inhibition has not yet been demon-
strated. Overall, in line with the notion that the absolute levels of aldose reductase in the 
retina may be too low to contribute significantly to retinopathy development, the major-
ity of experimental, and one large clinical trial failed to establish this pathway as play-
ing a major role.

AGE FORMATION

Chronic hyperglycemia-induced formation of reactive oxygen species and AGEs, 
which accumulate in pericytes in vivo (109), might be able to initiate pericyte degenera-
tion. Injection of exogenous AGE into nondiabetic animals resulted in a selective uptake 
in pericytes (110). In principle, repeated injection of high doses of AGE-modified rat 
serum can induce selective pericyte loss in normal rats after 2 weeks (111). Moreover, 
endogenous AGEs can form and accumulate in pericytes (112). While the ingestions of 
exogenous AGEs is consistent with the propensity of phagocytosis of pericytes, the 
formation of endogenous AGEs in pericytes is inconsistent with the prior finding that 
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pericytes and SMCs are able to downregulate glucose uptake to protect themselves from 
hyperglycemic damage (113). It is thus speculated that pericytes take up AGEs from the 
circulation or from the direct vicinity suggesting a clearing function under specific con-
ditions. Since the tissue load with AGEs changes over time in diabetes, the role of peri-
cytes as AGE-removing cell compartment becomes increasingly relevant. However, the 
time course of AGE accumulation in pericytes (occurring over several months) is incon-
sistent with the time course of pericyte loss (starting after approximately 8 weeks of 
diabetes with a plateau after 6 months in diabetic animals), suggesting that AGEs may 
not be causally involved in incipient pericyte loss.

MODIFICATION OF LDL

Another piece of evidence suggests that pericytes may be injured by toxic plasma pro-
teins which predominantly form in the diabetic milieu. Pericytes are differentially suscep-
tible to damage by modified LDL in vitro (114). As in vivo correlate, the combination of 
elevated glucose and lipids in ApoE−/− db/db mice led to an almost doubling of pericyte 
ghosts after 6 months of exposure. The majority of genes upregulated in human pericytes 
exposed to modifications of LDL such as oxidized-glycated LDL belong to the families 
of signal transduction, enzymes, and lipid metabolism (115). One interesting gene regu-
lated by exposure of pericytes to modified lipids is TIMP-3, which controls vessel stability 
and maturation in vitro (116). Exposure of cultured human retinal pericytes to glycated-
oxidized LDL repressed TIMP-3 expression by 2.41 fold vs. pericytes exposed to unmodi-
fied LDL. Given the close cell-cell communication based on physical contacts between 
endothelial cells and pericytes, it is conceivable that the MMP-TIMP system can play a 
significant role in execution of vascular stabilization by pericytes, and to the respective 
alteration in diabetes (117). Although a clear clinical benefit of lipid-lowering treatment 
for diabetic retinopathy has not been demonstrated (118, 119), the preclinical data and 
evidence from associative studies suggest an association between lipoprotein profiles and 
the severity of retinopathy at least in type 1 diabetes (120). It must be kept in mind that 
lipid-lowering drugs can have an independent effect on pericyte survival. For instance, it 
was recently reported that statins, in particular simvastatin, a potent HMG-CoA reductase 
inhibitor, can selectively induce pericyte apoptosis in vitro.

Loss Through Active Elimination
Alternative to early pericyte loss in diabetic retinopathy being the result of hypergly-

cemic injury, a different concept was proposed. It is possible that pericyte loss is an 
active process involving migration of pericytes away from the capillaries, driven by the 
Angiopoietin-Tie system. As described, gain of function experiments in nondiabetic 
animals revealed the induction of pericyte dropout in the vicinity of the Ang-2 overex-
pressing site. Superimposition of diabetes aggravated the most important vascular rea-
dout, i.e., the formation of acellular capillaries. Loss of function studies in the presence 
of diabetes yielded the prevention of pericyte dropout and the reduction of acellular 
capillary formation. Ang-2 is expressed in three cell types of the retina, i.e., the endothe-
lial cell, the Müller cells, and the horizontal cells. In situ hybridization of diabetic reti-
nae with Ang-2 yielded the expression particularly in Müller cells. However, the 
regulation of Ang-2 in chronic hyperglycemia has not been understood until recently.
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For a better understanding, a short summary of the biochemical state of the art is 
given.

As mentioned, four pathways have been investigated over many years to explain how 
diabetes can affect diabetic vascular target cells: the sorbitol pathway, the hexosamine 
pathway, and the protein kinase C pathway, and increased production of AGEs. 
Recently, these seemingly independent biochemical pathways have been linked by the 
findings that one single mechanism, hyperglycemia-induced mitochondrial overproduc-
tion of reactive oxygen species, is the underlying cause, which, mediated through the 
enzyme poly-ADP-ribose polymerase, blocks activities of the critical glycolytic enzyme 
glyceraldehyde-3-phosphate dehydrogenase (121, 122). In normal cells, glucose is 
metabolized through glycolysis and the tricarbon cycle to generate electron donors for 
the mitochondrial respiratory chain. Here, energy (ATP) is generated in a precisely 
regulated way. In hyperglycemic cells, increased flux through glycolysis and the TCA 
cycle generates a voltage gradient of electrons surpassing a certain threshold which is 
then blocked inside complex III of the mitochondrial electron transport chain. From 
complex III, the surplus of electrons is purported to coenzyme Q together with molecu-
lar oxygen producing superoxide. The mitochondrial form of superoxide dismutase 
detoxifies this radical via hydrogen peroxide to water in the presence of oxygen. The 
link between the four biochemical pathways, and the mitochondrial overproduction of 
ROS was made, when it became evident that an important change in hyperglycemic 
cells and in experimental animals was the reduced activity of the glycolytic enzyme 
glyceraldehyde-3-phosphate dehydrogenase. When examining for biochemical modifi-
cations of the enzyme, it was observed that hyperglycemia-induced superoxides caused 
polymers of ADP ribose to attach and reduce enzyme activity. These changes were 
prevented with the inhibition of superoxide generation, and with the inhibition of the 
nuclear enzyme poly-ADP-ribose polymerase using a specific PARP inhibitor. The lat-
ter is activated upon DNA strand brakes known to form in hyperglycemic cells. Reduced 
GAPDH activity induced by PARP activation activates the biochemical pathways by 
increasing intermediates such as diacyl-glycerol (PKC pathway), glyceraldehyde-3-
phosphate (AGE pathway), fructose-6-phosphate (hexosamine pathway), and intracel-
lular glucose (sorbitol pathway). Thus, hyperglycemia links to biochemical pathway 
abnormalities via a common denominator, mitochondrial overproduction of reactive 
oxygen species. Methyglyoxal is the most important intracellular AGE precursor. 
Methylglyoxal-induced hydroimidazolones are the predominant modifications of intra-
cellular proteins. They react with amino groups of arginine in intracellular proteins to 
form AGEs, which are detoxified by the glyoxalase system (123).

Methylglyoxal has been recently implicated in the mechanism of how high glucose 
regulates gene expression. It was found that increased glucose flux in renal microvas-
cular endothelial cells caused increased modification of the corepressor mSin3A by 
methylglyoxal resulting in recruitment of the enzyme O-GlcNAc transferase to an 
mSin3A-Sp3 complex. Subsequently, Sp3 modification by O-linked N-acetylglucosamine 
decreased its binding to a glucose-responsive GC box in the Ang-2 promoter and the 
activation of Ang-2 transcription (Fig. 3) (124). The same mechanism was operative in 
retinal Müller cells consistent with in vivo data from retinae of diabetic rats and mice. 
These data are consistent with the novel hypothesis, i.e., that pericyte loss is actively 
induced by glial cell overexpression Ang-2 in response to high glucose.
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Abstract

Capillary dropout is a critical process in diabetic retinopathy, resulting in ischemia, 
release of angiogenic growth factors, and sight-threatening retinal neovascularization.

It is essential to gain a greater understanding of this process in order to develop improved 
treatments for diabetic retinopathy. This chapter will review the organization, structure, and 
cellular composition of retinal capillaries. The histopathologic and clinical manifestations 
of capillary dropout in diabetic retinopathy will be discussed. Methods for detecting capil-
lary dropout and experimental models for studying this phenomenon will be presented. 
Potential mechanisms for capillary dropout as well as contributory biochemical pathways 
will be discussed. Finally, the clinical consequences of capillary dropout will be summa-
rized, highlighting the critical importance of this process in the pathophysiology of diabetic 
retinopathy.
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DIABETIC RETINOPATHY

Retinopathy, one of the major microvascular complications of diabetes, is the leading 
cause of blindness throughout the world in the 20–74 year age group. Its effects on the 
quality of life and loss of productivity for patients and their families are a leading 
socioeconomic burden on the community. Diabetic retinopathy is a slowly progressing 
lifelong disease that is exacerbated by high blood pressure, puberty, or pregnancy 
(1, 2). It affects both type I and type II diabetic patients. With the incidence of type II 
diabetes increasing worldwide and the age of onset decreasing dramatically, retinopathy 
is becoming a major global concern.

Retinopathy is a multifactorial complication of diabetes, and sustained hyperglyc-
emia is considered a major cause of slow and cumulative damage to the small blood 
vessels in the retina (3, 4). The major determinants for the progression of diabetic retin-
opathy are duration of diabetes and the degree of glycemic control maintained over the 
years (5). During the initial stages, background retinopathy, small blood vessels may 
begin to bleed and leak fluid into the surrounding retinal tissue, but the disease remains 
asymptomatic. As retinal blood vessels continue to get damaged, portions of the retinal 
microcirculation begin to close down causing the retina to become ischemic. Capillary 
dropout is a critical process in diabetic retinopathy, resulting in ischemia, release of 
angiogenic growth factors, and sight-threatening retinal neovascularization (6). As a 
result, it is necessary to gain a greater understanding of this process in order to develop 
improved treatments for diabetic retinopathy.

ORGANIZATION, STRUCTURE, COMPOSITION, AND FUNCTION 
OF RETINAL CAPILLARIES

In order to appreciate how capillaries are damaged in the retina, it is imperative that 
we have a better understanding of the organization and structure of this delicate but 
complex tissue. The retina has four major types of cells: vascular (pericytes and 
endothelial cells), macroglial cells (Muller cells and astrocytes), neurons (photorecep-
tors, bipolar cells, amacrine and ganglion cells), and microglia (which act as phago-
cytes). The retinal vessels are highly organized and have three layers of microvessels: a 
superficial layer in the ganglion cell layer, an intermediate layer in the inner plexiform 
layer, and a deep layer in the outer plexiform layer (Fig. 1) (7). In humans, the retinal 
vessels occupy the inner half of the neural retina. The retinal vasculature is separated 
from the surrounding neural components by the cytoplasm of Muller cells and glial 
cells. Blood vessels extend outward from the optic disc in all directions spreading their 
network across the retina, stopping short of the periphery, and also sparing the fovea. 
Although the arrangement of retinal vessels is unique for each human, the larger blood 
vessels, in general, occupy the innermost portion of the retina while smaller blood ves-
sels, the capillaries, are found between the nerve fiber and inner nuclear layers (8). The 
diameter of the capillary network varies in different parts of the retina; the outer mesh 
ranges from 15 to 130 µm while the superficial network averages about 65 µm (9). The 



Capillary Dropout in Diabetic Retinopathy 267

Fig. 1. Organization and structure of retina showing different cell types. The highly organized retinal 
vessels have three layers of microvessels: a superficial layer in the ganglion cell layer, an intermediate 
layer in the inner plexiform layer, and a deep layer in the outer plexiform layer. The retinal vasculature 
is separated from the surrounding neural components by the cytoplasm of Muller cells and glial cells.

Fig. 2. Retinal capillary structure showing the organization of capillary cells on the basement mem-
brane.

retinal capillary wall is lined by a single layer of endothelial cells encompassed by a 
basement membrane and surrounded by pericytes (Fig. 2) (10).

The basement membrane, a connective tissue sheath, surrounds the capillaries. It is a 
definite membrane with a fibrillar structure and has uniform thickness. The retinal cap-
illary basement membrane is mainly composed of collagen types IV and V, laminin and 
heparan sulfate proteoglycan core protein (11). Its function is to structurally support the 
endothelial cells and pericytes and also to anchor retinal vessels to adjacent tissues.
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The vascular endothelial cells and pericytes lie on the basement membrane (Fig. 3). 
Endothelial cells are the predominant cells initially but 3 months after birth, pericytes are 
observed on the microvessels (12). Fusion of membranes between endothelial cells forms 
the tight junctional complexes (7, 13). These junctions are largely responsible for the 
blood–retinal barrier that impedes the outward passage of circulating proteins (14). The 
integrity of the blood–retinal barrier is essential for normal visual function, and the disrup-
tion of this barrier is seen in diabetic retinopathy and other ocular diseases. Under normal 
conditions, the vascular endothelium also acts as a barrier to the trafficking of leukocytes 
into the retina. The blood–retinal barrier serves as a selective partition between the retina 
and the blood circulation enabling the retina to regulate its environment in response to 
varying metabolic demands. In diabetes the blood–retinal barrier breaks down and perme-
ability to larger molecules, including albumin, is increased (15).

The endothelium is surrounded by pericytes that exchange paracrine signals through a 
shared basement membrane (16). These cells have nuclei which often appear to protrude 
from the capillary wall, and have long and slender processes which envelop the wall and 
overlap neighboring cells (17). They are spaced regularly along the retinal capillary and 
are in direct contact with endothelial cells. Pericytes are not present on the newly formed 
capillary beds, but are seen only within the maturing vascular network (7). Pericytes pro-
vide structural support, help in contraction and regulate the endothelial cells. Contractility 
of pericytes confers the ability to regulate retinal vascular tone and blood flow (18).

PATHOLOGY AND CLINICAL MANIFESTATION OF CAPILLARY 
DROPOUT IN DIABETIC RETINOPATHY

Capillaries function to provide nutrients (glucose, fatty acids, and amino acids) to the 
retina and to metabolically exchange respiratory gases, and also to remove waste prod-
ucts from the retina in order to maintain retinal homeostasis (19). This fundamental role 
of the capillaries requires proper functioning of the components of the capillaries. 
Capillary dropout is characterized by the loss of capillary components that results ulti-
mately in the degeneration or obliteration of capillaries.

In the early stage or background retinopathy, the selective loss of pericytes from the 
retinal capillaries is consistently shown to occur before any histopathological signs can 

Fig. 3. Cross section of a capillary demonstrating tight junctions in between endothelial cells and 
coverage by pericytes.
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vitreous, resulting in visual loss; in addition, the fibrous tissue accompanying new 
vessels can cause traction on the retina leading to retinal detachment (26, 27).

METHODS TO MEASURE AND DETECT CAPILLARY DROPOUT

Histological assessment of capillary dropout can be performed in trypsin-digested 
retina preparations. Capillaries in retinal trypsin digests are stained with periodic acid 
Schiff-hematoxylin. Acellular capillaries are identified as capillary-sized vessel tubes 
having no nuclei anywhere along their length (presumably from degeneration of 
endothelial cells), leaving only a basement membrane tube (Fig. 4). Pericyte ghosts are 
detected as spaces or pockets in the capillary basement membrane from which pericytes 
have disappeared (28).

Clinically, the signs of diabetic retinopathy are routinely evaluated by ophthalmolo-
gists using fundus examination and photography. Fluorescein angiography helps show 
physicohemodynamic processes, and has allowed us to understand abnormalities of the 
capillary bed, including microaneurysms, dilated capillaries, capillary closure and 
abnormal permeability of the retinal vasculature (29). It can detect microaneurysms and 
other capillary changes with much greater sensitivity than routine ophthalmoscopy, 
including leaking vessels, capillary closure and even small new vessels (30). Further, 
fluorescein angiography has the capability to elucidate detailed microstructural vascular 
alterations that can escape fundus examination. Microaneurysms that appear as dots on 
fundus photograph are brightly fluorescent in fluorescein angiography (31, 32). 
Hemorrhages appear as areas of blocked fluorescence, while hard exudates usually 
show minimal blocking of fluorescence on fluorescein angiography. Cotton wool spots, 
which represent areas of ischemic infarction within the nerve fiber layer, appear as 
fluffy white lesions on fundus examination, and as an area of retinal haziness with 
blockage of underlying background fluorescence on angiography. Capillary closure is 
indicated on fluorescein angiography as black patches interrupting the normal capillary 
pattern (Figs. 5 and 6) (33).

There appears to be a good correlation between the results obtained from fluorescein 
angiography and trypsin-digested retinal vessels. Comparison of fluorescein angiogra-
phy of an individual with a trypsin-digested retina preparation a few months afterward 
demonstrated that areas of capillary nonperfusion correspond to acellular capillary beds 
(34). In addition, India ink injection preparations fail to fill acellular capillaries, further 
suggesting their nonfunctional nature (35). These observations support the correspond-
ence between acellular capillaries and capillary dropout.

MODELS TO STUDY RETINAL CAPILLARY DROPOUT IN DIABETES

In order to understand the mechanism of capillary dropout in diabetic retinopathy, 
suitable models (in vivo and in vitro) are vital. Various animal models have been used to 
investigate diabetes-induced capillary dropout in the retina. Animal models present an 
advantage because these models can be used to screen potential therapies for their ability 
to inhibit the development of retinopathy. In addition, these models have allowed dissec-
tion and isolation of various factors associated with the pathogenesis of diabetic retinopa-
thy, and is helping the development of effective strategies to address the problem. For the 
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significant features of human diabetic retinopathy (36). Pancreatectomized or spontane-
ously diabetic cats have demonstrated local ischemia and tissue hypoxia in the retina 
(37), and an acidification of the inner retina that is associated with capillary dropout (38). 
Diabetic dogs have demonstrated degenerative capillaries, and other histopathology char-
acteristic of retinopathy in diabetic patients (39, 40).

Rodent models (rats and mice), chemically made diabetic with streptozotocin or 
alloxan, are routinely employed to investigate the development of diabetic retinopathy. 
Mice present an advantage because they can be genetically manipulated to identify the 
genes responsible for capillary degeneration (40–43). Capillary dropout and other early 
histopathological signs of diabetic retinopathy can be observed in rodents at much shorter 
duration (8–12 months) of diabetes compared to dogs (3–5 years). In addition, the smaller 
size of the animal provides an advantage in that multiple pathways and therapies can be 
evaluated using a large number of rodents. Further details about animal models to inves-
tigate capillary dropout and other pathology are compiled by Dr. Kern in Chap. 5.

In vitro studies using isolated retinal capillary cells (endothelial cells and pericytes) 
have helped elucidate the mechanism of capillary dropout in diabetes. These models are 
useful because the specific gene of interest can be overexpressed or silenced, and the 
cells can be exposed to specific activators or inhibitors of the pathway of interest with-
out much difficulty (44–47). However, the results should be used with caution because 
the culture conditions can greatly modify the cells and the in vivo model where multiple 
diabetes-induced biochemical, physiological, structural, and functional alterations that 
could work in synergy to contribute to capillary dropout cannot be duplicated.

POTENTIAL MECHANISMS FOR CAPILLARY DROPOUT

At least two mechanisms are thought to contribute to capillary occlusion and oblitera-
tion in diabetes: death/apoptosis of capillary cells and vascular occlusion by white blood 
cells or platelets. In addition, it is quite possible that there could be an interplay between 
these mechanisms, since capillary cell apoptosis could create an environment favorable 
for microthrombosis and leukocyte adhesion to endothelial cells, and vice versa.

Capillary Cell Apoptosis
Programmed cell death, commonly termed “apoptosis,” may be an important mecha-

nism that contributes to capillary dropout (22). Retinal microvascular cells (pericytes and 
endothelial cells) and neuronal cells are lost selectively via apoptosis before other histopa-
thology is detectable (48–50), and it is possible that this apoptosis over time contributes 
to capillary degeneration in DR. In diabetic patients, retinal capillary cells are reported to 
perish by accelerated cell death (22), and this phenomenon is replicated in animal models 
of diabetic retinopathy. Apoptosis of retinal microvascular cells in diabetic or galactose-
fed rodents can be detected as early as 5–6 months after induction of diabetes, and acel-
lular capillaries and pericyte ghosts are seen after 10–12 months of diabetes (22, 51–53).

The loss of retinal capillary pericytes is considered the earliest morphologic lesion 
observed in diabetic retinopathy (54, 55). Pericytes with almost no replicative capacity 
in the adult organism fail to renew (56). This loss of retinal pericytes leaves pockets in 
the basement membrane, commonly termed as “pericyte ghosts.” Apoptotic capillary 
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cells observed in the retina at any given duration of diabetes are very limited in number 
(22, 57, 58), but this may well be sufficient to result in significant pericyte loss (and 
appearance of pericyte ghosts) over time. The histopathology of diabetic retinopathy 
develops over decades in humans and more than 1 year in rats, but apoptosis is a rapidly 
consummated phenomenon, and apoptotic cells are detectable for only a few hours (59). 
Thus, accelerated apoptosis could account for the pericyte loss and formation of ghosts 
in diabetic retinopathy. Although pericyte loss is correlated with acellular capillaries 
during diabetic microangiopathy (60–62), the specific contribution of pericyte loss to 
capillary dropout in the pathogenesis of diabetic retinopathy remains unclear. However, 
studies demonstrating a co-survival relationship of pericytes and endothelial cells in 
developing and adult vasculature (63) suggest that pericytes might have a role in sup-
porting endothelial cell survival. The mean ratio of perictye nuclei to endothelial cell 
nuclei is 1:1 in normal retinal capillaries, but this ratio decreases to 1:4 (and later 1:10) 
in diabetic retinopathy (63, 64). Since pericytes are endothelial-supporting cells and 
they regulate endothelial cells intricately, the loss of pericytes could have negative con-
sequences on endothelial cell survival (for further discussion, see Chap. 10).

Endothelial cells are considered a little less susceptible to damage in diabetes than 
pericytes (65), and their ability to replicate and replace neighboring cells, though at a 
very slow rate, could contribute to this (56, 64). Although endothelial cells are capable 
of making up the deficit for a finite period of time, it is likely that with exposure to the 
diabetic milieu over time, the replicative capacity of the endothelial cells is exhausted, 
as occurs in all somatic cells which reach their Hayflick limit (66, 67). In response to 
cell death in DR, the endothelium maintains a higher than normal rate of cell division 
over time, and this would be predicted to overextend its replicative capacity. Indeed, 
it has been suggested that exposure to the diabetic environment could induce a senes-
cent phenotype in endothelial cells so that the normal Hayflick limit is not attainable 
(63). The precise contribution of endothelial cell apoptosis to capillary dropout remains 
to be determined. However, it is noteworthy that the ability of a therapy to reduce retinal 
capillary cell apoptosis in diabetes was predictive of its ability to inhibit retinal capillary 
degeneration (50). This suggests that apoptosis is an important contributor to capillary 
dropout in DR. Finally, it is important to note that apoptosis might not be the sole form 
of cell death in DR, as necrosis has been suggested as well (68).

Proinflammatory Changes/Leukostasis
Diabetes precipitates several molecular and functional abnormalities in the retina 

suggesting that proinflammatory pathways are a critical contributor in the development 
of diabetic retinopathy (69). Abnormalities characteristic of inflammation are observed 
in diabetic retinas and retinal capillary cells cultured in high glucose conditions. These 
include elevations in proinflammatory cytokines, prostaglandins, nitric oxide (NO), the 
nuclear transcription factor (NF)-kB, and adhesion molecules coupled with up-regula-
tion of leukostasis. These proinflammatory processes could contribute to capillary 
dropout in diabetic retinopathy by increasing leukostasis and/or via increasing apoptosis 
of capillary cells (68, 70–73).

The levels of several proinflammatory cytokines including interleukin (IL)-1β, tumor 
necrosis factor (TNF)-α, IL-6, and IL-8 are increased in the vitreous of patients with 
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proliferative diabetic retinopathy and in retinas from diabetic rodents (70, 71, 74–76). 
Inflammation is one of the processes implicated in the apoptosis of retinal cells 
(68, 71, 77), and TNF-α is considered as an important mediator of apoptosis of retinal 
endothelial cells in diabetes (78).

The eicosanoid prostaglandin E
2
 (PGE

2
) together with the inducible enzyme that cata-

lyzes its formation, cyclooxygenase-2 (COX-2), are elevated in the retina of diabetic rats 
(72, 79–83). Besides regulating the levels of vascular endothelial growth factor (VEGF) 
and retinal vascular permeability during diabetes (82), COX-2 also mediates leukostasis 
and acellular capillary formation in the retinal microvasculature of diabetic rats (72, 81).

Nitric oxide is an important mediator of inflammation. Its formation is catalyzed by 
nitric oxide synthases. Inducible nitric oxide synthase (iNOS), in particular, has been 
reported to contribute to cytotoxicity in some cell types. The expression of iNOS and 
the levels of NO and peroxynitrite (a product of the reaction between superoxide and 
NO) are elevated in the retina of diabetic patients and rats (50, 83–89). Diabetic mice 
that have their iNOS gene knocked out exhibited a significant decrease in retinal capil-
lary degeneration (90).

NF-kB, a transcription factor that regulates many genes participating in the inflamma-
tory process and apoptosis, is considered to be a major inducer of most of the proinflam-
matory proteins including IL-1β, TNF-α, COX-2, iNOS, intercellular adhesion 
molecule-1 (ICAM-1), and vascular cell adhesion molecule-1 (VCAM-1) (91). NF-kB is 
activated in the retina and retinal capillaries in diabetic conditions (92–95), and it has 
been implicated in promoting the apoptosis of retinal capillary cells and the formation of 
acellular capillaries (92). Inhibition of NF-kB activation is associated with a reduction in 
pericyte loss and degeneration of retinal capillaries in diabetic animals (85, 93, 96).

Adhesion molecules including ICAM-1 and VCAM-1 are also up-regulated in the 
vitreous and serum of patients with diabetic retinopathy (97–99). ICAM-1 and CD18 
are considered particularly important in the development of diabetic retinopathy and are 
suggested to exert their effects via activation of leukostasis (100, 101).

Increased leukostasis has been demonstrated to play an important role in the patho-
genesis of diabetic retinopathy (68, 69, 81, 95, 102–104). Leukocytes become less 
deformable and more activated in diabetes and may be involved in retinal capillary non-
perfusion, vascular leakage and endothelial cell damage (105). Acridine orange leuko-
cyte fluorography and fluorescein angiography studies have shown trapped leukocytes 
directly associated with areas of capillary occlusion and nonperfusion in the diabetic reti-
nal microcirculation (105, 106). Interestingly, with subsequent disappearance of leuko-
cytes, some capillaries remained nonperfused. A detailed discussion of leukostasis and 
its contribution to capillary dropout in diabetic retinopathy is provided in Chap. 13.

Microthrombosis/Platelet Aggregation
Accumulation of platelets has been observed in the retinal vasculature of diabetic 

subjects, and these platelet microthrombi were spatially associated with apoptotic 
endothelial cells (107). Studies have shown that advanced glycation end products 
(AGEs) inhibit prostacyclin production and induce plasminogen activator inhibitor-1 in 
microvascular endothelial cells suggesting that AGEs have the ability to cause platelet 
aggregation and fibrin stabilization, resulting in a predisposition to thrombogenesis 
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(108, 109). Capillary occlusion by platelet and fibrin thrombi has also been observed in 
the retina of diabetic rats (110, 111). This suggests that microthrombosis could also 
contribute to retinal capillary occlusion in DR.

DIABETES-INDUCED BIOCHEMICAL PATHWAYS PROMOTING 
CAPILLARY DROPOUT

Many metabolic abnormalities that are manifested by elevated glucose, including 
increased oxidative stress, advanced glycation end product formation, and polyol pathway 
activation have been implicated in capillary dropout in diabetic retinopathy, but the relative 
contribution of these biochemical and molecular sequelae of hyperglycemia remains 
unclear. Chronic hyperglycemia favors glycation reactions, and nonenzymatic glycation 
can lead to alterations in function and activity of both intracellular and extracellular pro-
teins (112). AGEs can be formed intracellularly and extracellularly in the retina. AGEs 
increase oxidative and nitrative stress in retinal vascular cells and initiate a sequence of 
events leading to retinal capillary cell apoptosis via activation of NF-kB (112, 113). 
Treatment of diabetic mice with soluble RAGE, which inhibits interaction of AGEs with 
AGE receptors, significantly blocked leukostasis as well as blood–retinal barrier break-
down. In addition, diabetes-induced leukostasis and blood–retinal barrier breakdown were 
significantly augmented in mice transgenic for RAGE, a specific receptor for AGEs (73).

These observations suggest that AGEs could have a significant role in capillary drop-
out. Additional studies are warranted to confirm the role of AGEs in capillary dropout 
in diabetic patients.

Oxidative stress is increased in diabetes, and is considered to be a key regulator in 
the development of diabetic complications (85, 114, 115). Oxidative stress is closely 
linked to apoptosis in a variety of cell types (116), and reactive oxygen species (ROS) 
are postulated as causal link between elevated glucose and the other metabolic abnor-
malities important in the development of diabetic complications (117). As long as glu-
cose levels remain elevated in the retina, the vicious cycle of ROS continues. Antioxidant 
supplementation in rats or overexpression of mitochondrial manganese superoxide dis-
mutase (MnSOD) in mice inhibit diabetes-induced apoptosis of capillary cells and for-
mation of degenerated capillaries in the retina (58, 85, 118). Increased oxidative stress 
is observed in retinal capillary cells as well as in other nonvascular retinal cells, includ-
ing Muller cells and photoreceptors in high glucose conditions (85, 115, 116). 
Antioxidants and overexpression of MnSOD prevent glucose-induced apoptosis of cap-
illary cells. However, the mechanisms by which oxidative stress contribute to capillary 
dropout still remain to be elucidated.

CONSEQUENCES OF CAPILLARY DROPOUT

Macular Ischemia
Capillary dropout can lead to the loss of vision in several ways, due to macular 

ischemia, macular edema, or retinal neovascularization leading to vitreous hemorrhage 
and tractional retinal detachment. Capillary dropout can result in macular ischemia, a 
cause of vision loss in nonproliferative diabetic retinopathy. In one study, an enlarged 
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foveal avascular zone was found even in diabetic patients with no retinopathy, compared 
with healthy subjects (119). But these changes are not reflected in visual acuity loss 
until the foveal avascular zone is significantly enlarged (120, 121). Measurement of 
contrast sensitivity has been proposed to be a good visual functional measurement that 
reflects early changes in retinal circulation and thus may be useful for quantifying dis-
ease progression before visual acuity progresses (122).

Neovascularization
Capillary nonperfusion resulting from capillary dropout can subsequently stimulate 

proliferative retinopathy. Ischemic/hypoxic retina from capillary nonperfusion produces 
angiogenic growth factors that stimulate the formation of new blood vessels in the ret-
ina. These new vessels develop in the retina and at the optic nerve head and later push 
forward through the internal limiting membrane, and adhere to the posterior surface of 
the vitreous. These new vessels are very fragile, and as a consequence can break easily 
leading to vitreous hemorrhage. In addition, the fibrous tissue accompanying these new 
vessels can produce traction on the retina leading to retinal detachment.

Macular Edema
Capillary dropout has long been known to lead to retinal hypoxia and autoregulatory 

dilatation of arterioles (123) which produces an increase in capillary hydrostatic pres-
sure that could lead to edema (124). With time, blood vessels start leaking into the 
center of the retina, resulting in the swelling of macula. Impairment of the blood–retinal 
barrier further complicates the problem. Retinal hypoxia resulting from capillary drop-
out might lead to an increase in VEGF, known to play an important role in inducing reti-
nal vascular permeability (see Chap. 14). Thus, significant zones of capillary dropout of 
the foveal capillary network in preproliferative and proliferative diabetic retinopathy are 
associated with severe forms of diabetic maculopathy with significant edema (125).

THERAPEUTIC APPROACHES TO PREVENT/RETARD 
CAPILLARY DROPOUT IN DIABETES

It is now widely accepted that good metabolic control is the most effective medical 
treatment to slow the development and progression of diabetic retinopathy in both type 
I and type II diabetes.

The Diabetes Control and Complications Trial (DCCT), Epidemiology of Diabetes 
Interventions and Complications Trial (EDIC), and the United Kingdom Prospective 
Diabetes Study (UKPDS) have clearly demonstrated that tight blood glucose control 
reduces, but does not eliminate, the risk of diabetic retinopathy development and pro-
gression. The DCCT and the follow-up EDIC studies have shown that instituting good 
glycemic control in diabetic patients does not have immediate benefits on retinopathy 
progression. In addition, the benefits of good control persist beyond the period of tight 
glycemic control (4, 126). This “metabolic memory” phenomenon already becomes 
important early in the course of diabetes, and tight glycemic control initiated prior to 
the onset of overt pathology has the most profound long-term impact. Therefore, early 
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intervention with intensive glucose control is critical for preventing the long-term com-
plications of retinopathy. However, good glycemic control, for most patients, is difficult 
to achieve and maintain for a long duration. This requires modification of behavior and 
dedication by the patient and loved ones. It also increases the risk of hypoglycemic 
seizure and possible weight gain (127), thus leaving the patient and physician to strive 
for the best possible, sensible glycemic control. Consequently, there is a need for addi-
tional therapeutic approaches to prevent or delay retinopathy.

Significant research advances have been made regarding the mechanisms of capillary 
dropout in diabetic retinopathy. These will likely serve as the foundation for clinical 
studies in the coming years. Therapeutic targeting of specific important mechanisms for 
capillary dropout could lead to valuable additional treatments to prevent or delay capil-
lary dropout and reduce vision loss in diabetic patients.
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Abstract

Diabetic retinopathy is a vision-threatening disease that impacts many, if not all the 
different types of cells in the retina. This chapter reviews evidence that the dysfunction 
of the neuroglial cells of the retina contributes to the pathology of diabetic retinopathy. 
The basic histology of the neurons and glial cells of the retina is summarized, along 
with a discussion of the functions of these different cell types, and how they operate 
collectively to mediate vision. Then the effect of diabetes on retinal function is sum-
marized, along with a discussion of how neurodegeneration, glial dysfunction, and 
neuroinflammation each may play a part in loss of vision. Finally, the history of 
research on neuroglial dysfunction in diabetic retinopathy is summarized in order to 
appreciate the evolution of the notion that vision loss is mediated through abnormalities 
in neuroglial cells.
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THE RETINA IS A MULTICELLULAR PHOTON 
SENSOR AND PHOTOMULTIPLIER

The retina is a unique component of the central nervous system (CNS), containing a 
variety of neurons and glial cells. This elegant and complex structure converts visual 
stimuli into chemical and electrical signals that are transmitted to the brain via the optic 
nerve. Clinicians and neuroscientists view the retina from distinct perspectives, and 
both disciplines provide instructive lessons about retinal composition and function. 
Clinicians view the fundus of the retina as the sum of the visible structures – retinal 
blood vessels, pigment epithelium, choroid and, to some extent, the vitreous humor. By 
contrast, neuroscientists concentrate on the cellular organization that is largely invisible 
to clinicians. This brief overview of retinal structure and function emphasizes the critical 
role of the invisible neurosensory retina in normal vision, to illustrate how these 
characteristics may predispose it to compromise the metabolic stresses of diabetes. 
These relationships are essential to the interpretation of the clinical features of diabetic 
retinopathy and the processes that disrupt vision.

The cellular anatomy of the mammalian retina was revealed in great detail by Ramón 
y Cajal more than 100 years ago, when he defined the neuronal subclasses as well as 
the Müller cells and astrocytes, using Golgi silver staining methods. He recognized the 
laminar structure of the retina and the fact that neurons comprise the majority of retinal 
cells. This structure, highly conserved throughout vertebrate evolution from fish to 
humans, is comprised of three layers of neurons and two layers of synapses, which are 
minute structures that facilitate interneuronal communication through the release of, 
and response to, chemical transmitter substances (1).

The neurons are categorized as follows:

First-order: photoreceptors, which produce a neurochemical response to photons
Second-order: bipolar, horizontal, and amacrine (“without axons”) cells, which conduct 

and regulate signals from photoreceptors
Third-order: ganglion cells, which collect and integrate information from second-order 

neurons that are organized into opposing on/off receptive fields and transmit electrical 
impulses via axons which terminate primarily in the lateral geniculate body of the 
thalamus.

THE NEURONS OF THE RETINA

The histological configuration of the retina implies that communication between neurons 
can be broken down into at least three distinct stages. Retinal neurons are organized in 
three layers separated by two plexuses of densely packed synaptic connections that 
enable different types of neurons to communicate with each other. The two layers of 
synapses (plexiform layers) mediate signal transduction from the photoreceptors (first-
order neurons) through bipolar interneurons (second-order neurons) to the ganglion 
cells (third-order neurons). The axons of the retinal ganglion cells cofasciculate to form 
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the optic nerve, which transmits integrated visual signals to be interpreted by the occipi-
tal cortex.

Photoreceptors are organized with their cell bodies (inner segments) in the outer 
nuclear layer and the stacked discs (outer segments), which contain photon-detecting 
photopigments, (rhodopsin and opsins), in the photoreceptor layer, with a thin cilium 
connecting the two layers. Photoreceptors number approximately 126 million in young 
adult human retinas, a factor of 10 more than the ganglion cells (2), thus reflecting the 
high degree of signal integration within the retina. Photoreceptors synapse with rod ON 
(light-stimulated) bipolar cells and cone photoreceptors synapse with ON and OFF 
(light-inhibited) bipolar cells. The ON and OFF bipolar cells synapse, in turn, with ON 
and OFF ganglion cells, respectively (Fig. 1). In this manner, second-order neurons 
integrate signals from groups of adjacent photoreceptors, and in concert with third-order 
neurons, ganglion cells, provide the center-surround receptive fields that lead to the 
ability to detect contrast and motion (3).

Fig. 1. Organization of retinal neurons. Neurons of the retina are organized into three distinct layers 
of cell bodies (nuclear layers), separated by two layers of densely packed synapses (plexiform layers). 
Light passes through the entire retina to the photoreceptors, which transduce visual signals into 
chemical signals that are transmitted vertically through bipolar cells to the ganglion cells. These signals 
are modulated by two stages of horizontal signal processing mediated by the horizontal and amacrine 
cells. POS photoreceptor outer segments; ONL outer nuclear layer; OPL outer plexiform layer; INL 
inner nuclear layer; IPL inner plexiform layer; GCL ganglion cell layer; NFL nerve fiber layer.
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The photoreceptors absorb photons of light and begin a cascade of signal transduction. 
Rod photoreceptors are extremely sensitive to light, and maintain vision in low illumi-
nation (scotopic conditions), while cone photoreceptors mediate color vision in bright 
light (photopic conditions), and afford a high degree of visual acuity. The primate retina 
contains a fovea, which has a high concentration of cone photoreceptors to augment 
acuity. Signals are transmitted from photoreceptors by synaptic connections in the outer 
plexiform layer to bipolar cells and horizontal cells. Horizontal cells provide modulatory 
input to photoreceptor terminals, and also perform pan-retinal signal averaging through 
a network of inter-horizontal gap junctions to refine visual information. Bipolar cells, 
subtypes of which selectively connect with rod or cone photoreceptors, transmit signals 
from the photoreceptors to the ganglion cells, while amacrine cells refine both bipolar 
and ganglion cell output. Together, these vertical and lateral interactions allow the retina 
to function over a wide dynamic range.

Synaptic communication in the retina is mediated by a variety of neurotransmitters. 
Photoreceptors and bipolar cells release the excitatory neurotransmitter, glutamate, 
while horizontal and amacrine cells release the inhibitory neurotransmitter, gamma-
aminobutyric acid (GABA). In addition, neurotransmitters, including dopamine, acetyl-
choline, and norepinephrine, are also involved in neurotransmission. Glutamate and 
GABA, however, are the predominant signaling molecules and contribute to synaptic 
communication among almost all retinal neurons. These substances act on neurons to 
generate an intraneuronal electrical potential that subsequently results in the release 
of chemical neurotransmitters from the receiving cell, enabling transduction of visual 
information through multiple types of retinal neurons. In the complex signal processing 
pathway of the retina, the outer plexiform layer (OPL) contains connections between 
photoreceptors, horizontal cells, and bipolar cells, while the inner plexiform layer (IPL) 
comprises connections between the bipolar, amacrine, and ganglion cells. Each plexiform 
layer achieves one step in the vertical transmission of visual signals through the retina, 
as well as additional horizontal signal modification mediated by horizontal and amacrine 
cells, which sharpen signals by emphasizing pertinent information, while minimizing 
interference and extraneous noise. Although a high degree of redundancy may preserve 
basic neurotransmission in many pathological states, each neuronal subtype fulfills a 
specific and fundamental role in signal processing that is critical to various aspects of 
normal vision. The functional aspects of various retinal neurons, such as the constitu-
tively active dark current of the photoreceptors and the necessity for ganglion cells to 
maintain large, complex dendritic branches, impose a tremendous metabolic requirement 
that the limited retinal vasculature and retinal pigment epithelium must meet without 
interfering with the phototransduction by the photoreceptor outer segments. To meet 
this requirement, retinal neurons rely heavily on effective vascular and supporting glial 
cell function for waste removal and trophic support (4–8).

THE GLIAL CELLS OF THE RETINA

The glial cells of the retina form three main populations: astrocytes, Müller cells, and 
microglia (Fig. 2). Astrocytes originate in the optic nerve and migrate into the maturing 
retina to form a monolayer apposed to the inner limiting membrane, where they interact 
with neurons and vascular cells (7, 9), and contribute to the maintenance of the inner 
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part of the blood–retina barrier (10). Müller cells are unique radial glia cells that closely 
interact with retinal neurons, providing nutritional support and regulating neuronal 
microenvironments by removing GABA and glutamate from synapses (6). Microglia 
are monocyte-derived cells with immunological functions in the immuno-privileged 
CNS. As such, microglial activation is implicated in retinal immune responses that often 
contribute to neurodegeneration and inflammation. These cells produce inflammatory 
cytokines, but also provide neuroprotective substances that aid in the support of neuronal 
and vascular cells (11). Together, these three types of glial cells support and influence 
neuronal and vascular function. Healthy functioning of glial and vascular cells is 
required to provide nutrients, waste disposal and trophic support to the neural retina, but 
it is the neurons and glia themselves that induce and maintain the vascular phenotype 
optimal for their own survival. Gross pathological abnormalities have been identified in 
retinal vasculature with diabetes, including pericyte ghosts, acellular capillaries, leuko-
stasis, and tight junction breakdown, all of which have the potential to contribute to 
vascular leakage and nonperfusion (12–14). These events may induce glial-cell changes, 
such as astrocyte and Müller-cell reactivity and microglial activation, which can further 
exacerbate vascular dysfunction through the release of cytokines and vascular endothelial 

Fig. 2. Localization of retinal glia. Glial cells are differentially distributed throughout the neural 
retina. Müller cells are large radial glia that span the entire thickness of the retina, with endfeet con-
tacting the inner limiting membrane and microvilli projecting through the outer limiting membrane to 
the subretinal space. Astrocytes are located primarily in the inner retina along the nerve fiber layer, 
where they appose the inner limiting membrane. Microglia reside in the inner retina, typically in the 
inner plexiform layer/ganglion cell layer and inner plexiform layer/inner nuclear layer interfaces.
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growth factor (VEGF) (15–24). These changes may alter retinal neurons in ways that 
are not yet fully identified and understood, but that likely compromise the functional 
output of the retina.

DIABETES REDUCES RETINAL FUNCTION

Diabetic retinopathy is associated with multifactorial deficits of vision (25–28) and 
impaired electroretinographic (ERG) responses (29–34). Although the development of 
proliferative retinopathy and diabetic macular edema are the most severe vision-
threatening characteristics of diabetic retinopathy (35), even patients without clini-
cally detectable retinal vasculopathy can experience subtle vision impairment (36, 37). 
Psychophysical testing is one method of assessing distinct aspects of patients’ visual 
function and monitoring vision changes over time, even when patients are not con-
sciously aware of impaired vision. It also provides an opportunity to determine when 
diabetes-induced deficits of vision, which range from mild impairment to blindness 
(38), first become apparent at a perceptive level. In diabetic retinopathy, many patho-
logical cellular and molecular processes occur in the early stages of the disease, and 
may inflict subtle changes on retinal function before retinopathy is anatomically 
evident. Routine clinical evaluation of patients’ sensory capacity has the potential to 
expose deficits of vision that individuals may be unaware of in daily life. Several clinical 
studies have described a loss of visual function in diabetic patients in the very early 
stages of diabetes, and often in the absence of classically recognized symptoms of 
diabetic retinopathy (32, 39). These deficits include decreased hue discrimination and 
contrast sensitivity, delayed dark adaptation, abnormal visual fields, and decreased visual 
acuity (28, 37, 40–42). Spatial resolution and/or contrast sensitivity are two of the most 
commonly studied aspects of vision consistently altered by diabetes. Early reports 
suggest a high frequency of declining contrast sensitivity that is more strongly cor-
related with disease duration that with lack of metabolic control (26). A similar study 
detected significant visual dysfunction in 60% of patients with background retinopathy, 
but also in nearly 40% of patients with no detectable signs of vascular disease (43). 
Defects in color perception have also been reported in patients with minimal or no 
retinopathy, and involve both blue–yellow and red–green discrimination (26, 43). More 
recent research consistent with these findings has reported loss of color and contrast 
sensitivity in patients after a short duration of diabetes, and with no discernable signs of 
retinopathy, by fundus examination or fluorescein angiography, demonstrating a gener-
alized loss of central vision and hue discrimination, as well as significant decreases in 
both static and dynamic spatial resolution (25, 44). Together, these changes suggest a 
broad impairment of retinal neuronal function.

The electroretinogram (ERG) is used to assess the electrophysiological response of 
the retina to various visual stimuli, and potentially provides a physiological basis for 
the loss of function observed in psychophysical studies. The ERG wave represents the 
characteristic sequence of neuronal activation that forms this response, reflecting the 
duration and amplitude of functional output throughout the retina. The a-wave, an 
initial negative deflection of the ERG signal, represents photoreceptor hyperpolariza-
tion resulting from the cessation of the photocurrent that flows continuously in the 
absence of light. The second major component of the ERG is the positive b-wave, 
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which is thought to originate from depolarization of rod–bipolar neurons and Müller 
glia. A series of small wavelets, termed oscillatory potentials (OPs), contribute to the 
ascending edge of the b-wave, and are attributed partially to amacrine cell activity. 
The OPs and the b-wave reflect the inner-retina function, and exhibit abnormalities in 
the form of decreased response amplitudes and delayed peak-times in patients with 
diabetes, even with good glycemic control and no detectable vascular lesions 
(29, 33, 34, 37, 45, 46). These data suggest that diabetes affects multiple neuronal sub-
types throughout the retina, including photoreceptors, bipolar cells, and amacrine 
cells, while more advanced ERG techniques reveal similar abnormalities in ganglion-
cell responses. ERG deficits may contribute to loss of visual sensitivity in patients 
with diabetes, which ranges from mild to severe, and which includes reductions in 
overall acuity, dark adaptation, scotopic vision, contrast and contour sensitivity, and 
hue discrimination (25, 27, 42–44, 47).

Ganglion-cell function can be measured more specifically with the multifocal pattern 
ERG, which uses a complex stimulus pattern rather than a flash of light (30). In 
patients with diabetes but without overt vascular complications, ganglion-cell 
responses to medium- and large-grated stimuli have been reported to be reduced (31), 
and delayed in the macular region (30, 33). Less frequently, defects in photoreceptor 
response are reported in similar patient cohorts exhibiting impaired activation of the 
blue-cone system and increased a-wave latency (45, 47, 48) although other studies 
report no functional changes in the outer retina (34, 37). These data provide a physi-
ological basis for decreased performance in psychophysical testing, and implicate 
diabetes in the disruption of the functional output of the various neurons and synaptic 
connections that mediate normal vision. In addition, this sensitive technique often 
detects the abnormal responses of retinal neurons in the absence of vascular lesions. 
A number of researchers suggest that ganglion-cell electrophysiology shows promise 
as a supplemental diagnostic tool usable in patients with subclinical diabetic retinopathy, 
correlating the underlying electrophysiological impairment with loss of vision (49–51), 
and currently the predictive capacity of the multifocal ERG is being investigated as a 
potential early diagnostic tool (52).

The application of ERG studies to experimental rodent models of diabetes has 
yielded data similar to those obtained from clinical studies, demonstrating retinal 
dysfunction in the first few weeks of diabetes. In these animals, OP amplitudes are 
consistently depressed and delayed throughout the first 12 weeks of diabetes (53–55), 
with abnormalities detected after only 2 days of hyperglycemia in one recent study (56). 
Additional work has demonstrated reductions in b-wave amplitude after 2–4 weeks of 
diabetes (57, 58). Interestingly, several studies report electrophysiological changes in 
the a-wave of diabetic rodents (53, 56, 57), while photoreceptor response is more vari-
able in patients with diabetes. A degree of variability exists in rodents particularly due 
to differences in retinal pigmentation, sex, and strain. Despite discrepancies in reported 
amplitude and latency measures, however, these studies are in general agreement that 
diabetes compromises the functional integrity of the neural retina, resulting in both 
inner- and outer-retinal dysfunction. The pairing of psychophysical and ERG data sug-
gests a broad dysfunction of retinal neurons, involving both rod and cone photorecep-
tors, bipolar cells, amacrine cells, and ganglion cells. ERG abnormalities in rodents, as 
in humans, develop in the early stages of diabetes when the retina appears anatomically 
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normal (54, 57). Rodent models of diabetes provide clinically relevant ERG data with 
the added benefit of enabling investigation into potential mechanisms contributing to 
retinal dysfunction.

DIABETES INDUCES NEURODEGENERATION IN THE RETINA

It has long been suggested that diabetic retinopathy involves a neurodegenerative 
component (59). In the 1960s, both Wolter and Bloodworth identified degenerating or 
“pyknotic” neurons in postmortem retinas from human donors with diabetes (60, 61). 
Since then, several studies have investigated the effects of diabetes on retinal neurons, 
with the recognition that at some level, these elements must contribute to visual impair-
ment in diabetic retinopathy, and may explain the electrophysiological abnormalities in 
humans and rodents with diabetes. Perhaps the most basic observation has been that 
elements of the retina, distinct from the vasculature, undergo apoptosis in experimental 
diabetes. An early study demonstrated retinal-cell apoptosis in rats after a short period 
of diabetes (62, 63). Work elaborating on this finding established that diabetes signifi-
cantly increased retinal apoptosis, detected by TUNEL, resulting in a significant reduc-
tion in cell counts in STZ-diabetic rats (64). Since then, this finding has been confirmed 
in multiple rodent models of diabetes including the streptozotocin (STZ) rat, the STZ 
mouse, and the spontaneously diabetic Ins2Akita mouse (17, 65, 66). Additional studies 
have demonstrated degeneration and cell loss in multiple types of retinal neurons in both 
the inner and outer nuclear layers, including photoreceptors (57, 67), dopaminergic and 
cholinergic amacrine cells (65), and bipolar cells (19, 68–70). Consistent with the theory 
that diabetes induces neuroretinal apoptosis, proapoptotic molecules, including acti-
vated caspase-3 have been detected in retinas from humans and rodents with diabetes 
(17, 21, 65, 66, 71, 72).

In addition to cell loss, morphometric analysis has identified significant thinning of 
the retina after varying durations of diabetes. The thickness of the inner and outer 
nuclear layers is reduced after 10 weeks of diabetes in mice and 24 weeks of diabetes 
in rats (64, 66, 67), suggesting a chronic depletion of neurons. Further, diabetes is asso-
ciated with decreased nerve- fiber diameter and degeneration of the nerve fiber layer, 
which is likely due to a loss of ganglion cells or ganglion cell axons (73–75). Diabetes 
is associated with atrophy of retinal axons in humans (76, 77), and the processes of retinal 
neurons, including nerve terminals, ganglion cell dendrites, centrifugal axons, and hori-
zontal cell axons appear dystrophic in diabetic rodents (57, 67, 78, 79). One of the most 
consistent findings in retinas of diabetic rodents is a decreased thickness of the IPL, 
which contain synaptic connections between bipolar, amacrine, and ganglion cells. In a 
seminal publication, Barber et al. (1998) reported a 22% reduction in thickness of the 
IPL after 7.5 months in STZ-diabetes in rats (64). Subsequent work elaborating this 
finding reported a 9.9% decrease in the thickness of the IPL after 1 month of diabetes 
in STZ-diabetic Sprague-Dawley rats, and a 15% decrease after 1 month of STZ-
diabetes in Brown-Norway rats (57). More recently, a third study reported a 10% 
decrease in inner plexiform thickness of STZ-diabetic Sprague-Dawley rats after 6 
months of diabetes (67). Although one study using STZ-diabetic mice did not observe 
inner plexiform thinning in the first 8 weeks of diabetes (66), characterization of the 
spontaneously diabetic Ins2Akita mouse revealed that after 22 weeks of hyperglycemia, 
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the IPL was reduced by 16.7 and 27% in the central and peripheral retina, respectively 
(17). Although the timing and severity of decreased thickness of the IPL varied in these 
reports, overall the data clearly demonstrate that diabetes induces a generalized neuro-
degeneration of the retina. While the changes summarized here are well-characterized, 
work to determine the molecular mechanisms leading to neuronal dysfunction and 
apoptosis is far from complete.

Reports of anomalous biochemical composition of retinal neurons indicate that the 
pathological processes which impact retinal function begin early in diabetes. One study 
suggested that diabetes upregulates whole-retina neuronal nitric oxide synthase (NOS), 
which was accompanied by an increase in the number of NOS-containing bipolar cells 
(69). In contrast, a study using a shorter duration of diabetes reported an early depletion 
of NOS-positive neurons that was sustained through later time points (80). Consistent 
with this finding, a recent study found a decrease in NOS-immunoreactive amacrine 
cells and a redistribution of nitric oxide precursors after a short period of diabetes (81). 
Tyrosine hydroxylase protein content is also reduced in dopaminergic amacrine cells 
concomitant with an overall decrease in brain-derived neurotrophic factor (82). 
Glutamate receptors and calcium-binding proteins are upregulated in the inner and 
OPL, as well as in ganglion, bipolar, and amacrine cells of one-month STZ-diabetic rats 
(83). Additional work also indicates that diabetes alters the retinal expression of neuro-
nal transcription factors, ion channels, and GABA receptors (84). These studies reveal 
that several aspects of neuronal biochemistry are altered by diabetes.

Despite the potential that synaptic degeneration and impaired neurotransmission are 
likely contributing components of diabetes-induced retinal dysfunction and visual 
impairment, little is known concerning the effects of diabetes on retinal synapses. Several 
reports and comprehensive reviews, however, propose impaired synaptic transmission as 
a potential mechanism underlying functional deficits evidenced by abnormal ERG 
responses (83). Alterations in visual function precede the emergence of clinical diabetic 
retinopathy in humans, and significant depletion of retinal neurons and the development 
of vascular lesions, which often do not appear until 3–6 months in rodent models of 
diabetes (16). This implies that subcellular changes in retinal neurons may play a role in 
early retinal dysfunction in a manner similar to the pathological changes in cells of the 
vasculature that are apparent soon after the onset of diabetes (15, 18, 22, 68, 85, 86).

DIABETES ALTERS THE FUNCTION OF GLIAL CELLS 
IN THE RETINA

Pathological changes in retinal glial cells occur with diabetes and likely impair their 
functions in neuronal and vascular support, which include providing nutritional support 
to neurons, processing glutamate and other neurotransmitters released from the synaptic 
cleft, and maintaining the blood–retina barrier. Diabetes disrupts retinal glutamate 
metabolism, a process particular to Müller cells in the mammalian retina. Early work 
demonstrated a 45% reduction in the conversion of glutamate to glutamine in rat retina 
after 3 months of STZ diabetes, which was accompanied by a 1.6-fold increase in total 
retinal glutamate (87). Glutamate also increases in the vitreous of patients with prolif-
erative diabetic retinopathy (88). While the de novo synthesis of amino acids is 
unchanged, glutamate oxidation is significantly reduced in rat retina by diabetes. 
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Further, the activity and content of the enzyme that converts glutamate to glutamine, 
glutamine synthetase, are significantly decreased in retinas from diabetic rats (89). 
These data indicate an early failure of the Müller-cell glutamate metabolism, in which 
both the transamination of glutamate to alpha ketoglutarate and the amination of 
glutamate to glutamine are significantly impaired after a short period of experimental 
diabetes. Similar findings have been obtained from studies of cultured Müller cells 
isolated from retinas of control and diabetic rats. In these cells, the activity of the elec-
trogenic glutamate transporter was dysfunctional after 4 weeks of diabetes, and was 
reduced by 67% after 13 weeks (90). More recently, it was demonstrated that a short 
period of diabetes increases immunoreactivity to D-aspartate, a nonmetabolisable 
substrate for the GLAST glutamate/aspartate transporter,in retinal Müller cells, and that 
these cells undergo gliosis in the early stages of diabetes (91).

In the healthy retina, glial fibrillary acidic protein (GFAP) is largely restricted to 
astrocytes, where it provides structural integrity and stability to the cytoskeleton of glial 
filaments (92). In diabetes, GFAP expression is reduced in astrocytes but is significantly 
induced, in Muller cells indicative of gliosis. Early studies demonstrated this phenomenon 
using rodent models of diabetes, including the streptozotocin (STZ)-induced diabetic rat 
and the spontaneously diabetic BB/Wor rat, and demonstrated a fivefold increase in Müller-
cell GFAP expression, concomitant with a decrease in astrocyte GFAP expression, that 
occurred progressively from 1 to 4 months of hyperglycemia (15, 87). Additional work has 
confirmed this finding, demonstrating upregulated Muller cell GFAP content after short 
periods of diabetes ranging from 6 to 12 weeks (18, 62, 79, 93, 94), as well as after chronic 
hyperglycemia in rodents (19), in conjunction with decreased astrocytic GFAP. This find-
ing has been confirmed in human retinal tissue from patients with approximately 10 years 
of diabetes, which demonstrates increased GFAP expression in Müller cells distributed 
throughout the entire retina, as well as whole-retina increases in GFAP content (95). The 
GFAP expression by Müller glia has been similarly reported to increase with disruption 
of the retinal pigment epithelium and the blood–retina–barrier, as well as in response to 
neuronal loss (96). Although the specific function of GFAP in retinal Müller cells remains 
to be fully identified, this protein is implicated in the stability of Müller-cell processes and 
the inner limiting membrane (97). The drastic redistribution of GFAP in retina after short 
durations of diabetes likely indicates the progression of retinal gliosis in response to the 
disease (98).

Increased production of VEGF by retinal glia is another consequence of diabetes 
(99). The VEGF induction is not only implicated in the aberrant growth and increased 
permeability of retinal blood vessels that contribute to the classic vascular symptoms of 
diabetic retinopathy (100), but also functions as a trophic factor for multiple types of 
retinal cells (101, 102). The VEGF mRNA and protein are expressed by neurons and 
Müller glia in mammalian and human retina (103), which has been attributed to the role 
of these cells in influencing maintenance of the blood–retina barrier. Growing evidence 
supports the role of retinal neurons and glia in increased VEGF production in both 
humans and rodents with diabetes (99, 104, 105). In retinas from human donors with 
proliferative and nonproliferative diabetic retinopathy that exhibit increased Müller-cell 
GFAP expression, VEGF and its inducible angiogenic cofactor and inducible NOS have 
been reported to increase in Müller glia (106, 107). Studies of diabetic-rat retina 
have demonstrated similar effects, with increased VEGF protein and mRNA occurring 
predominantly in the Müller cells (108). Due to the close interaction of Müller cells 
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with neuronal and vascular cells in the retina, these pathological abnormalities likely 
contribute to diabetes-induced retinal dysfunction.

Retinal microglial are also impacted by diabetes, although further study is required 
to clarify the causes and effects of microglial activation in diabetic retinopathy. Microglia 
become hypertrophic in rat retina after 1 month of diabetes, and the number of reactive 
microglia is significantly increased in the OPL after 4 months, while increases in the 
outer nuclear and photoreceptor layers occur after 14 months (19). Diabetes upregulates 
inflammatory cytokines, such as TNF alpha, which activate microglia and induce the 
production of cytotoxins that may lead to retinal cell death. The activation of microglia 
after 4 weeks of diabetes, prior to neuronal death, was recently reported to occur in 
discrete regions of the rodent retina, and likely indicates localized inflammatory 
responses to diabetic insults on retinal cell populations (21).

NEUROINFLAMMATION IN DIABETIC RETINOPATHY

The pathological alterations in retinal neurons and glial cells in diabetes generally 
remain below the threshold of detection by ophthalmoscopy. Ophthalmologists have 
therefore focused on the details of the vascular lesions such as number of microaneu-
rysms, area of macular thickening, quadrants of venous beading or hemorrhages, or 
degree of neovascularization, to classify and stage diabetic retinopathy. A broader per-
spective of fundus changes that include increased retinal blood flow and permeability, 
tissue edema, gliosis, macrophage infiltration and leukostasis, tissue damage (including 
neuronal apoptosis), and attempts at repair (such as neovascularization) are pathophysi-
ological features that can be considered components of chronic retinal inflammation.

The nature of this chronic activation of the defense mechanisms within the retina, as 
well as the systemic immune-cell response to inflammatory markers on the vasculature, 
are still under intense investigation, but clearly includes the release of numerous peptide 
growth factors (109), activation of the complement pathway (110), increased expression 
of Fas ligand (111), activation of microglial cells (19), and macrophage infiltration 
(112). Adaptive inflammation is a normal, highly conserved physiologic response to 
any type of tissue injury including viral infection, traumas or tumors, and constitutes an 
attempt to heal the injury and maintain tissue viability. For example, increased expres-
sion of interleukins, VEGF or recruitment of macrophages may be designed to remove 
damaged cells and help maintain the viability of their surviving neighbors. This inflam-
matory response is turned off when the initial insult subsides. However, when the injury 
persists, the response continues unabated, and the deleterious effects of proinflammatory 
cytokine- and immune-cell activation may outweigh the benefits. Consideration of the 
dual roles of the retinal immune response in diabetes is important because, though 
the targeted inhibition of proinflammatory molecules may provide beneficial effects in 
the short term, chronic administration may impair the integrity of existing vascular or 
neuronal cells required for normal retinal function.

HISTORICAL PERSPECTIVE ON DIABETIC RETINOPATHY

The first description of diabetic retinopathy by von Graefe in 1856 (113) discussed 
the presence of yellow liquid exudates and red hemorrhages in the retina of a patient 
with diabetes. Over the ensuing 150 years, clinicians have focused on the visually 
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detectable appearance of pigmented red lesions in the retina as the primary feature of 
diabetic retinopathy. This approach is analogous to the finding of pigment clumping as 
the primary feature of retinitis pigmentosa, whereas modern molecular and genetic 
studies have confirmed that primary defects reside in the photoreceptors, and pigmen-
tary migration is a secondary hyperplastic response to photoreceptor cell death. There 
is a long history of anatomical and electrophysiological evidence for alterations in the 
neurosensory retina as a prominent consequence of diabetes. In 1961 and 1962, Wolter 
(60) and Bloodworth (61) emphasized the loss of retinal neurons in areas remote from 
vascular changes as a prominent feature in histopathological studies of postmortem 
human eyes. Their studies were followed by Simonsen’s discovery in 1969 (114) that 
patients with diabetic retinopathy had impaired ERG responses. Simonsen’s observations 
were extended by Bresnick, who found that the b-wave amplitudes, implicit times, and 
OPs were reduced in patients with diabetic retinopathy. In fact, the ERG changes proved 
to be better predictors of progression from severe nonproliferative to high-risk prolifera-
tive retinopathy than the vascular changes revealed by fundus photographs (115, 116). 
In 1986, Bresnick (59) proposed that diabetic retinopathy be viewed as a neurosensory 
disorder. His proposal was supported by numerous reports of impaired contrast sensitivity 
(42, 117), dark adaptation (40, 118) and color vision (119, 120) in patients with varying 
degrees of retinopathy. In 1997, Ghirlanda (121) proposed that the initial impact of 
diabetes on the retina involves the neurosensory retina, and that microvascular abnor-
malities maybe a secondary development.

During the late 1990s, several reports showing specific cellular defects in the neuro-
sensory retina in human eyes and animal models of diabetes began to provide a 
mechanistic basis for the functional alterations that had been long observed. These studies 
included evidence of Müller- cell activation in human eyes (95), abnormal glutamate 
metabolism (87, 89), microglial cell activation (18, 19) and neuronal apoptosis (63, 64, 
66). Taken together, these data conclusively demonstrated that diabetes exerts a major 
impact on the neuroglial parenchyma of the retina. Thus, the term “microvascular disease” 
fails to adequately describe diabetic retinopathy. We propose that it should be replaced 
by a more comprehensive understanding of diabetic retinopathy as functional and 
structural alterations in the retina due to diabetes.

The question arises as to why nearly half a century transpired before the neurovascular 
concept of diabetic retinopathy began to gain acceptance. Clinical fluorescein angiog-
raphy was introduced in 1960 (122), and the classic studies of vascular lesions in 
trypsin-digested retinas were published in 1961 (123). These studies emphasized the 
same features in the retina observed clinically; that is, microaneurysms, hemorrhages, 
nonperfused capillaries and neovascularization. During the 1970s and early 1980s, 
efforts were appropriately applied to treat vision-threatening stages of diabetic retinopathy 
such as macular edema and proliferative retinopathy. The positive outcomes of the 
Diabetic Retinopathy Study and Early Treatment Diabetic Retinopathy Study provided 
promise that lasers and vitrectomy would contain the problem of diabetic retinopathy. 
In spite of its effectiveness in preventing legal blindness, however, patients and ophthal-
mologists realized that laser photocoagulation reduced the risk of vision loss only by 
about 50%, and successfully treated patients often had unsatisfactory vision for seeing 
fine details and colors, or driving at night. Moreover, numerous clinical trials of potential 
pharmacotherapeutic compounds have failed to arrest the development or progression 
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of vision loss in patients, so there may now be more willingness to consider broader 
alternative approaches to the treatment of diabetic retinopathy. As of late 2007, no drug 
which targets retinal blood vessels has been approved for clinical use by the Food and 
Drug Administration. VEGF inhibitors are under investigation for diabetic macular 
edema and proliferative diabetic retinopathy (23, 124), and while the results of early-stage 
studies are promising, the long-term effects of blocking VEGF are uncertain. In addition 
to its role in vascular permeability and neovascularization, VEGF signaling also 
provides trophic support for neurons (125–127) as well as vascular cells, so prolonged 
interruption of VEGF action may not only reduce macular edema and vascularization 
but also compromise the viability of the retinal cells required for vision.

Recent research using rodent models of diabetes has identified a number of compounds 
with potential antiinflammatory and neuroprotective properties. Growth factors, including 
nerve growth factor (NGF), insulin-like growth factor (IGF-1) and brain derived neuro-
trophic factor (BDNF), have been demonstrated to prevent diabetes-related neuroretinal 
cell death in STZ rats (62, 70, 82). In 2005, Krady et al. demonstrated the efficacy of 
minocycline, a semisynthetic tetracycline, as an inhibitor of retinal inflammation, micro-
glial activation and caspase-3 activation in STZ-diabetic rats (21). The prostaglandin 
F2alpha analogue, latanoprost, is another neuroprotective agent reported to decrease both 
the number of activated caspase-3-immunoreactive cells, and the number of TUNEL-
positive cells in STZ rat retina, indicating its effectiveness in the suppression of diabetes-
induced apoptosis (128). Cannabidiol, a nonpsychotropic cannabinoid, also possesses 
neuroprotective and antiinflammatory properties, and is capable of reducing oxidative 
stress, inflammation, and neurotoxicity in STZ-diabetic rat retina (68). These encouraging 
findings suggest that retinal neurodegeneration and inflammation, two potentially vision-
threatening complications of diabetes, can be diminished in rodent models of diabetes. 
Further work is required, however, to investigate existing and novel compounds in 
preclinical testing before clinical trials on targeted pharmacotherapies can be initiated.

NEUROGLIAL DYSFUNCTION IN DIABETIC RETINOPATHY.

The spectrum, interrelationships, and significance of changes in retinal neuroglial 
cells in diabetes remain incompletely defined at this point. It is clear, however, that the 
impact of diabetes on the retina includes impaired outer-retina function (delayed dark 
adaptation) and inner-retina dysfunction (impaired visual fields, impaired contrast 
sensitivity, and color vision). Likewise, histopathologic studies reveal evidence of retinal 
pigment epithelial degeneration, as well as atrophy of the ganglion cell layer, and inner 
nuclear and plexiform layers. The death of retinal neurons appears to be by apoptosis 
associated with caspase activation. In keeping with the recognition that neurons and 
glial cells have a linked function, LaNoue et al. (89) observed that retinal conversion of 
glutamate to glutamine is impaired by diabetes. Thus, glutamate may accumulate in the 
interstitial fluid, leading to neuronal glutamate excitotoxicity and dysregulation of 
normal synaptic transmission.

The relationship between neurons and glial cells in the CNS is intimately symbiotic. 
One class of cells cannot function correctly without the other. The metabolic support 
provided by Müller cells and astrocytes in the retina is undoubtedly critical to the 
functional neural output of the retina, and contributes to maintenance of the vasculature. 
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Dysfunction in one or more of these elements, therefore, will almost certainly result in 
altered visual function. Future studies of vision loss in diabetes must consider how 
neurons and glial cells interact with each other and with elements of the vasculature 
under both normal and diabetic conditions, in order to create a more comprehensive 
understanding of retinal function and vision loss in diabetes.
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Abstract

The inflammatory nature of diabetic retinopathy (DR) was first suggested by the 
finding that it occurred less frequently among diabetic patients taking salicylates for 
rheumatoid arthritis. Subsequent work has identified many features that are characteristic 
of inflammation, including increased blood flow, vascular permeability, and edema, as 
well as the influx of cells that are associated with inflammatory responses. While DR 
involves defects in many retinal cell types, the retinal vasculature appears to be the 
principal locus of the inflammation-linked damage.
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In experimental studies employing rodent models of diabetes, diabetic retinal vascular 
leakage, capillary nonperfusion, and endothelial cell damage are temporally and spatially 
correlated with a low-level leukocyte influx and persistent retinal leukostasis. This leuko-
stasis is mediated by retinal upregulation of intercellular adhesion molecule-1 (ICAM-1), 
together with an increased expression of its cognate integrin ligands on neutrophils. 
Subsequently, endothelial cell injury and death result from Fas/FasL-mediated apoptosis.

In response to this injury, the endothelium maintains a sustained high rate of cell 
division, which is believed to result in exhaustion of its regenerative capacity. This 
stress is further exacerbated by a diabetes-induced defect in the ability of endothelial 
precursor cells to repair the damaged vasculature. While the vascular damage is prima-
rily a function of infiltrating leukocytes, DR also is associated with ischemic neovascu-
larization, a process that is amplified by the influx of macrophages.

Numerous cytokines are upregulated in DR, and two of these, vascular endothelial 
growth factor (VEGF) and tumor necrosis factor-α (TNF-α), are believed to play impor-
tant roles in the inflammation-linked retinal damage. Upregulation of VEGF causes 
much of the increase in retinal ICAM-1 and the resultant leukostasis, with the VEGF

165
 

isoform being especially important in promoting inflammatory responses. TNF-α also 
is involved in the upregulation of ICAM-1, and preclinical studies have established that 
inhibitors of both VEGF and TNF-α are able to reduce the DR-associated pathology.

The concept that DR is a low-grade inflammatory condition has proved useful in the 
clinic. Inhibitors of VEGF and TNF-α have shown efficacy in reducing the DR-related 
vision loss while high-dose aspirin has proved effective in reducing the number of 
DR-associated microaneurysms. There is thus reason for hope that further elucidation of 
the underlying cellular and molecular mechanisms of DR-associated inflammation will 
lead to the development of new molecularly targeted therapies and to the rational use of 
approaches employing more than one therapeutic agent.

Key Words: Bevacizumab; Inflammation; Leukostasis; Pegaptanib; Ranibizumab; Tumor 
necrosis factor-alpha; Vascular endothelial growth factor.

INTRODUCTION

The concept that diabetic retinopathy (DR) is inflammatory in nature has been under 
investigation since the 1960s following the results of a study demonstrating a lower 
incidence of DR in patients treated with salicylates for rheumatoid arthritis (1). 
Subsequent work has provided further support for this linkage and has identified many 
characteristic inflammatory features that accompany the progress of DR in patients and 
in animal models. These include increased blood flow and vascular permeability, 
edema, infiltration of inflammatory cells such as macrophages, and the development of 
neovascularization (Table 1) (2–27). Numerous physiologic derangements are believed 
to act in mediating the linkage between hyperglycemia and retinal damage, including 
the accumulation of polyols, reactive oxygen intermediates, and advanced glycation end 
products, in addition to the activation of protein kinase-C (reviewed by Brownlee (28), 
Sheetz and King (29), and Caldwell et al. (30) ). These topics are discussed elsewhere 
in this book, and will be referred to here when they have a bearing on inflammatory 
processes.
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Table 1
Inflammatory features that characterize diabetic retinopathy 

(adapted from Antonetti et al. (2) )

Increased blood flow and vascular permeability (2)
Tissue (macular) edema (2)
Neovascularization (2)
Increased expression of inflammatory mediators (3–16)
Accelerated retinal neural (17) and microvascular (18) cell death
Macrophage infiltration (8,19)
Microglial cell activation (20–22)
Increased leukocyte adhesion (23,24)
Complement activation (25)
Fas ligand upregulation (26)
Acute-phase response protein expression (27)

The retinal abnormalities in DR involve neurons, glial elements, and the retinal 
microvasculature (31). While some of the earliest detectable defects in DR include 
alterations in neuronal function (2, 31), for which there is some evidence for an inflam-
matory contribution (27, 32), most research into inflammatory changes concerns 
DR-associated damage to the retinal vasculature. As described in accompanying chap-
ters, the processes leading to the DR-associated vasculopathy include leukocyte entrap-
ment, formation of acellular capillaries, capillary dropout, and local hypoxia. The focus 
of this chapter is on the inflammatory nature of many of the molecular and cellular 
processes leading to this vascular damage, as well as on the pathologic neovasculariza-
tion that often accompanies it. Finally, clinical findings validating the role of inflamma-
tion in DR are described.

PATHOPHYSIOLOGY OF DIABETIC RETINAL VASCULAR 
INJURY: THE ROLE OF LEUKOSTASIS

Several lines of correlative preclinical and clinical evidence have demonstrated that 
DR is associated with increased levels of leukocytes. In a key early clinical study, 
McLeod et al. (33) reported that neutrophil numbers were significantly elevated in the 
choroidal and retinal vasculature of patients with diabetes mellitus and that this eleva-
tion was accompanied by an increased expression of intercellular adhesion molecule-1 
(ICAM-1) in both tissues. Subsequently, it was determined that vitreous levels of solu-
ble ICAM-1 were significantly higher in the eyes of diabetic patients compared to 
nondiabetic controls (34). Macrophages also have been detected in surgically removed 
membranes (19) and vitreous samples of (8) patients with proliferative DR. In other 
studies, the choriocapillaris of eyes from diabetic patients had approximately twice the 
number of polymorphonuclear leukocytes as in nondiabetic controls, together with an 
elevated level of nonviable endothelial cells, leading to choriocapillary dropout (35). 
Increased numbers of polymorphonuclear cells also have been observed in the retinal 
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vasculature of spontaneously diabetic monkeys, again associated with capillary closure 
(36). Moreover, in an early study with diabetic rats in which the disease was induced by 
injection with alloxan, retinal populations of monocytes and granulocytes increased 
severalfold in advanced diabetes mellitus compared to controls (37), while capillary 
occlusions and endothelial cell damage accompanied these increases.

Whether the leukocyte accumulation was merely an epiphenomenon of a vasculopa-
thy for which a primary cause lay elsewhere, or whether the leukocytes were directly 
involved in producing the damage could not be elucidated from these correlative studies. 
Support for a direct causative role for leukocytes in diabetic vasculopathy was derived 
from the results of further studies with rodent models of diabetes mellitus, including the 
streptozotocin (STZ)-induced diabetic rat and transgenic mice. In the normal rat, low 
levels of retinal leukostasis were observed in the retinal vasculature (38), but numbers of 
adherent leukocytes began to increase within a few days of STZ induction (Fig. 1) (23, 38). 
The increase did not represent an overt vasculitis but rather a cumulative and persistent 
elevation of leukocyte numbers (Fig. 2A) coupled with a progressive increase in vascular 
leakage (Fig. 2B) (23). Some of the static leukocytes were associated with capillary 
blockage, leading to localized areas of downstream nonperfusion; subsequent disappear-
ance of the leukocytes was accompanied by capillary reperfusion in some instances, but 
in others, the capillaries remained closed (Fig. 3A–F) (23).

Analysis of the molecular mechanisms underlying these events has revealed a pivotal 
role for the interaction between ICAM-1 on endothelial cells and its integrin ligands on 
the leukocytes. Retinal ICAM-1 mRNA expression was increased in the diabetic rats 
compared to nondiabetic controls (Fig. 4), and this elevation was essential for both the 
increased leukostasis (Fig. 5A) and the increase in vascular leakage (Fig. 5B); both were 
significantly reduced by 49 and 86%, respectively, following systemic administration of 
an anti-ICAM-1 antibody (23). In a follow-up study, neutrophils from diabetic rats had 
increased surface expression of α integrin subunits CD11a and CD11b and β integrin 
subunit CD18 (CD11a/CD11b combine with CD18 to form the ligand for ICAM-1); 
systemic administration of an anti-CD18 antibody decreased retinal leukostasis by 62% 
(39). A similar elevation of CD18 expression has recently been demonstrated in neu-
trophils of patients suffering from DR (40).

Fig. 1. Diabetes induces retinal leukostasis. Representative retinal leukostasis observed with acridine 
orange leukocyte fluorography in nondiabetic (A) and diabetic (B) rats; diabetic rats were analyzed 1 
week after induction of diabetes. Scale bars: 100 µm. (Reproduced from Miyamoto et al. 1999 (23) with 
permission from Proc Natl Acad Sci USA. Copyright 1999 National Academy of Sciences, USA).
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Fig. 3. Leukocytes induce capillary occlusion. Serial studies were completed 1 week (A, B), 2 weeks 
(C, D), and 4 weeks (E, F) after diabetes induction in rats by using both acridine orange leukocyte fluo-
rography (A, C, E) and fluorescein angiography (B, D, F). The arrows show a patent capillary that is not 
blocked by a leukocyte (A, B) that subsequently becomes occluded downstream from a static leukocyte 
(C, D), and then subsequently opens up when the leukocyte disappears (E, F). The arrowheads show a 
patent capillary not blocked by a leukocyte (A, B) that becomes occluded downstream from a static leuko-
cyte (C, D) and then remains closed after the leukocyte has disappeared (E, F). Scale bars: 100 µm. 
(Reproduced from Miyamoto et al. 1999 (23) with permission from Proc Natl Acad Sci USA. Copyright 
1999 National Academy of Sciences, USA.)

Possible mechanisms linking leukostasis with increased permeability may include a 
direct action on tight junction disruption (41, 42) as well as local upregulation of vas-
cular endothelial growth factor (VEGF), either from the hypoxia induced by nonper-
fusion or from release by the leukocytes themselves (43–46). A major factor, however, 
appears to be the concomitant increase in endothelial cell injury and death (24, 26, 47), 
also reported in an earlier clinical study (18). Prevention of the interaction between 
leukocytes and the retinal vascular endothelium by the administration of antibodies to 
CD18 or ICAM-1 resulted in inhibition of leukostasis and endothelial cell apoptosis 
(47). Similarly, the genetic ablation of CD18 or ICAM-1 resulted in markedly reduced 



The Role of Inflammation in the Pathophysiology of Diabetic Retinopathy 309

Nondiabetic

N
or

m
al

iz
ed

 IC
A

M
-1

 m
R

N
A

 in
 r

et
in

a
(a

rb
itr

ar
y 

un
its

; m
ea

n 
+

 S
D

)

0

3

1

2

n=5

P<0.05

NS

3 days
of diabetes

7 days
of diabetes

n=5 n=4

NS

leukocyte adhesion, endothelial injury (Fig. 6A), and blood-retinal barrier (BRB) break-
down (Fig. 6B) in animals with chronic diabetes (24).

Additional studies have demonstrated that the vascular damage in the rat STZ-induced 
diabetes model results from apoptosis mediated by the interaction of Fas and its ligand 
FasL (26). Induction of diabetes resulted in upregulation of FasL on neutrophils while 
Fas was upregulated in the retinal vasculature; in addition, neutrophils from diabetic rats, 
unlike those from control animals, induced endothelial cell apoptosis in vitro. In addi-
tion, the systemic administration of an anti-FasL antibody inhibited endothelial cell 
apoptosis (Fig. 7A) and BRB breakdown (Fig. 7B), although this treatment did not 
reduce leukocyte adhesion to the diabetic retinal vasculature (26).

There is also evidence supporting a role for platelets in the pathogenesis of DR in that 
platelet microthrombi have been identified in the retinas of diabetic patients (48). 
Platelet microthrombi have also been found to accumulate in the retinas of diabetic rats 
(49, 50). The accumulation of platelet microthrombi occurred within 2 weeks after 
induction with STZ and contributed actively to inflammation through adhesion mole-
cule upregulation and VEGF and platelet-derived growth-factor release (50). Inhibition 
of endothelial cell apoptosis with an anti-FasL antibody prevented the accumulation of 
platelets, suggesting that their accumulation was secondary to endothelial cell damage; 
when this damage was allowed to proceed in platelet-depleted rats, there was a worsen-
ing of the BRB breakdown (50).

It remains to be determined whether the inflammatory phenomena observed in the 
rodent models are sufficient to account for the slowly developing retinopathy that is 
characteristic of clinical diabetes. In this connection, it is noteworthy that the course of 

Fig. 4. Retinal intercellular adhesion molecule-1 (ICAM-1) expression is induced in diabetes. Rat 
retinal ICAM-1 levels after 7 days of diabetes were 2.2-fold higher than in nondiabetic controls 
(P < 0.05). All mRNA levels were normalized to 18S ribosomal RNA (used as a control for quantity 
of RNA loaded). NS = not significant. (Reproduced from Miyamoto et al. 1999 (23) with permission 
from Proc Natl Acad Sci USA. Copyright 1999 National Academy of Sciences, USA).



310 Swenarchuk et al.

A

P<0.001

P<0.0001 P<0.01
D

en
si

ty
 o

f t
ra

pp
ed

 le
uk

oc
yt

es
(x

10
-5

 c
el

ls
/p

ix
el

2 )

n=7n=7 n=5 n=7n=5 n=5
0

1

2

3

4

5

6

Control Diabetes
+

5 mg/kg
mouse lgG1

Diabetes Diabetes
+

3 mg/kg
anti-ICAM-1

Diabetes
+

5 mg/kg
anti-ICAM-1

Treatment

B

P<0.0001

P<0.0001 P<0.0001

R
et

in
al

 v
as

cu
la

r 
[12

5 l]
al

bu
m

in
 p

er
m

ea
tio

n
(m

g 
pl

as
m

a 
x 

g 
tis

su
e 

w
et

 w
ei

gh
t-1

 x
 m

in
-1

)

n=7n=6 n=5 n=7n=4n=6 n=4
0

50

100

150

200

250

Control Diabetes

Treatment

NS

n=6

NS

Diabetes
+

3 mg/kg
anti-ICAM-1

Diabetes
+

5 mg/kg
mouse lgG1

Diabetes
+

5 mg/kg
anti-ICAM-1

Fig. 5. Diabetes-induced retinal leukostasis and vascular leakage involve intercellular adhesion mol-
ecule-1 (ICAM-1). (A) The density of trapped leukocytes was significantly increased 1 week after 
diabetes induction in rats; systemic administration of an ICAM-1 neutralizing antibody (5 mg/kg−1) 
decreased leukocyte density by 48.5% (P < 0.001). (B) Similarly, diabetes-induced vascular perme-
ability, as assessed by permeation of radioactive albumin was reduced 85.6% (P < 0.0001) with 
administration of the anti–ICAM-1 antibody. NS = not significant. Data represent mean ± standard 
deviation. (Reproduced from Miyamoto et al. 1999 (23) with permission from Proc Natl Acad Sci 
USA. Copyright 1999 National Academy of Sciences, USA.)
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Fig. 6. Genetic ablation of either CD18 or intercellular adhesion molecule-1 (ICAM-1) dramatically 
reduces leukocyte adhesion, retinal endothelial damage, and blood–retinal barrier (BRB) breakdown 
in diabetic mice. (A) Adherent leukocytes were quantified in the retinal vasculature following in situ 
labeling with Concanavalin A (open bars). After 11 months of diabetes, the number of adherent 
leukocytes in the wild-type mice was 3.7-fold greater than in the age-matched, nondiabetic, wild-type 
controls (P < 0.001). In contrast, the number of adherent leukocytes in both the diabetic CD18 and 
ICAM-1 knockout (KO) mice did not differ significantly from that of the nondiabetic, wild-type 
controls or the nondiabetic, CD18, and ICAM-1 KO controls (P > 0.05 for all). Endothelial cell injury 
was assessed with propidium iodide (PI), which labels nonviable cells (filled bars). While 11-month 
diabetic, wild-type mice had a marked increase in PI-positive cells (P < 0.001), diabetic CD18, and 
ICAM-1 KO mice had significantly fewer PI-positive cells than diabetic wild-type mice (P < 0.001). 
Nondiabetic, wild-type mice and the nondiabetic, CD18, and ICAM-1 KO mice also had few 
PI-positive retinal endothelial cells. (B) BRB breakdown was assessed with the use of Evans Blue 
dye, which binds covalently to albumin. In wild-type mice, long-term diabetes led to a 27.7-fold 
increase in vascular leakage whereas in both CD18 and ICAM-1 KOs the diabetes-associated increase 
was much less (1.6- and 2.75-fold, respectively). Data represent mean ± standard deviation. (Reproduced 
from Joussen et al. 2004 (24) with permission from Fedn of Am Societies for Experimental Bio 
[FASEB] Copyright 2004 by Fedn of Am Societies for Experimental Bio (FASEB).)
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Fig. 7. FasL inhibition suppresses apoptosis and blood–retinal barrier (BRB) breakdown. (A) Retinal 
cell death was quantified 2 weeks after induction of diabetes in rats using a DNA fragmentation 
enzyme-linked immunosorbant assay 48 h after systemic administration of an anti-FasL antibody or 
a control antibody. Fragmented retinal DNA levels increased by 13.84 ± 0.41-fold in diabetic animals. 
Systemic administration of the anti-FasL antibody reduced this to nearly nondiabetic levels (1.22 ± 
0.82-fold), whereas no attenuating effect was seen after treatment with a control IgG antibody. (B) 
BRB breakdown was determined by Evans Blue performed 48 h after treatment with the anti-FasL 
antibody or a control antibody. Retinal permeability in the 2-week diabetic rats increased to 2.6 times 
the value in nondiabetic animals; treatment with the anti-FasL antibody reduced this to a factor of 
1.33. Data represent mean ± standard deviation. (Reproduced from Joussen et al. 2003 (26) with 
permission from Fedn of Am Societies for Experimental Bio [FASEB] Copyright 2003 by Fedn of 
Am Societies for Experimental Bio (FASEB)).

the DR is accompanied by an enhanced rate of endothelial cell proliferation and death in 
experimental (18, 51) and clinical (18) disease, suggesting that the replicative capacity of 
endothelial cells may eventually become exhausted and lead to capillary dropout (18). 
Moreover, subsequent studies have also demonstrated that endothelial precursor cells 
from diabetic patients are impaired in several essential functions, including migration in 
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response to the cytokine stromal-derived factor-1 (52), proliferation, adhesion, and incor-
poration into vascular structures (53). These deficiencies led to their inability to repair 
the retinal vascular damage characteristic of diabetes (54).

Thus, it appears that the diabetic retinal vasculature is being subjected to sustained 
stress, leading to the exhaustion of its inherent capacity for self-repair, conditions that 
are exacerbated by the reduction in replenishment from bone-marrow-derived endothe-
lial precursor cells. Further work will be required to confirm that aberrant leukocyte 
adhesion is also responsible for the clinical pathology. One potential approach to testing 
this hypothesis in the clinic would be the development of agents that interfere with the 
ICAM-1 interaction that appears to be essential for the excess leukostasis observed in 
the rodent models.

INFLAMMATORY CELLS PROMOTE AND REGULATE THE 
DEVELOPMENT OF ISCHEMIC OCULAR NEOVASCULARIZATION

In addition to the damage to the existing retinal vasculature, DR may be accompanied 
by a proliferative neovascularization. While there is no animal model that accurately 
reproduces the course of proliferative DR, a retinopathy of prematurity model has been 
used in a number of studies to investigate the processes that regulate ischemic neovas-
cularization. For these experiments, neonatal rats were raised in the presence of an 
elevated concentration of oxygen before returning to normal ambient oxygen levels 
(55). The inflammatory nature of the neovascular response to ischemia was suggested 
by immunohistochemical evidence demonstrating the presence of monocytes in the 
pathologic neovascular fronds. Further, neovascularization could be significantly sup-
pressed by the depletion of monocyte lineage cells by intravitreous injection of clodro-
nate liposomes (Figs. 8B,C) (55). In contrast, the physiologic vascularization that 
occurs during normal retinal development was affected only minimally by this treat-
ment (Figs. 8B,D) (55). This suppression of pathologic neovascularization may reflect 
a role of infiltrating monocyte lineage cells in amplifying the response to ischemia 
(Figs. 8E–J) (55). An inherent potential for a positive feedback mechanism exists since 
VEGF induces activation (56, 57) and chemoattraction (56–58) of monocyte lineage 
cells, which in turn express and release it (59, 60), especially in conditions of 
hypoxia (Fig. 8K) (55). Evidence that monocytes play a role in pathologic angiogenesis 
has also been reported by other groups that have induced choroidal neovascularization 
by laser wounding; neovascularization was again suppressed by techniques that inhibited 
monocyte lineage cell recruitment, including their depletion with clodronate liposomes 
(61, 62) and genetic ablation of C-C chemokine receptor-2, the receptor for monocyte 
chemoattractant protein-1 (63).

In addition to the evidence implicating monocyte lineage cells in promoting pathologic 
vascularization, another population of inflammatory cells, T lymphocytes, was also 
mobilized (55). These cells were involved in the negative regulation of neovascularization, 
which was demonstrated by studies in which systemic injection of an antibody against 
CD2, a key adhesion molecule important for T lymphocyte-mediated responses, signifi-
cantly increased pathologic neovascularization (Fig. 9A–C) (55). Immunocytochemical 
data demonstrated that these cells were positive for CD8 and CD25 antigens, character-
istic of activated cytotoxic T lymphocytes (CTLs) (Fig. 9D–I) (55).
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Fig. 9. Cytotoxic T lymphocytes (CTLs) contribute to endothelial cell apoptosis in pathologic retinal 
neovascularization. (A) Pathologic neovascularization in a rat ischemic retinopathy model (see Fig. 8 
for description) showed pathologic vascular budding at Day 7 (D7) (arrows) with a systemically 
administered control antibody (n = 9), which was increased when treated with an antibody against 
CD2 (B), an adhesion molecule for T lymphocytes (n = 11); treatment with the anti-CD2 antibody 
resulted in a significant increase (P < 0.01) in pathologic neovascular (PaNV) area (C). Data represent 
mean ± standard deviation. Adherent leukocytes at the vascular fronds were positive for fluorescein-
conjugated antibodies against CD8 (D) and CD25 (interleukin-2 (IL-2) receptor; G), demonstrating 
that they were activated CTLs. Superimposition of these images upon those obtained with rhodamine-
conjugated Concanavalin A (E, H), which binds to leukocytes and vascular endothelium, demon-
strated that these activated CTLs were binding to the endothelium of the vascular fronds (F, I). (J) In 
leukocyte–endothelial cocultures, CTLs isolated from the peripheral blood of rats with retinopathy 
significantly increased the number of apoptotic endothelial cells vs. CTLs from control rats (P < 
0.01). An anti-FasL antibody significantly inhibited CTL-mediated apoptosis (n = 18–24 in each 
condition; P < 0.01). Data represent mean ± standard deviation. Scale bars: (A, B) 0.5 mm and (D–I) 
50 µm. (Reproduced from Ishida et al. 2003 (55) with permission from J Exp Med.)
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prevent the increase of endothelial cell death in these cocultures (Fig. 9J) (55). These 
data are consistent with the hypothesis that CTL-mediated apoptosis of endothelial cells 
through the Fas/FasL pathway is important in the negative regulation of pathologic 
neovascularization.

GROWTH FACTORS AS MEDIATORS OF INFLAMMATION 
IN DIABETIC RETINOPATHY

Since McLeod et al. (33) reported that ICAM-1 expression was significantly elevated 
in the choroidal and retinal vasculature of diabetic patients, correlative studies have 
established that a variety of other inflammatory response mediators are also elevated in 
the ocular fluid or retinal tissue. These include VEGF (3,4), interleukin-1β (5), inter-
leukin-6 (6–8), interleukin-8 (7, 8), stromal-derived factor-1 (9), angiotensin II (10), 
angiopoietin-1 (11), angiopoietin-2 (11, 12), erythropoietin (13, 14), tumor necrosis 
factor-α (TNF-α) (5, 15), monocyte chemoattractant protein-1 (16), and RANTES 
(Regulated on Activation, Normal T-cell Expressed and Presumably Secreted) (16). 
These studies, which focus on one or a few factors, are also being supplemented by 
more global approaches, including proteomic catalogs from the vitreous of diabetic 
human eyes (65, 66) as well as gene expression studies on Müller cells (27) and retinas 
(67) of diabetic rats. Elevations of a wide variety of proteins have been demonstrated in 
DR; the most recent of these reports has provided evidence that carbonic anhydrase, a 
heretofore unsuspected candidate, might be a viable molecular target for future therapies 
(66). Apart from VEGF and TNF-α, however, the evidence for the involvement of the 
majority of these proteins in DR remains correlative. The remainder of this discussion 
focuses on the evidence for the involvement of these two cytokines that have been 
examined in some detail in connection to their roles in DR-related inflammation. As 
VEGF is also the subject of other chapters in this book, this particular discussion will 
focus on the evidence for its proinflammatory actions.

VEGF as a Proinflammatory Factor in Diabetic Retinopathy
The involvement of VEGF in DR has been studied more extensively than that of any 

other single factor. This work has included numerous correlative studies reporting 
elevated VEGF levels in the vitreous of patients suffering from DR or diabetic macular 
edema (DME) (reviewed in Starita et al. (68) ). While the increases in VEGF are likely 
to reflect a number of processes, it is noteworthy that VEGF is upregulated by several 
factors that are themselves associated with DR, including reactive oxygen intermediates 
(69), advanced glycation end products (70), insulin-like growth factor-1 (71), and 
TNF-α (72). There is now increasing evidence that the actions of VEGF in promoting 
DR are inflammatory in nature.

Given the particular pathophysiology of DR, several properties of VEGF are especially 
relevant in its role as a proinflammatory agent. These include its many actions as a 
promoter of ocular neovascularization (73), its role as the most potent known promoter 
of vascular permeability (74), its expression by many retinal cell types (75, 76), and its 
upregulation by hypoxia (75, 77). In early studies, Tolentino et al. (78) found that intra-
vitreous injection of VEGF in monkeys led to iris neovascularization, with the development 
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of tortuous, beaded vessels as well as microaneurysms, endothelial cell hyperplasia, and 
neovascular glaucoma, demonstrating an important role for VEGF in ocular neovascular 
disease. The remainder of this section concentrates on more recent experiments that 
have examined the inflammatory nature of VEGF in promoting both the BRB break-
down and the ischemia-mediated neovascularization that are characteristic of DR.

VEGF as a Mediator of Diabetes-associated Retinal Leukostasis 
and BRB Breakdown

As discussed earlier, DR is associated with a chronic elevation of retinal leukostasis, 
which has in turn been identified as a major contributor to endothelial cell injury and 
BRB breakdown. Like the studies examining the roles of ICAM-1 and its cognate 
integrins in these processes, studies of VEGF have employed the STZ-induced diabetic 
rat, and they have been further supplemented by experiments examining the effect of 
intravitreous VEGF in nondiabetic animals.

Within a week of STZ induction, retinal expression of VEGF mRNA was elevated 
by 3.2-fold with respect to controls (Fig. 10A) (79), together with the concomitant 
increases in vascular permeability, BRB breakdown (79), and elevated expression of 
ICAM-1 (80) that have been described earlier. These diabetes-induced increases were 
significantly reduced by the systemic administration of a VEGF receptor fusion protein 
that blocks the bioactivity of VEGF (79, 80); in fact, STZ-mediated upregulation of 
ICAM-1 expression was essentially eliminated (Fig. 10B), suggesting that in this 
model VEGF is responsible for much of the subsequent ICAM-1-mediated leukostasis. 
In a parallel experiment, intravitreous injection of VEGF in nondiabetic rats also 
resulted in increased retinal leukocyte adhesion (Fig. 11), together with retinal 
ICAM-1 upregulation and increased vascular permeability (81). Both retinal vascular 
permeability (Fig. 12A) and leukocyte accumulation (Fig. 12B) could be inhibited by 
a systemically administered anti-ICAM-1 antibody (81). Thus, VEGF elevations, 
whether caused by diabetes or intravitreous injection, led to the development of similar 
retinal pathologic consequences. Taken together, these data support a model in which 
diabetes-induced elevations of retinal VEGF lead to upregulation of retinal expression 
of ICAM-1 and increased leukostasis. As described earlier, the final outcome of these 
events is leukocyte-mediated vascular damage.

VEGF
164/165

 as a Proinflammatory Cytokine
Data from experiments with rodent models have suggested that only one VEGF isoform 

VEGF
165

 acts as an especially pathogenic proinflammatory cytokine. These experiments 
have focused on VEGF

164
 and VEGF

120
 (corresponding to human VEGF

165
 and VEGF

121
, 

respectively). Experiments comparing intravitreous injection of VEGF
164

 and VEGF
120

 
in nondiabetic rats demonstrated that VEGF

164
 was approximately twice as effective in 

promoting increased retinal ICAM-1 expression, leukocyte adhesion, and BRB break-
down (82). Moreover, in diabetic animals, selective inhibition of VEGF

164
, through 

intravitreous injection of pegaptanib, an RNA aptamer that binds VEGF
164

 while sparing 
VEGF

120
, significantly inhibited retinal leukostasis and BRB breakdown. The inhibition 

of BRB breakdown by pegaptanib was particularly marked in early diabetes (2 weeks 
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Fig. 10. Increased retinal expression of vascular endothelial growth factor (VEGF) mRNA in early 
diabetes. (A) In 1-week diabetic rats, expression of VEGF mRNA was upregulated approximately 
3-fold with respect to control rats (P < 0.001); mRNA levels were normalized to 18S ribosomal RNA 
(used as a control for quantity of RNA loaded). VEGF

165
 was the predominant isoform in both control 

and diabetic rats. (Copyright 2001 by Investigative Ophthalmology & Visual Science. Reproduced 
from Qaum et al. 2001 (79) with permission from Investigative Ophthalmology & Visual Science) (B) 
Diabetic rats showed a 3-fold increase in intercellular adhesion molecule-1 (ICAM-1) protein levels 
(from 0.35 + 0.035 pg/mg−1 to 1.007 ± 0.09 pg/mg−1; P < 0.0001; n = 6) when compared to nondiabetic 
control rats. The ICAM-1 levels were reduced to the levels of the nondiabetic animals (from 1.007 ± 
0.09 pg mg−1 to 0.42 ± 0.03 pg mg−1; P < 0.0005; n = 8) on systemic treatment with a VEGF recep-
tor-1/Fc fusion protein (VEGF TrapA

40
) but not interleukin-6 receptor Trap (n = 6), a control fusion 

protein. (Reprinted from Joussen et al. 2002, (80) with permission from the American Society for 
Investigative Pathology).
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after induction; Fig. 13A), but was still evident in established diabetes at 3 months 
(Fig. 13B) (82). The suppression effected by intravitreous pegaptanib in these experi-
ments was comparable to that described earlier in the studies with the VEGF receptor 
fusion protein that binds to all VEGF isoforms (79, 80), suggesting that VEGF

164/165
 is 

responsible for much of the retinal vasculopathy that results from the diabetes-induced 
elevation of VEGF.

Additional support for the inflammatory nature of VEGF
164/165

 has come from the 
retinopathy of prematurity model of ischemic neovascularization in which the expres-
sion of VEGF

164
 was markedly enhanced compared to VEGF

120
 (55). Intravitreous injec-

tion of pegaptanib or the VEGF receptor fusion protein inhibited leukocyte adhesion by 
approximately 50%; both also dramatically inhibited pathologic vascularization 
(Fig. 14A) (55). Unlike the fusion protein, which also inhibited physiologic retinal 
revascularization, intravitreous pegaptanib spared this process (Fig. 14B) (55). In part, the 
enhanced pathogenicity of VEGF

164/165
 in the ischemic ocular neovascularization model 

may reflect the greater potency of VEGF
164/165

 compared to VEGF
120/121

 in acting as a 
chemoattractant for infiltrating macrophages (58), which are known to amplify pathologic 
neovascularization, as discussed earlier.

TUMOR NECROSIS FACTOR-α
TNF-α is a key proinflammatory cytokine that has been implicated in several immu-

nological disorders (83). The main cellular source of TNF-α is macrophages (84), 
although other immune cells such as T lymphocytes (85), neutrophils (86), and a variety 
of other cell types, including endothelial cells, can synthesize TNF-α as well (84). 
Stimulation of its cognate receptors by TNF-α can lead to a multitude of cellular 
responses, including the recruitment of leukocytes and monocytes, induction of apoptosis, 
stimulation of adhesion molecule expression, and stimulation of synthesis and release 
of a variety of other cytokines and inflammatory mediators (84). In addition to its 
actions in mediating specific pathologic features of diabetes, including nephropathy 

Fig. 11. Vascular endothelial growth factor (VEGF) induces retinal leukostasis. Appearance of a 
normal rat retina before (A) and 48 h after (B) intravitreous injection of 50 ng VEGF; retinal leukostasis 
was assessed by acridine orange leukocyte fluorography. Numerous static leukocytes are visible 
(white dots) as well as vessel dilation and tortuosity. Scale bar: 100 µm. (Reprinted from Miyamoto 
et al. 2000 (81) with permission from the American Society for Investigative Pathology.)
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Fig. 12. Effect of anti-intercellular adhesion molecule-1 (ICAM-1) monoclonal antibody on perme-
ability and leukostasis after intravitreous vascular endothelial growth factor (VEGF) injection. Rats 
receiving intravitreous VEGF had a 3.2-fold increase in vascular permeability (A), as measured by 
assessing radioactive albumin permeation into retinal tissue; systemic administration of an anti–ICAM-1 
antibody significantly reduced vascular leakage when compared to a control antibody (P < 0.0001). 
Similar increases in VEGF-mediated leukostasis (B) also were blocked with the anti–ICAM-1 antibody. 
NS = not significant. (Reprinted from Miyamoto et al. 2000 (81) with permission from the American 
Society for Investigative Pathology).
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(84) and retinopathy, TNF-α has also been found to contribute to the induction of pancre-
atic β-cell apoptosis in mice (87) and to insulin resistance in adipose tissue (88).

Evidence supporting a role for TNF-α in DR comes from studies demonstrating 
elevations of TNF-α in ocular fibrovascular membranes (15), platelets (89), and plasma 

P <0.01

Untreated PEG Aptamer

n = 15 n = 10 n = 12

700

600

500

400

300

200

100

0

A
2-week diabetes

BRB breakdown

(% of nondiabetes)

P <0.01

Untreated PEG Aptamer

n = 12 n = 8 n = 10

700

600

500

400

300

200

100

0

B
3-month diabetes

BRB breakdown

(% of nondiabetes)

Fig. 13. Pegaptanib, an antivascular endothelial growth factor (VEGF)
165

 aptamer, reduces diabetic 
blood–retinal barrier (BRB) breakdown. In 2-week diabetic rats (A), intravitreous treatment with 
pegaptanib resulted in an 82.6% reduction of BRB breakdown when compared to polyethylene glycol 
(PEG) alone (P < 0.01). In established diabetes (B), there was 55% inhibition of BRB breakdown with 
pegaptanib (P < 0.01). BRB breakdown was assessed by a fluorescein-conjugated dextran method; 
data represent mean ± standard deviation. (Reproduced from Ishida et al. 2003 (82) with permission 
from Investigative Ophthalmology & Visual Science. Copyright 2003 by Investigative Ophthalmology 
& Visual Science.)
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(90) or serum (5) of patients with DR. Vitreous elevations in TNF-α in patients with 
proliferative DR were reported in one study (5), although another study found no dif-
ference in the vitreous levels of TNF-α between those with proliferative DR and those 
with noninflammatory retinopathies (7). A correlation between the expression of a par-
ticular TNF-α polymorphism and a susceptibility to DR has also been reported (91).

The direct involvement of TNF-α in the vascular pathology associated with DR was 
examined by Joussen et al. (92) in the STZ-induced diabetic rat. Systemic administration 
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Fig. 14. Antivascular endothelial growth factor (VEGF) blockade inhibits pathologic neovasculariza-
tion. In a rat ischemic retinopathy model (see Fig. 8 for description), pathologic neovascular budding 
into the vitreous (A) was significantly suppressed either by pegaptanib, an anti-VEGF

164
 aptamer, or 

a VEGF receptor-1/Fc fusion protein that blocks the activity of all VEGF isoforms. In contrast, the 
effect of VEGF

164
 inhibition on physiologic revascularization (that occurring in normal developing rat 

retinas) (B) was negligible, but pan-isoform inhibition with the fusion protein led to significant sup-
pression of revascularization. (Reproduced from Ishida et al. 2003 (55) with permission from 
J Exp Med.)
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of etanercept, a soluble TNF-α receptor/Fc construct significantly reduced diabetes-
induced elevation of ICAM-1 and suppressed leukocyte adhesion and BRB breakdown 
but did not affect retinal VEGF levels (92). One possible explanation for these findings 
is that etanercept inhibited TNF-α–mediated upregulation of VEGF receptor-2 expression 
(93). Another potential mechanism, not exclusive of effects on VEGF receptor-2, 
involves TNF-α–induced activation of protein kinase C-β2, which in turn has been 
correlated with increased leukocyte adhesion to endothelial cells (90). Irrespective of 
the molecular details, these data indicate that the TNF-α–mediated effects on ICAM-1, 
leukocyte adhesion, and BRB breakdown are independent of VEGF so that combinatorial 
approaches involving the inactivation of both proteins may hold promise.

STUDIES WITH ANTI-INFLAMMATORY AGENTS LINK DIABETIC 
RETINOPATHY AND INFLAMMATION

Nonsteroidal Anti-inflammatory Drugs (NSAIDs)
As mentioned earlier, Powell and Field (1) first proposed the link between DR and 

inflammation on the basis of a 1964 retrospective study, in which the incidence of DR 
appeared to be significantly reduced among diabetic patients suffering from rheumatoid 
arthritis. The authors suggested that one possibility for the lowered incidence was the 
high dosing of salicylates taken as anti-inflammatory medications in this cohort. This 
proposal has since provided the impetus for a number of studies confirming this effect 
and examining potential underlying cellular and molecular mechanisms. In a 5-year dog 
study, the daily administration of aspirin at doses of 20 mg/kg−1 resulted in a significant 
reduction in the development of retinal hemorrhages and acellular capillaries (94); this 
dose is equivalent to 1.4 g per day for a 70-kg patient, which is lower than the usual 
clinical doses. In the STZ rat model of diabetes, the administration of high-dose aspirin 
(50 mg/kg−1 per day) resulted in a significant suppression of BRB breakdown as well as 
a reduction in the adhesion of leukocytes to retinal arterioles, venules, and capillaries 
(92). These reductions were accompanied by a significant inhibition of diabetes-induced 
retinal expression of ICAM-1 and a decrease in neutrophil expression of the integrin 
subunits CD11a, CD11b, and CD18. In addition, the upregulation of ICAM-1 expression 
was inhibited by the administration of meloxicam, an inhibitor of cyclooxygenase-2 
(COX-2), although meloxicam did not affect the diabetes-induced integrin expression 
on neutrophils, nor did aspirin or meloxicam affect the elevated retinal levels of VEGF 
(92). These results suggest that anti-inflammatory agents might provide additive ben-
efits if combined with targeted anti-VEGF therapies.

In further experiments with the STZ-induced diabetic rat model, periocular injection 
of celecoxib-poly (lactide-co-glycolide) microparticles, also directed against COX-2, 
significantly reduced diabetes-induced BRB breakdown and elevations in prostaglandin 
E

2
 and VEGF expression (95). Similar protective effects for the retinal vasculature were 

reported in STZ-induced rats given daily aspirin doses of 30 mg/kg−1; this treatment did 
not prevent abnormalities in glial cells or neurons, suggesting that inflammatory 
changes associated with diabetes are focused on the vasculature (96). However, it was 
later found that three different salicylate-based drugs (aspirin, sodium salicylate, and 
sulfasalazine) were all able to inhibit diabetes-induced loss of both capillaries and 
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retinal ganglion cells in rats (32). These effects were accompanied by inhibition of the 
action of nuclear factor-κB, a transcription factor important in increasing proinflamma-
tory gene transcription, so that upregulation of ICAM-1, vascular cell adhesion mole-
cule, inducible nitrogen oxide synthase, and COX-2 were all inhibited (32). Finally, it 
was recently reported that the application of nepafenac, a NSAID-prodrug COX-1 and 
COX-2 inhibitor that reaches the retina when applied topically, was also able to inhibit 
damage to the retinal vasculature in the diabetic rat (97).

The original proposal by Powell and Field (1), that salicylates could offer therapeutic 
benefit in DR, was examined in two randomized, controlled trials. Analysis of data from 
the Early Treatment of Diabetic Retinopathy Study (98) determined that relatively low 
doses of aspirin (650 mg per day) provided no clinical benefit to patients with mild to 
severe nonproliferative or early proliferative DR. More encouraging results were seen 
in the Dipyridamole Aspirin Microangiopathy of Diabetes Study (99) in which patients 
with early-stage retinopathy received aspirin at doses of 990 mg per day. There was a 
significant slowing in the progressive increase in the number of microaneurysms, a 
surrogate for increased severity of retinopathy, in the aspirin-treated group (99). As 
described earlier, this area remains under intensive study, with the promise that topically 
applied drugs in this group may be useful in treating DR (97).

Corticosteroids
Corticosteroids have long been the agents of choice in treating inflammatory 

disorders, and the synthetic corticosteroid triamcinolone acetonide has been employed 
in many preclinical and clinical investigations in the treatment of DR and other ocular 
diseases with an inflammatory component (100). Evidence for the mechanisms under-
lying the anti-inflammatory effects of triamcinolone in the eye has been derived from 
preclinical studies on cultured human choroidal endothelial cells where it signifi-
cantly inhibited the upregulation of ICAM-1 by inflammatory cytokines (101). In 
addition, triamcinolone also reduced the expression of VEGF in response to hypoxia 
in cultured retinal pigment epithelium cells (102). These findings have laid the basis 
for numerous clinical investigations with intravitreous triamcinolone, discussed in 
detail in Chapter 19 of this book.

Anti-TNF-a Antibody
Direct evidence supporting a role for TNF-α in DR comes from a small case series in 

which infliximab, an antibody directed against TNF-α, was administered intravenously 
to four patients with seven eyes affected by DR (103). Within 1 month, improvements in 
visual acuity and reductions in macular thickness were seen in five of the eyes. Similar 
improvements were also seen using the same approach to treat age-related macular 
degeneration (104). These data, while based on very small samples, nonetheless suggest 
that therapies directed against TNF-α well may prove to be a useful target in treating DR, 
whether used alone or in combination with agents that inactivate VEGF. Moreover, the 
recent experience with VEGF-targeted agents suggests that inactivating TNF-α with 
agents that can be delivered intravitreously may provide greater therapeutic benefit com-
pared to the intravenous administration used heretofore.
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Anti-VEGF Agents
PEGAPTANIB

The preclinical data suggesting that VEGF
165

 was especially pathogenic, and that its 
inhibition with pegaptanib could reverse BRB breakdown, provided the basis for a 
proof-of-concept Phase 2 double-masked, multicenter, randomized, controlled trial 
enrolling 172 patients with DME (105). Patients received intravitreous pegaptanib 
(0.3 mg, 1 mg, or 3 mg) or sham injections at study entry, Week 6, and Week 12, with 
additional injections and/or focal photocoagulation given at the investigator’s discretion 
through 30 weeks; final assessments were made 6 weeks later. In this dose-ranging 
study, no additional benefit was conferred at doses above 0.3 mg. This dose proved 
significantly superior to sham for all prespecified endpoints (median visual acuity, 
change in mean central retinal thickness, and need for photocoagulation therapy), and 
the drug was well-tolerated (105).

In a subsequent retrospective analysis of 16 patients who entered the trial with retinal 
neovascularization, 8 of 13 who received pegaptanib showed complete regression 
of neovascularization or regression at 36 weeks (106). None of the three patients with 
neovascularization in the sham group and none of four with neovascularization in the 
fellow eye showed complete regression. Among the eight patients whose neovascular-
ization regressed with pegaptanib, three experienced progression at Week 52 following 
pegaptanib cessation at Week 30 (106). Similar encouraging results, demonstrating 
regression in response to pegaptanib treatment, have since been reported in an open-label 
case series in patients with high-risk proliferative DR (107).

RANIBIZUMAB AND BEVACIZUMAB

Ranibizumab and bevacizumab, two nonselective agents that bind all VEGF isoforms, 
have been studied in small-scale trials as intravitreous treatments for DR and DME. 
Ranibizumab, a humanized antibody fragment engineered for high-affinity binding to 
VEGF (108), has been examined in two pilot open-label studies, each involving 10 
patients with DME (109, 110). Both studies reported improvements in visual acuity and 
reductions in macular thickness; Nguyen et al. (109) reported no adverse events, while 
Chun et al. (110) encountered five cases of mild to moderate ocular inflammation.

Bevacizumab, a full-length monoclonal antibody related to ranibizumab that is 
approved for treatment of cancer (108), was shown to be effective in small studies in 
inducing regression of iris (111) and retinal (112) neovascularization in patients with 
DR. In a case series involving patients with retinal and/or iris neovascularization, all 44 
eyes with angiographically defined neovascularization that were treated with intravitreous 
bevacizumab (with doses ranging from 6.2 µg to 1.25 mg) showed a reduction in leakage 
within 1 week of injection; complete resolution of leakage was seen in 9 of the 11 cases 
of iris neovascularization and in 19 of 26 cases involving neovascularization of the disk 
(113). In two patients receiving 1.25 mg, there was also some decrease in the leakage of 
retinal or iris neovascularization of the untreated fellow eye, indicating that systemic 
exposure may have occurred (113).

These findings suggest that strategies targeting VEGF hold promise in treating DR 
and DME. Both pegaptanib and ranibizumab are clinically approved reagents for neo-
vascular age-related macular degeneration after demonstrating acceptable tolerability 
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profiles in pivotal randomized controlled trials. It remains to be established, however, 
whether their use in treating DR and DME, manifestations of a complex systemic disease, 
will also prove to be safe. With respect to bevacizumab, its safety as an intravitreous 
agent has yet to be examined in a controlled trial.

CONCLUSIONS

Since the initial proposal of Powell and Field (1) that DR is an inflammatory disease, 
both and preclinical clinical investigations have supported the importance of the influx 
of inflammatory cells, as well as the role of proinflammatory cytokines, in mediating 
both vascular damage and ischemia-induced neovascularization. These data support the 
concept that DR is a low-grade inflammatory disease. There is now strong evidence that 
VEGF, originally characterized as a promoter of angiogenesis, is itself a promoter of 
inflammatory processes, with the VEGF

165
 isoform being especially potent in this 

respect. The perspective of DR as an inflammatory disease has already provided the 
basis for several therapeutic approaches, including VEGF-targeted agents, corticosteroids, 
and NSAIDs. There is every reason for optimism that additional studies of the roles 
played by VEGF and other inflammatory cytokines will lead to further advances, 
including the rational design of combinatorial approaches employing more than one 
therapeutic agent in the treatment of DR.
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ABSTRACT

A hallmark of diabetic retinopathy is increased vascular permeability. The vasculature of 
the retina, which normally has tight control of the fluid and blood components that enter the 
retina, becomes leaky in diabetes leading to increased albumin flux into the retina, fluid 
accumulation, and macular edema, and over time may progress to hemorrhaging vessels. 
This chapter investigates our knowledge regarding the formation of the blood–brain and 
blood–retinal barrier. The molecular composition of the junctional complex that forms 
the basis of the blood–retinal barrier will be briefly reviewed and the changes that occur to 
the junctional complex in diabetes will be examined. Changes in permeability and the con-
tribution of inflammatory cytokines in addition to vascular endothelial growth factor will be 
presented and potential therapies will be considered. It is the goal of this chapter that the 
reader will have a fundamental understanding of the development and structure of the 
blood–retinal barrier and know-ledge of our current understanding of the alterations to the 
junctional complex that contribute to vessel permeability in diabetic retinopathy.
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FORMATION OF THE BLOOD–RETINAL BARRIER

The central nervous system (CNS), including the brain and retina, require the devel-
opment of a blood–neural barrier for proper neuronal function. In the retina this barrier 
includes the retinal pigment epithelium (RPE) and the vascular network that creates the 
capillary plexus in the ganglion cell layer and a deeper plexus extending from the inner 
plexiform layer through the inner nuclear layer to the outer plexiform layer (1). The 
blood–brain and blood–retinal barrier (BRB) provide tight control of the nutrients, 
metabolic intermediates and fluid that enter the neural parenchyma and is often 
compromised in disease states. Formation of the blood–brain and BRBs requires a 
complex interaction of multiple cell types including the endothelial cells of the blood 
vessels, astrocytes, Müller cells, and pericytes.

Glia-Endothelial Interaction
Blood vessels in the CNS differentiate to form the BBB and BRB through signaling 

from the neural environment. One of the first demonstrations of the ability of neural tissue 
to induce formation of the BBB was achieved by Stewart and Wiley in 1981. The authors 
found that by transplanting the avascular neural tissue of Stage 13 quail brains into the 
coelomic cavity of 3-day chick embryos, the invading capillaries took on BBB character-
istics (2). Namely, the invading capillaries were able to exclude circulating trypan blue, 
tight junctions were increased as observed by electron microscopy, pinocytotic vesicles 
decreased, mitochondrial number increased to a density equal to that in the endothelium 
of neural capillaries, and two BBB markers, alkaline phosphatase and butyryl cholineste-
rase were elevated. However, somites grafted to the brain did not induce BBB of invading 
capillaries. These historic studies demonstrate that a component of neural tissue induces 
the formation of the BBB, supporting the theory that the capillary environment is critical 
for induction of capillary differentiation and development of the appropriate barrier prop-
erties. A similar experimental paradigm was utilized by Janzer et al. to reveal that astro-
cytes are capable of induction of the blood–brain/blood–retinal barriers (3). Injection of 
astrocytes into the anterior chamber of the rat eye induced barrier properties as determined 
by reduced flux of the albumin-binding dye, Evans blue, in the vessels that invaded the 
astrocyte aggregates, as well as the iris proper. The astrocytes were also capable of induc-
ing barrier properties in the vessels of chick chorioallantoic membranes. These studies 
support a role of astrocytes in the regulation of endothelial cell differentiation to the BRB 
and BRB. In the light of these experiments, it is interesting to note that while a number of 
epithelial cell lines develop strong ionic, solute, and fluid barriers such as the transformed 
retinal pigment epithelium cell line, ARPE19, there are no endothelial cell lines that 
reflect the very tight barrier of the BBB or BRB. However, a number of external signals 
such as astrocyte-conditioned media, angiopoietin 1, or glucocorticoids, can induce bar-
rier properties in isolated retinal, and brain endothelial cells.

In vitro experiments provide evidence that glia directly contribute to endothelial 
differentiation of the BBB and BRB. These in vitro models were pioneered by Rubin 
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et al., who demonstrated that astrocyte-conditioned media, along with cAMP analogues, 
stimulate barrier properties in endothelial cells (4). Wolberg et al. further established 
that the combination of astrocytes and cAMP stimulate barrier properties and tight 
junction complexity in endothelial cells (5). The role of cAMP signaling in the regula-
tion of retinal endothelial barrier properties and alterations to this signaling pathway 
that may occur in diabetic retinopathy requires further study.

Astrocytes and Müller cells contact and ensheath the vascular plexus of the super-
ficial region of the retina, but the deep capillary bed contacts only Müller cells. Tout 
et al. demonstrated that Müller cells are capable of inducing BRB properties similar 
to astrocyte induction. Transplantation of Müller cells into the anterior chamber of 
the rat eye cause Müller cell aggregates to form. These aggregates are vascularized 
and the invading blood vessels develop barrier properties preventing the flux of 
horseradish peroxidase or Evans Blue dye, similar to transplanted astrocytes but 
superior to those formed by meningeal cells (6). Müller cell induction of BRB prop-
erties was further supported by co-culture experiments with retinal endothelial cells. 
Müller cell co-culture across 0.4 µm pore transwell filters increases barrier proper-
ties of endothelial cells demonstrated by decreased insulin flux and increased 
transendothelial electrical resis-tance (7). Müller cell-conditioned media, however, 
did not provide the same effect (7). Further, injection of Müller cells into the anterior 
chamber of the eye failed to restrict horseradish peroxidase permeability across 
adjacent vessels (8). Thus, while astrocytes and Müller cells may both induce barrier 
properties, these studies may indicate important differences between these glial cells 
regarding barrier induction or maintenance.

Recent studies have identified a signal transduction adaptor molecule that promotes 
production of pro-barrier factors from astrocytes. Src-suppressed C kinase substrate 
or SSECKS in rodents, also termed gravin in humans, or AKAP12, coordinates 
signal transduction pathways by binding and organizing signaling molecules such as 
protein kinase C, protein kinase A, calmodulin, cyclins, and β-adrenergic receptors. 
In brain, SSECKS colocalizes with GFAP, indicating a glial expression pattern, 
and a recent report demonstrated that expression of SSECKS contributes to astro-
cytic induction of the BBB (9). Overexpression of SSECKS reduces expression of 
vascular endothelial growth factor, apparently through reduced c-Jun and AP1 
signaling and promoted angiopoietin-1 production. Angiopoietin-1 is a ligand for the 
Tie2 receptor, and is known to both stabilize blood vessels and protect vessels from 
VEGF-induced permeability (10–12). The conditioned media from astrocytes 
overexpressing SSECKS blocks angiogenesis and promotes barrier properties of 
endothelial cells to a greater extent than astrocyte-conditioned media from mock-
transfected cells. Further, antibodies to angio-poietin-1 blocked this barrier induction 
and conditioned media from astrocytes with siRNA to SSECKS-created endothelial 
cell barriers with greater permeability than control astrocyte-conditioned media. 
Additional studies of SSECKS/AKAP12 used expression studies and siRNA to 
demonstrate that SSECKS/AKAP12 downregulates HIF1α through the ubiquitin 
ligase von Hippel-Lindau and proteosomal degradation (13). Together these studies 
demonstrate that glia play an important role in the induction of the BBB and BRB, 
but an understanding of the molecular mechanisms by which this differentiation 
proceeds is only beginning to be elucidated.
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Time Course of Blood–Brain Barrier Development
Immunohistochemistry experiments of the developing brain and retina support a role 

for astrocyte expression of SSECKS in the formation of the BBB and BRB. Expression 
of the well-established tight junction proteins zonula occludens 1 (ZO-1), vascular 
endothelial growth factor and SSECKS were compared in developing mouse-brain 
cerebral cortex or the embryonic precursor, the neopallial cortex (9). Expression of 
VEGF is present at embryonic Day 11.5 (E11.5) and increases through postnatal Day 3 
(P3) but precipitously drops by P19 and is absent in adult. In contrast, ZO-1 is first 
detected at E15.5, while SSECKS could be detected at E16.5, and both proteins 
continue to increase expression through P19 and into adulthood. These results correlate 
well with the induction of the BBB during rat development, which dramatically increases 
barrier properties at E21 (14). Using measures of electrical resistance across the brain 
vascular endothelium, a measure of ionic permeability, the brain vessels were found to 
increase resistance from 310 to 1,215 ohm × cm2, which remained constant through 
adults. The results support a model in rodents in which SSECKS reduces VEGF expres-
sion in the brain as a phase of vessel growth ends and promotes formation of the tight 
junction complex that is stabilized by postnatal Day 21. However, it should be noted that 
other measures of permeability were found to demonstrate increased barrier properties 
after 21 days. Measures of potassium and urea flux revealed a dramatic drop in the 
influx rate constant from E21 to P2 that continued to slowly decrease to P50, suggesting 
further barrier changes after birth in rats (15).

Quantitative immunohistochemical analysis of human retina in developing fetus 
demonstrates a similar pattern of BRB formation (13). VEGF expression is observed at 
the 18th week of development in the retina but expression of the tight junction proteins 
occludin, ZO-2, and Claudin-1 as well as SSECKS/AKAP12, and angiopoietin 1 are not 
detectable at this time point. However, at the 24th week all these proteins were expressed 
and increased by the 27th week, while VEGF expression began to decrease at this time 
point and continued to decrease through the 39th week. These data support a role of 
SSECKS/AKAP12 in BRB formation through promotion of angiopoietin 1 expression, 
which subsequently promotes tight junction formation. However, angiopoietin 1 expres-
sion is not restricted to either the BBB or BRB, suggesting that additional signaling 
mechanisms contribute to barrier formation.

Pericyte Induction of the Blood–Retinal Barrier
In addition to glia, pericytes also induce barrier properties in retinal vascular endothe-

lial cells. Pericytes are in close contact with the endothelial cells of the retinal capillar-
ies and are encased by a common basal lamina (16). In vitro studies using pericyte and 
endothelial cell lines demonstrated that pericytes secrete an angiopoietin 1 complex that 
induces expression of tight junction protein occludin (17). Additionally, coculture of a 
rat brain endothelial cell line with a primary culture of rat brain pericytes decreases 
permeability to sodium fluorescein that is, in part, dependent on transforming growth 
factor β (TGF β), as demonstrated by using a blocking antibody. Finally, barrier induc-
tion is partially recapitulated by direct treatment with TGF β (18).

Further evidence for a role of pericytes in the induction or maintenance of the BRB 
is found in platelet-derived growth factor B (PDGF) B or PDGF receptor β (PDGFR) 
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β gene deletion studies. Endothelial cells of the BBB express PDGF B in order to 
recruit the pericytes, which express the PDGFR β. Gene deletion of either this ligand 
or receptor results in lethality at birth due to hemorrhaging and edema (19, 20). 
The mice lack pericytes around the capillaries of the brain resulting in endothelial 
hyperplasia, increased capillary diameter, and abnormal ultrastructure. Further, VEGF 
A content increased, potentially contributing to the altered vessel structure and the 
observed hyperplasia. These studies suggest that pericyte recruitment by endothelial 
cells is necessary for normal vessel stabilization and barrier induction.

In summary, the BRB is formed by both retinal vasculature and the retinal pigmented 
epithelium. The vascular endothelium appears distinct from the epithelium, in that 
the endothelial cells require an external signal for induction of the BRB. Astrocytes, 
Müller cells, and pericytes all contribute to this complex signaling system, as shown sche-
matically in Fig. 1. Further, communication and coordinated function between the 
vasculature, glia, and neurons suggests the existence of a functional neurovascular 
unit (21).

Fig. 1. Healthy retinal vasculature demonstrating cellular interactions Arterioles and capillaries pro-
vide oxygenated blood and nutrients to the inner neural retina. Astrocytes, Müller cells, and pericytes 
interact with the vasculature to induce barrier properties. Microglia also interact with the endothelium 
potentially to respond to changes in the blood components that cross into the retina. The molecular 
process of barrier induction in endothelial cells is poorly understood.

Pericyte
Microglia

Glia
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MOLECULAR COMPOSITION OF THE BLOOD–RETINAL BARRIER

Specialized Retinal Vessels Control Flux into Neural Tissue
The blood vessels of the CNS, including the retina, are different from blood vessels 

in other regions of the body. Vessels of the CNS lack fenestrations observed in highly 
permeable vessels such as the glomerular capillary wall (22) and choroid capillary 
plexus (23). These fenestrations are a thinning of the capillary wall, bringing the apical 
and basal membranes in close apposition and promoting transcellular flux. This loss of 
endothelial cell fenestrations is one of the initial developmental steps of BBB formation 
(24, 25). Additionally, the vessels of the CNS have reduced pinocytotic vesicles, also 
reducing transcellular transport (26–28). These structural features allow specific control 
of transcellular permeability through specific mechanisms such as receptor-mediated 
endocytosis, and provide tight control of the fluids, nutrients, and metabolic precursors 
that enter the neural parenchyma.

Overview of Tight Junction Proteins
Paracellular flux is controlled by the presence and composition of the junctional 

complex, which includes both tight junctions and adherens junctions. In epithelial cells 
the adherens and tight junctions are easily discernable, but in the endothelium of the 
BBB and BRB these complexes cannot be differentiated at the ultrastructural level 
(29, 30). Many studies of the tight junction have been carried out in epithelial cells and 
a number of reviews have detailed the molecular components of the tight junctions 
including (31–34), and recently addressed by our group (1). Here the overall structure 
of the tight junction is briefly reviewed and the changes that occur to the tight junction 
in diabetes are addressed.

Tight junctions are now known to be complex structures comprised of over 40 
structural and regulatory proteins. Figure 2 provides a schematic of the vascular struc-
ture in the retina and a highly simplified view of the tight junction complex. (For a more 
detailed review of the tight junction proteins in the retina see the following review and 
text (1, 35) ). Current concepts of the tight junctions suggest an organization of this 
complex array of proteins. Tight junctions are composed of both transmembrane 
proteins that create the connection to the adjoining cell, and organizing proteins that 
bind to multiple junctional proteins and link these proteins to the cytoskeleton.

The tight junction transmembrane proteins include junction adhesion molecules or 
JAM, occludin, tricellulin, and the claudin gene family. The most well-studied mem-
brane-associated proteins that organize the junctional complex are the zonula occludens 
isoforms or ZO-1, -2, and -3 proteins. Recent studies using siRNA for the ZO isoforms 
reveals that this protein is necessary for proper assembly of the junctional complex (36), 
confirming a role for these proteins as a scaffold. Other studies are beginning to eluci-
date the molecular function of the transmembrane proteins of the tight junction.

Claudins Confer Tight Junction Barrier Properties
Cell-culture experiments utilizing siRNA (37) or mutational analysis (38) and in vivo 

analysis of transgenic mice have demonstrated that claudins confer barrier properties to 
the tight junctions (39–44). Claudins are a multigene family comprised of at least 24 
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Fig. 2. Blood–retinal barrier is induced by glia and pericytes. Blood vessels are comprised of 
endothelial cells (E) and pericytes (P) that are contacted by glial processes (G). Together, the glia and 
pericytes induce the tight junction complex (inset). This highly simplified version of the tight junction 
emphasizes the transmembrane proteins occludin (longer cytoplasmic carboxy-tail) and claudins that 
create the barrier. The zonula occludens protein (ZO) connects these transmembrane proteins to the 
cytoskeleton. Tight junctions are now known to have over 40 proteins, and the contribution of these 
proteins to retinal endothelial barrier properties and the changes in these proteins that occur in diabe-
tes are just beginning to be addressed. However, occludin phosphorylation state, cellular distribution, 
and content are all altered in diabetes.

ZO-1 ZO-1

G

P

E

isoforms (45). The claudins are tetraspan transmembrane proteins with two extracellular 
loops and a short carboxy intracellular tail that interacts with the PDZ-1 domains of 
ZO-1, -2, and -3 (46). The barrier property of a given tissue depends on the expression 
pattern of claudins. Claudins interact in both, a homologous and heterologous fashion, 
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creating the barrier and simultaneously forming ion specific pores within the barrier (47). 
Thus, charge-selective paracellular pores across the tight junction may be formed.

The expression pattern of claudins in the retina has only been partially characterized. 
The expression of Claudin 5 is largely restricted to the vasculature (41) and has been 
identified in retinal (48) and brain microvessels (49). Gene deletion of Claudin 5 results 
in permeability to molecules less than 800 Da and neonatal lethality (50). In chick 
retinal pigment epithelium, expression of Claudins 1, 2, and 5 was demonstrated by 
embryonic Day 14 at both the protein and mRNA level (51). A comprehensive study of 
the expression pattern of claudins in the retina and changes in claudin expression in 
diabetic retinopathy is needed.

Occludin Regulates Barrier Properties
While claudins confer barrier properties to the tight junctions, occludin appears to 

regulate the cells response to the external signals that control barrier properties. 
Occludin content correlates well with barrier properties, and is higher in cells with a 
tighter barrier, such as the retinal endothelial cells of arterioles and capillaries, and 
lower in cells known to be more permeable, such as venous endothelial cells and 
endothelial cells of nonneuronal tissues (48, 52, 53). Since occludin was the first trans-
membrane tight junction protein identified, and a number of expression studies 
suggested occludin contributed to barrier properties (54, 55) it was thought that this 
protein was a structural protein in tight junctions.

Studies of occludin knock-out mice changed the view of occludin. Occludin knock-out 
mice are viable and tight junctions appear normal, as assessed by electron microscopy. 
Studies of visceral endoderm cells originating from embryonic stem cells lacking occludin 
support the observations in knockout mice, that occludin is not required to maintain TJ 
structure (56). However, the occluding-deficient mice do possess a diverse number of 
abnormalities, including postnatal growth retardation, male infertility, and inability of 
females to suckle their young, suggesting that this protein has an important regulatory 
function in several tissues that possess tight junctions. Additionally, salivary gland abnor-
malities, thinning of compact bone, brain calcium deposits, and hyperplasia of the gastric 
epithelium are other consequences of occludin gene deletion in mice (57, 58). The role of 
occludin in regulation of epithelial cell division was further supported by the ability of 
exogenous occludin expression to revert the phenotype of raf transformed cells (59). In 
studies conducted in our laboratory, antisense RNA to occludin induced the RPE cell line 
ARPE19 to increase cell division by approximately twofold (manuscript submitted). 
Therefore, occludin contributes to control of cell division in cells that express tight 
junctions. Understanding this process is just beginning and a role for occludin in control-
ling angiogenesis of the blood vessels of the CNS has not been investigated.

Recent studies using small inhibitory (siRNA) to reduce occludin expression reveal 
a regulatory role for this protein in the cell’s response to changes in the environment 
as well as a direct contribution to barrier properties. A stable epithelial cell line with 
occludin gene expression almost completely reduced through siRNA, demonstrated 
increased permeability to small organic cations, such as ethanolamine and arginine (60). 
But even more intriguing was the lack of normal response to cholesterol depletion. 
Cholesterol depletion dramatically reduced the electrical resistance of the cell monolayer 
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and activates Rho, which is likely involved in cytoskeletal rearrangements conferring the 
cell’s response. Both of these cholesterol responses are blocked in cells with occludin 
siRNA. These data suggest that occludin contributes to barrier properties and the ability 
of the cells to respond to environmental changes in the regulation of barrier properties.

Alterations in Occludin in Diabetic Retinopathy
Occludin in the retinal vasculature undergoes changes in phosphorylation, localiza-

tion, and content with diabetes, which can be recapitulated in primary endothelial cell 
culture and VEGF treatment. Streptozotocin-induced diabetes reduces occludin content 
(61) and immunostaining at the endothelial cell borders (48, 61, 62), while permeability 
to FITC-labeled albumin increases. This change in occludin content can be observed in 
primary retinal endothelial cells in response to VEGF treatment (61) and depends on 
urokinase plasminogen activator, suggesting extracellular proteolytic activity contri-
butes to occludin degradation and permeability (63). Similarly, diabetes reduces occludin 
content in the brain vasculature (64).

Changes in occludin also occur in the RPE in response to permeabilizing factors. 
Treatment of RPE cells with hepatocyte growth factor (HGF) reduced tight junctions, 
decreased TER, and increased diffusion of fluorescently labeled marker from the apical 
to basolateral membrane. After 6 h of HGF treatment, occludin, Claudin-1, and α-catenin 
were redistributed from the membrane to the cytoplasm and ZO-1 immunostaining was 
reduced (65). Interestingly, overexpression of HGF in RPE for 28 days resulted in 
chronic retinal detachment and retinal inflammation (66).

Phosphorylation of occludin may provide a mechanism by which junctional proper-
ties are regulated. Treatment of endothelial cells with VEGF (67, 68), histamine (69), 
oxidized phospholipids (70), monocyte chemoattractant protein-1 (MCP-1 or CCL2) 
(71, 72), or shear stress (73) increased both serine/threonine phosphorylation of occlu-
din and permeability. Furthermore, diabetes increases occludin phosphorylation in the 
rat retina similar to the VEGF-induced increase in BREC (68). Conversely, in epithelial 
cells occludin phosphorylation may be associated with barrier tightening (74). In these 
studies, dephosphorylation of occludin through protein phosphatase 2A and 1 are asso-
ciated with promotion of barrier properties. These discrepancies may represent 
differences in the systems used or differences in the sites phosphorylated. Clearly, site 
identification and mutational analysis is necessary to pursue the functional meaning of 
occludin phosphorylation.

VE-CADHERIN AND DIABETIC RETINOPATHY

This chapter has focused on the tight junction complex, which is essential for the 
well-developed barrier properties of the BRB. However, adherens junction proteins also 
contribute to the barrier properties of the BRB. As mentioned earlier, the tight junction 
and adherens junction complex are not readily discernable at the ultrastructural level, as 
viewed by electron microscopy. However, vascular endothelial cadherin (VE-cadherin 
or cadherin 5) is a vascular constrained transmembrane protein of the adherens junction 
and is expressed in the retinal vasculature (75). Injection of antibodies to VE-cadherin 
increases retinal permeability in vivo and causes primary retinal endothelial cells to 
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separate in culture. Further, diabetes causes a reduction in VE-cadherin protein through 
matrix metalloprotease activity contributing to changes in permeability (76). Also, in 
vascular endothelial cells without tight junctions, VEGF stimulation leads to VE-cadherin 
phosphorylation and endocytosis that controls endothelial permeability (77). The tight 
junction complex and adherens junction may be viewed as resistors that act in series, 
each with distinct barrier properties. Diabetes alters both these complexes, contributing 
to increased permeability. The system is made more complex since there is a clear inter-
action of the two junctional complexes as demonstrated by the interaction of ZO-1 first 
with the adherens junction, from which point ZO-1 then organizes polymerization of the 
claudins of the tight junctions (36).

PERMEABILITY IN DIABETIC RETINOPATHY

Diabetic retinopathy is characterized by increased vascular permeability as can be 
observed by fluorescein angiography. This change in permeability occurs during the 
early stages of the onset of diabetic retinopathy. Table 1 is a compilation of studies 
demonstrating that this change in vascular permeability can be recapitulated in rodent 
models of diabetes. There are limited studies that have failed to observe a difference in 
accumulation of marker in rodent models in diabetes but the majority of studies have 
observed an increase of 1.5- to 4.5-fold. This accumulation can be due to either 
increased flux into the retina, or decreased flux out of the retina. Further, passive flux 
is controlled by hydrostatic and oncotic pressure, as well as changes in vascular perme-
ability (for a detailed discussion of fluid and solute movement across a vascular bed see 
(78) ). Thus, changes in marker accumulation may be the result of a variety of vascular 
changes other than permeability alone. Indeed, increased solute accumulation in the 
retina elevates the tissue oncotic pressure, retaining fluid and likely contributing to 
macular edema. However, direct changes in endothelial cell culture permeability 
demonstrate a similar response to vascular endothelial growth factor addition (79, 80) 
suggesting the in vivo response is, at least in part, due to increased vessel permeability. 
A recent longitudinal study demonstrates the rate of diabetic retinopathy at 14 years is 
still over 70% (81), and while the rate of proliferative retinopathy is on the decline, the 
rate of macular edema is on the rise (82).

It should be emphasized that rodents lack a macula, and thus cannot completely 
model macular edema, which in humans is closely correlated with loss of vision (83). 
However, the changes in vessel permeability observed in rodents and in the early stages 
of retinopathy in humans may be a first step toward macular edema. This altered barrier 
may set the stage for an ensuing event that leads to focal edema or hemorrhaging of 
retinal vessels. Much of the current research has focused on this change in vessel 
permeability. Future studies will need to address the issue as to the causes for progres-
sion from general leaky blood vessels, as observed by fluorescein angiography, to focal 
edema associated with vision loss. A recent study using mass spectrometry has identified 
carbonic anhydrase I from red blood cells in the vitreous of patients with hemorrhagic 
retinopathy, and further demonstrated that carbonic anhydrase stimulates the kallikrein 
pathway leading to bradykinin-induced endothelial permeability (84). Thus, once estab-
lished, hemorrhaging vessels further drive vascular permeability.
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NEUROINFLAMMATION IS A CENTRAL PROCESS IN THE 
PATHOLOGY OF DIABETIC RETINOPATHY

The well-established elevation of vascular endothelial growth factor (85) may be part 
of a larger neuroinflammation in diabetic retinopathy. Neuroinflammation has been 
assigned various definitions; however, for the purpose of this chapter, neuroinflammation 
is defined as elevated expression of cytokines and chemokines, microglial activation, and 

Table 1
Retinal Permeability in Streptozotocin-Induced Diabetes Rat Model

Time of diabetes Strain of rat Permeability assay Change in 
diabetes

References

1 week Sprague-Dawley Evans Blue 1.7-fold (106)
8 days Long-Evans Evans Blue 2.3-fold (107)
8 days Sprague-Dawley Evans Blue 1.6-fold (108)
8 days Sprague-Dawley Vitreous Protein 3.1-fold (109)
8 days Wistar Vitreous Protein 2.8-fold (110)
2 weeks Brown-Norway Evans Blue 2-fold (111)
2 weeks Brown-Norway Evans Blue 3-fold (112)
2 weeks Long-Evans Evans Blue 2.6-fold (88)
2 weeks Long-Evans FITC-Dextran 4.1-fold (113)
2 weeks Sprague-Dawley Alexa-Fluor 488-BSA 2-fold (114)
2 weeks Sprague-Dawley Evans Blue 2.6-fold (115)
2 weeks Sprague-Dawley FITC-BSA 3-fold (105)
2 weeks Wistar Vitreous Fluoropho-

tometry
1.6-fold (116)

3 weeks Long-Evans FITC-Dextran 4.5-fold (117)
1 and 4 weeks Wistar Evans Blue 1.4- and 1.4-fold (118)
3 days to 4 

weeks
Long-Evans Isotope Dilution 2.9- to 10.7-fold (119)

2 months Sprague-Dawley Vitreous Protein and 
FITC-Dextran

3.3- and 2.7-fold (120)

3 months Sprague-Dawley Evans Blue and FITC-
BSA

2.4- and 2.4-fold (121)

3 months Sprague-Dawley FITC-BSA and 
Rhodamine-Dextran

1.6- and 1.1-fold (61)

4 months Brown-Norway FITC-Dextran 2.5-fold (122)
4 months Sprague-Dawley Isotope Dilution 2-fold (123)
1 day to 16 

weeks
Brown-Norway 

and S. Dawley
Evans Blue 1.9-fold (BN 16 

weeks)
(124)

6 months Sprague-Dawley Isotope Dilution 2-fold (125)
6 months Sprague-Dawley 14C-Sucrose 2.4-fold (126)
6 months Wistar Fluroescein 3.7-fold (127)
3 weeks, 6 and 

13 months
Sprague-Dawley 

(Female)
Isotope Dilution 2.4-fold (13 

months)
(128)

15 months Sprague-Dawley Fluroescein 2.7-fold (129)
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leukostasis without necessarily including infiltration. Neuroinflammation has been 
identified as a component of a variety of neurodegenerative diseases. For example, elevated 
IL-1 has been found in ischemia, stroke, and in chronic CNS diseases such as Alzheimer’s, 
Down’s syndrome, multiple sclerosis, Parkinson’s, HIV-associated dementia, amyotrophic 
lateral sclerosis, and epilepsy (reviewed in (86) ). Further, IL-18 has been identified in 
ischemic stroke, multiple sclerosis and axonal injury (reviewed in (87) ). Both of these 
interleukins are capable of generating a cascade of downstream responses similar to that 
observed in diabetic retinopathy. This inflammatory cascade includes elevated cytokines 
and chemokines such as MCP, a permeabilizing chemokine, and VEGF, induction of 
adhesion molecules such as PECAM and ICAM in endothelium and consequent leukos-
tasis, adhesion of monocytes and polymorphonuclear cells leading to respiratory burst 
and generation of reactive oxygen species. Furthermore, the inflammatory response may 
include elevated FasL contributing to endothelial apoptosis (88).

A number of studies support the hypothesis that diabetic retinopathy includes 
neuroinflammation. In a study of 543 Type I diabetic patients, elevated IL-6, TNF, and 
C-reactive peptide individually or combined was associated with retinopathy and 
cardiovascular disease, as was an association with elevated HbA

1c
, LDL, triglycerides, 

and blood pressure (89). Indeed, these inflammatory markers were specifically associ-
ated with nonproliferative diabetic retinopathy (NPDR). Another study of 93 patients 
revealed that levels of RANTES (chemokine CCL5) and SDF-1 (CXCL12) were 
elevated in serum associated with severe NPDR compared to nonsevere NPDR (90). 
Immunocytochemistry of one retina revealed RANTES, MCP-1 (CCL2), and ICAM 
were elevated. IL-1β and TNFα were increased in the serum and vitreous of patients 
with proliferative diabetic retinopathy (91). Antibodies associated with heat shock 
protein 65 are elevated in Type 1 diabetes with retinopathy recapitulating an increase in 
serum levels of this inflammatory marker in artherosclerotic disease (92). Together, 
these studies provide compelling evidence that inflammatory markers, and in particular 
IL-1β, is elevated in the serum and vitreous of patients with proliferative and nonproli-
ferative diabetic retinopathy.

Abundant data in animals further support a role for neuroinflammation in diabetic 
retinopathy. IL-1β protein was elevated in the retina of diabetic animals at 2 months (93, 
94). Gerhardinger et al. demonstrated that IL-1β mRNA was elevated in 6-month dia-
betic animals and by performing microchip array analysis of Muller cells isolated from 
control and diabetic retinas identified a series of acute phase and inflammatory markers 
that are responsive to IL-1 (95). A series of elegant experiments demonstrated that leu-
kostasis increases during streptozotocin-induced diabetes in mouse and rat models, and 
that deletion of the gene for the endothelial protein ICAM or its leukocyte binding part-
ner CD18 ameliorated leukostasis after 11 months of diabetes and rectified vascular 
lesions in a galactosemic model (96). Furthermore, in a 1-week model of diabetes, vas-
cular permeability, leukostasis, CD18 and ICAM expression as well as NF-κB activa-
tion were all normalized by high-dose aspirin, or the COX-2 inhibitor, meloxicam, and 
by a soluble TNF receptor/Fc hybrid (entanercept), suggesting TNF and COX contrib-
ute to diabetic retinopathy (97). Together, these animal models demonstrate a role for 
neuroinflammation in diabetic retinopathy and that interfering with this inflammatory 
response can alter the disease.
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The changes in retinal vascular permeability observed in diabetic retinopathy are 
caused, in part, by changes in cytokine/growth factor production. However, a role of 
oxidative stress leading to endothelial apoptosis has been proposed as a route of 
increased permeability as well. The relative contribution to vascular permeability of 
altered junctional complex compared to increased cell death has yet to be addressed. 
Further, the link between metabolic dysregulation and neuroinflammation requires 
more research. Figure 3 depicts a model of altered permeability including neuroinflam-
mation and altered junctional permeability as well as cell death.

THERAPIES FOR VASCULAR PERMEABILITY 
IN DIABETIC RETINOPATHY

A number of potential therapies are currently under investigation for diabetic 
retinopathy that target vascular permeability. Glucocorticoids are well-established 
antiinflammatory compounds that may be effective in reversing or preventing the 

Fig. 3. Cellular and molecular changes in the retinal vasculature with diabetes. Diabetes leads to 
pericyte loss (light-gray pericyte), glial reactivity, and microglial activation (retracted processes). 
The loss of normal cell interactions and increased cytokine production (VEGF, TNFα, MCP and 
IL1β) increase endothelial cell death, and lead to alterations in tight junctions increasing permeability. 
Hemorrhaging blood vessels contribute carbonic anhydrase that further drives permeability through 
bradykinin activation.
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progression of macular edema, and are currently under investigation as a therapy for 
diabetic retinopathy (98). Glucocorticoids are effective at reversing VEGF-induced 
permeability in animal models (99). In addition to the antiinflammatory effect of 
glucocorticoids, our laboratory has demonstrated that these steroids also induce the 
synthesis and assembly of tight junctions and the dephosphorylation of occludin 
commensurate with a reduction in endothelial permeability (100). Recent work in our 
laboratory revealed the presence of a novel enhancer element unlike the canonical 
glucocorticoid response element, in the occludin promoter that controls glucocor-
ticoid responsiveness of this gene (manuscript submitted). Future studies may reveal 
more specific means to control expression of the tight junction proteins and barrier 
properties.

Protein kinase C β (PKCβ) acts downstream of VEGF (101) and inhibitors of this 
kinase can block VEGF-induced permeability (102). Studies of PKCβ inhibitors have 
revealed effectiveness in treating macular edema in diabetic retinopathy and slowing 
progression of vision loss (103). Cell-culture studies have demonstrated that PKCβ 
inhibitors are effective at blocking occludin phosphorylation in response to VEGF in 
endothelial cells, and can partially block VEGF-induced permeability (68). Unfortunately, 
these inhibitors have not yet achieved FDA approval but may show greater effectiveness 
at increasing doses or in combination with other inhibitors. In addition to small 
molecule inhibitors the hormone pigment epithelium-derived growth factor has been 
shown to effectively reverse diabetes- and ischemia-induced permeability through the 
regulation of cytokine production (104).

Finally, the use of neuroprotective agents has demonstrated effectiveness in reversing 
vascular permeability. The use of nonpsychotropic cannabidiol, which is neuroprotec-
tive, reversed the effects of diabetes on vascular permeability in streptozotocin-diabetic 
rats (105). This effect highlights the intimate relationship of the BRB and the neural 
parenchyma.

SUMMARY AND CONCLUSIONS

Glia and pericytes interact with the endothelial cells of the blood vessels stimulating 
synthesis and the assembly of the junctional complex, reducing fenestrations and 
pinocytotic vessels and forming the BRB. Production of inflammatory cytokines and 
vascular endothelial growth factor alters the junctional complex and induces permeabi-
lity in diabetic retinopathy. While a great deal is known regarding claudins in formation 
of the tight junctions, little is known about changes in the claudins in diabetic retinopa-
thy. The tight junction protein occludin appears to contribute to the regulation of barrier 
properties, and may contribute to control of cell growth. This protein has been observed 
to increase in phosphorylation, relocate away from the cell border, and decrease in 
content with diabetic retinopathy. Also, the adherens junction protein VE-cadherin is 
reduced with diabetes associated with increased vessel permeability. Understanding the 
signaling pathways that alter the junctional complex provides therapeutic targets to 
prevent vessel permeability. Furthermore, understanding the mechanisms by which 
glucocorticoids and angiopoietin-1 induce barrier properties may lead to new therapies 
to restore barrier properties in diabetic retinopathy.
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15 Retinal Neovascularization 
and the Role of VEGF

Elia J. Duh

Abstract

Diabetic retinopathy (DR) is a major cause of blindness in the United States and other 
industrialized countries. Retinal neovascularization is the hallmark of the proliferative 
stage of diabetic retinopathy and is a major cause of vision loss in diabetes. This chapter 
discusses our current knowledge regarding the mechanisms underlying retinal neovascu-
larization in diabetic retinopathy, with a focus on the critical role played by vascular 
endothelial growth factor (VEGF). The current understanding of the stages of neovascu-
larization is reviewed, beginning with the ischemic/hypoxic stimulus that is thought to 
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play a critical role in the transition from nonproliferative to proliferative diabetic retinopathy. 
The evidence supporting the importance of VEGF in diabetic retinopathy is presented, 
including clinical, preclinical, and basic research studies. Furthermore, the regulation of 
VEGF expression in the retina as well as its actions at the cellular and molecular level is 
discussed in detail. In the light of VEGF’s pathophysiologic importance in DR, the devel-
opment of therapeutics targeting VEGF and its downstream actions is a promising 
approach for current and future treatment of proliferative diabetic retinopathy.

Key Words: Angiogenesis; endothelial cell; retinal neovascularization; VEGF.

INTRODUCTION

Despite improvements in medical management of diabetes and treatment of ocular 
complications, diabetic retinopathy (DR) remains the most common cause of severe 
visual loss in working-age adults in the United States and other industrialized countries. 
In the United States, DR results in blindness in over 10,000 individuals with diabetes 
per year (1). Retinal neovascularization, the formation of new blood vessels from preexisting 
blood vessels, is a major underlying factor, and can cause severe vision loss from vitreous 
hemorrhage and tractional retinal detachment.

Significant research advances have been made regarding the mechanisms underlying 
the development of retinal neovascularization in DR. In particular, the identification of 
vascular endothelial growth factor (VEGF) as a major stimulus of retinal neovascularization 
has led to the development of therapies targeting this growth factor, and anti-VEGF treat-
ments are being increasingly used in clinical management of patients with advanced 
diabetic retinopathy. This chapter is divided into two parts. The first part focuses on the 
current understanding of the mechanisms of angiogenesis, particularly with respect to 
diabetic retinopathy. The second part focuses on VEGF’s critical role in retinal neovas-
cularization, as well as its functional and biochemical properties, which provide insights 
with potentially important implications for anti-VEGF therapy in humans.

PROGRESSION OF NONPROLIFERATIVE TO PROLIFERATIVE 
DIABETIC RETINOPATHY

Diabetic retinopathy is clinically divided into two stages, nonproliferative diabetic 
retinopathy (NPDR) and proliferative diabetic retinopathy (PDR), which is character-
ized by retinal neovascularization (Figs. 1 and 2). As NPDR progresses, retinal capillary 
dropout occurs which results in progressive retinal ischemia and hypoxia. Ischemia and 
hypoxia are thought to play a critical role in the transition from nonproliferative to 
proliferative diabetic retinopathy. Indeed, the concept of ischemia and hypoxia as stimu-
lators of retinal neovascularization arose over half a century ago (2, 3), supported by 
clinical observations. For instance, neovascularization commonly occurs at the borders 
of perfused and nonperfused retina. In addition, retinal neovascularization is more 
common and severe in eyes with extensive capillary nonperfusion.

Ischemia and hypoxia result in the upregulation of various molecules that pro-
mote angiogenesis, including pro-angiogenic growth factors. Specifically, ischemic 
retinal cells secrete vasoproliferative growth factors which induce the formation of 
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new blood vessels in the retina or iris. This neovascularization constitutes the hallmark 
of proliferative diabetic retinopathy. The new vessels grow along the retinal surface 
and along the vitreous scaffold of the posterior vitreous hyaloid. These new vessels 
are fragile and often bleed, resulting in preretinal as well as vitreous hemorrhage. 
In addition, glial tissue associated with the new vessels can contract, producing 
traction on the retina and eventually leading to retinal detachment. Vitreous hemorrhage 

Fig. 1. Optic nerve head neovascularization in proliferative diabetic retinopathy.

Fig. 2. Early retinal neovascularization in diabetes, with a new vessel extending from the retina into 
the vitreous. (Courtesy of W. Richard Green, MD.) H&E, original magnification ×160.
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and traction retinal detachment are the direct cause of most cases of severe vision 
loss in diabetic retinopathy.

STAGES OF ANGIOGENESIS

Angiogenesis, the formation of new blood vessels from existing vessels, occurs 
through a multi-step process, including: production of angiogenic growth factors by 
diseased tissue, binding of angiogenic growth factors to receptors on existing vascular 
endothelial cells (EC), activation of EC gene expression of pro-angiogenic molecules, 
EC invasion of surrounding tissue, EC migration and proliferation, formation of vascular 
tubes by EC, and stabilization of new blood vessels by mural cells. Each of these steps 
is potentially vulnerable to pharmacologic targeting, and anti-angiogenic therapies directed 
at various steps are under investigation (4).

Under normal conditions, the vasculature is quiescent except during processes such 
as wound healing and the menstrual cycle, presumably due to a balance between inducers 
and inhibitors of angiogenesis (5). A critical step in the initiation of angiogenesis arises 
from changes in the tissue milieu which leads to an imbalance between inducers and 
inhibitors, either from increased levels of inducers, decreased levels of inhibitors, or 
both. Hypoxia in the retina is thought to alter this balance largely by increasing levels 
of pro-angiogenic growth factors. An important mediator of this process is hypoxia-
inducible factor 1 (HIF-1), which is a hetero-dimer of α and β subunits. HIF-1 is a 
transcriptional regulator which is induced by hypoxia and which activates the transcription 
of an array of hypoxia-inducible genes. In the mouse model of oxygen-induced ischemic 
retinopathy, HIF-1α protein levels were increased in the retina, particularly in the 
hypoxic inner retina (6). HIF-1 is known to activate the transcription of multiple pro-
angiogenic molecules, including VEGF and erythropoietin. Indeed, intraocular injection 
of an adenovirus encoding a constitutively-active form of HIF-1α resulted in increased 
retinal levels of messenger RNAs for various angiogenic growth factors, including 
VEGF, placental growth factor, angiopoietin-2, and platelet-derived growth factor-B (7).

The binding of pro-angiogenic growth factors to their cognate receptor(s) on preex-
isting vascular endothelial cells (ECs) results in the activation of these cells, causing an 
increase in the expression of molecules important for the angiogenic process, including 
integrins and proteinases. Invasion of endothelial cells through the capillary basement 
membrane and extracellular matrix is dependent on the production and activation of 
extracellular proteinases, particularly the serine proteinase, urokinase plasminogen 
activator (uPA), as well as members of the matrix metalloproteinase (MMP) family. The 
expression of proteinase genes is induced by angiogenic growth factors including 
VEGF. In addition, the proteolytic process is induced by activation of pro-proteinases 
and downregulation of protease inhibitors. A detailed discussion of uPA and MMP’s is 
provided in Chap. 16.

Dissolution of the capillary basement membrane and surrounding tissue is accompanied 
by endothelial cell migration. Growth factor-induced activation of endothelial cells 
leads to increased expression and activation of integrins, including α

v
β

3
 and α

v
β

5
 (see 

Chap. 16). These cell surface adhesion molecules play an important role in the attachment 
of endothelial cells to specific ligands in the extracellular matrix, including fibronectin, 
which serve as a scaffold for the migrating endothelial cells.
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Activated endothelial cells proliferate and subsequently form vascular tubes. These 
immature vessels undergo further remodeling, with subsequent formation of a new 
basement membrane as well as recruitment of mural cells (pericytes or smooth muscle 
cells) to form a mature vessel. The recruitment of these mural cells is particularly 
important for the stabilization of the new blood vessels, and plays a critical role in the 
development of vessel resistance to regression (8).

More recently, it has become appreciated that in addition to preexisting vascular 
endothelial cells, endothelial progenitor cells from the circulation may also play a role in 
retinal neovascularization. When hematopoietic stem cells (HSCs) containing a population 
of endothelial progenitor cells (EPCs) were administered by intravitreal injection into 
neonatal mouse eyes, there was stable incorporation of some of these cells into the 
developing retinal vasculature (9). In addition, systemic administration of donor HSCs 
in an animal model of retinal venous occlusion resulted in incorporation of a subset of 
these cells into the retinal neovasculature (10). Therefore, it is possible that EPCs may 
also play an important part in proliferative diabetic retinopathy, which may have thera-
peutic implications.

ANIMAL MODELS OF RETINAL NV: THE OXYGEN-INDUCED 
RETINOPATHY MODEL OF RETINAL NEOVASCULARIZATION

Existing animal models of diabetes have been limited by the absence of advanced 
lesions of diabetic retinopathy, including preretinal neovascularization. This is likely 
due in part to the shorter life span of these animals. Consequently, studies of retinal 
neovascularization have largely focused on animal models of retinopathy of prematurity. 
One of the most widely used animal models is the mouse model of oxygen-induced 
retinopathy (OIR) (11).

Development of the retinal vasculature in mice occurs postnatally. In the mouse 
model of OIR, neonatal mice are exposed to high oxygen tensions (typically around 
75%) from postnatal Day 7 (P7) until P12. This hyperoxic exposure results in retinal 
vessel regression and cessation of normal radial vessel growth. This vaso-obliteration 
leads to extensive retinal nonperfusion. The mice are then returned to room temperature 
at P12. The nonperfused retina becomes hypoxic, leading to the elaboration of ang-
iogenic growth factors and retinal neovascularization, which is typically maximal by 
P17 (12). Although this model clearly has important differences from proliferative 
diabetic retinopathy, it shares important similarities, most notably the induction of retinal 
neovascularization by retinal ischemia and hypoxia. The model has proven very useful 
in allowing the acquisition of insights into the pathogenesis of ischemic retinopathies, 
including PDR. Many studies have also been performed in related animal models of 
ROP, including the rat (13).

VASCULAR ENDOTHELIAL GROWTH FACTOR

It has long been known that retinal neovascularization is strongly associated with 
retinal ischemia, based on clinical observations of ischemic retinopathies including 
diabetic retinopathy. Retinal capillary nonperfusion precedes neovascularization in 
these retinopathies (14, 15). The degree of capillary nonperfusion correlates with the 
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risk of neovascularization in branch retinal vein occlusion (16). In 1948, Michaelson 
proposed that a diffusible angiogenic “factor X” released from areas of hypoxic retina, 
is responsible for neovascularization in diabetic retinopathy, as well as in other 
ischemic retinopathies (2). In the 1990s, VEGF emerged as a strong candidate for 
“factor X,” and subsequent research has strongly established VEGF as a major stimula-
tor of retinal neovascularization in the ischemic retinopathies, including proliferative 
diabetic retinopathy.

Interest in VEGF’s role in eye disease arose from earlier studies of VEGF’s systemic 
role, including its contribution to tumor angiogenesis. VEGF is a homodimeric glycopro-
tein that is both a vasopermeability (17) and an angiogenesis factor (18, 19). It was initially 
denoted as vasopermeability factor (VPF) based on its ability to increase microvascular 
permeability (17). Indeed, in one assay of dermal microvascular permeability, VEGF was 
found to be 50,000 times as potent, on a molar basis, as histamine (20). VEGF is mitogenic 
primarily for vascular endothelial cells (19). The expression of VEGF has been found to 
be greatly increased in rapidly growing, highly vascularized tumors (21), and inhibition 
of VEGF with a monoclonal antibody inhibited tumor growth in vivo (22). Hypoxia 
induces VEGF expression in tumors and glial myogenic tumor cell lines (23). VEGF binds 
two high affinity cell-surface tyrosine kinase receptors, in particular fms-like tyrosine kinase 
(Flt) and fetal live kinase 1 (Flk-1), deneted VEGFR-1 (Flt-1) and VEGFR-2 (KDR/
FIk-7) both of which are expressed on vascular endothelial cells. VEGF and its receptors 
are critical for normal embryological development, and even heterozygous knockout of 
the VEGF gene results in embryonic lethality due to impairment of developmental angio-
genesis (24, 25). These characteristics of VEGF suggested that it might play a major role 
in mediating the microvascular complications observed in diabetic retinopathy, since they 
are also characterized by tissue ischemia, angiogenesis, and vascular permeability. 
Subsequent extensive studies in ocular cells, animal models, and patients have confirmed 
this, and they are detailed in the following paragraphs.

REGULATION OF VEGF EXPRESSION IN THE RETINA

Regulation of VEGF in Proliferative Diabetic Retinopathy
VEGF is produced by many cell types within the eye, including retinal pigment 

epithelial cells, pericytes, endothelial cells, glial cells, Muller cells, and ganglion cells 
(26, 27). In the context of diabetic retinopathy, VEGF upregulation was first appreciated 
in the proliferative stage. In the mid-1990s, clinical studies demonstrated significantly 
increased intraocular concentrations of VEGF in specimens from patients with prolif-
erative retinopathies, including diabetic retinopathy. In one investigation, 210 specimens 
of ocular fluid (vitreous and/or aqueous) were collected from 164 patients undergoing 
intraocular surgery, including 143 samples from patients with diabetes (28). The patients 
with diabetes had different stages of retinopathy, including no retinopathy, nonprolifera-
tive retinopathy, quiescent proliferative retinopathy, and active proliferative retinopathy. 
VEGF concentrations were significantly elevated in both the vitreous and aqueous of 
patients with active proliferative diabetic retinopathy. In contrast, VEGF concentrations 
were low in a control group of patients with no neovascular disorder, and in diabetic 
patients with no retinopathy, nonproliferative retinopathy, or quiescent proliferative 
retinopathy. Six patients successfully underwent laser photocoagulation treatment for 
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active proliferative retinopathy. In these six patients, intraocular VEGF concentrations 
were decreased by an average of 75% after treatment, as compared to before treatment 
(28). Another study demonstrated similar findings measuring VEGF concentrations in 
vitreous specimens from 8 patients with PDR as compared to 12 control patients with 
no neovascular disorder (29). These results have subsequently been corroborated by 
numerous studies.

Upregulation of VEGF levels has also been observed in animal models of retinal 
neovascularization. In the mouse model of oxygen-induced retinopathy, retinal VEGF 
RNA expression was increased by threefold within 12 h after commencement of relative 
retinal hypoxia, and the increase in VEGF expression persisted during the development 
of retinal neovascularization (30). VEGF RNA was markedly increased in the inner 
nuclear layer, and confocal immunohistochemistry studies demonstrated that the 
VEGF-producing cells had a Muller-like morphology. Similar upregulation of VEGF 
was found in rat (31) and cat models of retinal neovascularization (32, 33), as well as a 
primate model of iris neovascularization induced by laser occlusion of branch retinal 
veins (34). These models all exhibit a temporal relationship between VEGF expression 
and ocular angiogenesis, with increased VEGF expression after the onset of retinal 
hypoxia, but before the development of neovascularization.

The role of hypoxia as an important stimulus for VEGF upregulation is supported by 
cell-culture studies. Hypoxia induces VEGF RNA expression in various ocular cell 
types (27). Furthermore, VEGF induction is reversible upon return of the cells to normoxia. 
An important mediator of hypoxia-induced upregulation of VEGF expression is HIF-1, 
a hypoxia-induced transcription factor that is known to stimulate the transcription of 
multiple genes upregulated by hypoxia (35). HIF-1 has been demonstrated to play an 
important role in the activation of VEGF transcription in cultured cells subjected to 
hypoxia (36). Strong support for the involvement of HIF-1 in VEGF upregulation was 
provided by a study of mice in which the VEGF gene was replaced by a mutant VEGF 
gene containing a deletion of the HIF-1 binding site (hypoxia-response element) from 
the promoter region. Both wild-type and mutant mice were subjected to oxygen-induced 
retinopathy. In contrast to the wild-type mice, retinal VEGF RNA levels were not 
increased in the mutant mice. In addition, the mutant mice had significantly less retinal 
neovascularization (37).

As noted earlier, laser photocoagulation has been demonstrated to reduce intraocular 
VEGF levels in patients with active proliferative retinopathy (28). This has been corroborated 
in a study of aqueous specimens in patients with PDR undergoing panretinal photoco-
agulation (38). In addition, immunohistochemical studies of postmortem eyes from 
individuals at different stages of diabetic retinopathy demonstrated that the intensity of 
VEGF immunostaining in diabetic retinas that had undergone laser photocoagulation 
(and exhibited no preretinal neovascularization) was similar to that in diabetic retinas 
without overt retinopathy (39). A reduction in pro-angiogenic factors had long been 
suspected to underlie the therapeutic benefits of laser photocoagulation for PDR. The basis 
for this might be that the laser destroys cells responsible for production of pro-angiogenic 
factors including VEGF. However, a more attractive hypothesis is that laser-induced 
destruction of photoreceptor cells results in reduced oxygen consumption of the outer 
retina, allowing delivery of oxygen from the choriocapillaris to the inner layers of the retina. 
This idea is supported by studies of a mouse model of genetically induced photoreceptor 
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degeneration. In this study, the mice did not develop retinal neovascularization when 
subjected to the experimental protocol of oxygen-induced retinopathy (40). In addition, 
these mice did not exhibit the expected upregulation of retinal VEGF expression. 
A final idea concerning the basis for the therapeutic benefit of laser photocoagulation 
is the possible increase in levels of anti-angiogenic factors.

Regulation of VEGF in Nonproliferative Diabetic Retinopathy
Although upregulation of VEGF in diabetic retinopathy was first reported in the 

proliferative phase, it has become increasingly appreciated that VEGF levels are also 
elevated in nonproliferative diabetic retinopathy. Increased VEGF levels have been 
described in several studies of postmortem eyes of patients with NPDR compared with 
nondiabetic controls (39–42). Furthermore, immunopositivity of VEGF was demon-
strated in eyes with no anatomic evidence of retinal nonperfusion (42). Increased VEGF 
levels have also been demonstrated in the vitreous of patients with nonproliferative 
diabetic retinopathy, particularly in the setting of macular edema (43). Similarly, several 
investigators have demonstrated an increase in retinal VEGF levels in animal models of 
diabetic retinopathy (44–46).

Several studies have provided a biochemical basis for VEGF upregulation in NPDR, 
linking this phenomenon to oxidative stress, and an increase in advanced glycation 
endproducts, two well-known consequences of diabetes in the retina. VEGF is upregu-
lated by reactive oxygen intermediates in vitro (47), and increased levels of reactive 
oxygen intermediates have been correlated with increased VEGF in diabetic rodents 
(48). Furthermore, diabetes-induced increases in retinal VEGF protein are significantly 
reduced by antioxidant treatment (49), strongly supporting the upregulation of VEGF 
by oxidative stress. Advanced glycation endproducts have also been demonstrated to 
upregulate VEGF expression in vitro. Interestingly, this AGE-induced upregulation was 
inhibited by antioxidant treatment (50), further supporting the role of oxidative stress.

FUNCTIONAL ROLE OF VEGF IN RETINAL NV AND PROLIFERATIVE 
DIABETIC RETINOPATHY

In light of its important role in tumor angiogenesis, the evidence for dramatic upregula-
tion of intraocular VEGF levels in PDR led to experiments to confirm its functional 
importance in retinal neovascularization. VEGF inhibition studies in animal models have 
established a causal relationship for VEGF in ocular neovascular processes. Several 
VEGF inhibitory molecules have been evaluated, including VEGF receptor chimeric 
proteins, neutralizing antibodies, and antisense phosphorothioate oligodeoxynucleotides.

VEGF receptor chimeric proteins were constructed containing the entire extracellular 
domain of VEGFR1 (the Flt receptor) or VEGFR2 (the Flk-1 receptor) joined with the 
heavy chain of IgG (51). These chimeric proteins bind VEGF with the same affinity as 
the native receptors, and can therefore act as competitors for VEGF binding. Injection 
of these chimeric proteins into the mouse model of oxygen-induced retinopathy (discussed 
earlier) was performed just when the retinas became hypoxic. Retinal neovascularization 
was significantly reduced by either single or dual injections of either chimeric protein, 
with a mean suppression of approximately 50% (52) (Fig. 3).
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Antisense phosphorothioate oligodeoxynucleotides were also studied in the same 
model of oxygen-induced retinopathy. Two different VEGF antisense molecules were 
found to reduce retinal levels of VEGF protein by 40–66%, while decreasing new blood 
vessel growth by 25 and 31%, respectively, as compared to sense or noncomplemen-
tary mRNA controls (53). Further investigation of VEGF inhibition was performed in a 
primate model of iris neovascularization, using VEGF neutralizing antibodies. In this 
study, intravitreal injections of VEGF neutralizing antibody administered every other 
day for 2 weeks resulted in inhibition of iris neovascularization as assessed by fluores-
cein iris angiograms (54).

These initial studies strongly suggested that VEGF has a significant role in mediating 
retinal neovascularization in general and PDR in particular. Notably, the studies did not 
achieve complete inhibition of retinal neovascularization, suggesting either insufficient 
delivery of VEGF inhibitor or the role of other growth factors. In addition, it remains a 
significant question whether VEGF by itself is sufficient to stimulate retinal neovascu-
larization. Intravitreal sustained release of VEGF-induced transient retinal NV in rabbits, 
but not primates (55). Intraocular injections of VEGF in monkeys resulted in multiple 
vascular changes, including capillary nonperfusion, vessel dilation, and tortuosity, and 
disruption of the blood–retinal barrier. Preretinal neovascularization was observed in 
the peripheral retina that originated from superficial veins and venules, but neovascu-
larization was not observed in the posterior pole (56). Transgenic mice in which VEGF 
is produced by the photoreceptors exhibited very significant neovascularization that 
grew from the deep capillary bed of the retina and extended into the subretinal space, 
but not preretinal neovascularization (perhaps not surprising, since the VEGF was 
produced by the photoreceptors in this model) (57). Conceivably, the ability of VEGF 
to stimulate preretinal neovascularization may depend on its levels and sustained 
presence. On the other hand, the presence of other pro-angiogenic factors or a reduction 
in anti-angiogenic molecules may be required. Nevertheless, the initial animal studies 

Fig. 3. Soluble VEGF receptor-IgG chimeric proteins reduce histologically evident ischemia-induced 
retinal neovascularization. Retinal ischemia was induced in C57BL/6J mice. The right eye of each 
mouse was injected with 250 ng of human CD4-IgG control chimeric protein on P12 and P14 (left). 
The left eye received intravitreal injections of 250 ng of human Flt-IgG chimera at the same times 
(right). Paraffin-embedded, periodic acid/Schiff reagent, and hematoxylin-stained 6 µm serial sec-
tions were obtained. Typical findings from corresponding retinal locations from both eyes of the same 
mouse are shown and are representative of all animals studied. Vascular cell nuclei internal to the 
inner limiting membrane represent areas of retinal neovascularization and are indicated with arrows. 
No vascular cell nuclei anterior to the internal limiting membrane are observed in normal, unmanipu-
lated animals (from (52) with permission). × 50.
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discussed earlier have demonstrated the significant role for VEGF and have been confirmed 
by multiple subsequent studies, including a study blocking VEGF receptor signaling (58).

The emerging use of anti-VEGF therapies in patients has provided further suggestive 
evidence corroborating the important role of VEGF in proliferative diabetic retinopathy. 
For instance, a retrospective analysis was performed in a clinical trial evaluating the 
anti-VEGF aptamer, pegaptanib, for the treatment of diabetic macular edema (for further 
details, see Chap. 17). A subset of the study participants exhibited retinal neovasculari-
zation in the study eye at baseline. Eight of 13 patients receiving pegaptanib injection 
(including one which also received laser photocoagulation) had subsequent regression 
of neovascularization, compared with 0 of 3 in the sham treatment group. Notably, 4 of 
the 13 pegaptanib-treated patients also had neovascularization in the fellow (untreated) 
eye that did not regress. Although the study clearly had a small sample size, and indeed 
was not designed to directly address anti-VEGF and retinal neovascularization, it supports 
a direct effect of anti-VEGF treatment upon retinal neovascularization (59). The strongest 
clinical evidence demonstrating a causative role for VEGF in ocular neovasculariza-
tion comes from clinical trials demonstrating dramatic efficacy of anti-VEGF therapy 
for choroidal neovascularization in age-related macular degeneration (60). Based on the 
body of experimental and clinical evidence, anti-VEGF treatments have emerged as a 
clinical option for the treatment of proliferative diabetic retinopathy, for instance in the 
context of neovascular glaucoma or vitreous hemorrhage.

BASIC VEGF BIOLOGY

The importance of VEGF as a stimulator of angiogenesis, both in ocular and systemic 
conditions, has driven intensive research efforts into its basic biology, including its 
mechanisms of action. In addition to improving our understanding of angiogenesis, 
these insights into VEGF biology have provided an array of targets for therapeutic 
manipulation. VEGF (also referred to as VEGF-A) is part of a gene family whose 
members include placental growth factor (PlGF) (61), VEGF-B (62), VEGF-C (63, 64), 
and VEGF-D (65). Each of these family members can interact with one or more of three 
VEGF receptors (Fig. 4).

VEGF has four primary isoforms, generated by alternative splicing of VEGF RNA, 
which contain 121, 165, 189, and 206 amino acids. These isoforms are referred to, 
respectively, as VEGF

121
, VEGF

165
, VEGF

189
, and VEGF

206
 (66, 67). Of these, VEGF

165
 

is the predominant isoform. An important distinguishing property of the VEGF iso-
forms is their ability to bind heparin, conferred by heparin-binding peptides in exons 6 
and 7 of the VEGF gene. VEGF

121
 lacks both exons, does not bind heparin, and is freely 

diffusible. In contrast, VEGF
189

 and VEGF
206

 contain both exons and are almost com-
pletely bound by heparin-like moieties in the extracellular matrix. VEGF

165
, which 

contains exon 7 but not 6, has intermediate properties.

RECEPTORS

There are two related high-affinity receptor tyrosine kinases for VEGF: VEGFR-1 
(fms-like tyrosine kinase-1 or Flt-1) and VEGFR-2 (kinase insert domain-containing 
receptor or KDR). Both have seven extracellular immunoglobulin-like domains, a single 



Retinal Neovascularization and the Role of VEGF 363

hydrophobic transmembrane domain, and a conserved intracellular tyrosine kinase 
domain which is interrupted by a kinase insert domain (68, 69). Both VEGFR1 and 
VEGFR2 are autophosphorylating tyrosine kinases with binding affinities for VEGF in 
the low picomolar range. VEGFR-2 is known to be the major mediator of VEGF’s 
mitogenic, angiogenic, and permeability-stimulating effects (70). VEGFR-3 (fms-like-
tyrosine kinase-4 or Flt-4) is also a member of the VEGFR family which is a receptor 
for VEGF-C and VEGF-D, but not VEGF (64, 71) (Fig. 4).

In addition to VEGFR1 and VEGFR2, neuropilin-1 (Npn-1) and neuropilin-2 (Npn-2) 
serve as coreceptors for VEGF. Neuropilin-1 (72) and neuropilin-2 (73) bind VEGF

165
 

Fig. 4. VEGF receptors and their ligands. VEGF (also referred to as VEGF-A) binds two related receptor 
tyrosine kinases (RTKs), VEGFR-1 (also known as Flt-1) and VEGFR-2 (also known as KDR). Both 
VEGFR-1 and VEGFR-2 have an extracellular domain containing seven immunoglobulin-like loops 
(ovals), a single transmembrane region, and a cytoplasmic domain consisting of a single kinase domain 
(rectangles) interrupted by a non-catalytic region. VEGF-C and VEGF-D also bind to VEGFR2. 
Placental growth factor (PlGF) and VEGF-B bind only to VEGFR1. VEGFR3 (also known as Flt-4) is 
a member of the same family of receptor tyrosine kinases and binds VEGF-C and VEGF-D.
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with high affinity, but do not bind VEGF
121

. The binding of VEGF
165

 to these receptors 
is heparin-dependent. When coexpressed in cells with VEGFR2, neuropilin-1 enhances 
the binding of VEGF

165
 to VEGFR2 as well as the stimulation of chemotaxis by 

VEGF
165

. In addition, the inhibition of VEGF
165

 binding to neuropilin-1 inhibits its 
binding to VEGFR2 as well as its mitogenic activity for endothelial cells (72). These 
and other studies indicate that the neuropilins function in the enhancement of VEGF 
signaling and activation of endothelial cells.

VEGF’S MULTIPLE ACTIONS ON RETINAL ENDOTHELIAL CELLS

Consistent with its critical role in stimulating angiogenesis, VEGF stimulates multiple 
steps in the angiogenic process, including survival, migration, proliferation, tubulogen-
esis, and vascular permeability (70, 74). These effects have been demonstrated in retinal 
microvascular endothelial cells in addition to numerous other endothelial cell types. 
Notably, retinal endothelial cells express cell surface VEGF receptors at a higher 
density than many other endothelial cell types (75). VEGF has been demonstrated to 
stimulate retinal endothelial cell proliferation (28), migration (76), survival (77, 78), and 
tubulogenesis (79). In addition, VEGF stimulates retinal endothelial cell permeability 
(80, 81). VEGF’s vasopermeability properties in the retina are discussed in greater detail 
in Chap. 14.

MAIN SIGNALING PATHWAYS

The ability of VEGF to stimulate angiogenesis is dependent on its coordinate regula-
tion of multiple endothelial cell activities. This is dependent on VEGF’s ability to 
stimulate a network of intracellular signaling pathways. In endothelial cells, VEGFR-2 
is the major mediator of VEGF signaling. Upon VEGF binding, VEGFR2 dimerizes, 
with one receptor, trans(auto)-phosphorylating tyrosine residues in the cytoplasmic 
domain of its partner (74). The phosphorylated tyrosine residues can bind intracellular 
signaling molecules and initiate a cascade of signaling events leading to multiple cell 
responses promoting angiogenesis and vascular permeability.

Although VEGF activates multiple signaling pathways in endothelial cells, extensive 
research has focused on a few pathways that are thought to play particularly important 
roles (Fig. 5). VEGF stimulates endothelial cell proliferation primarily through stimula-
tion of extracellular-signal-regulated protein kinases (ERK) 1 and 2, also known as 
p42/44 mitogen-activated protein (MAP) kinase. VEGF activation of VEGFR2 leads to 
tyrosine-phosphorylation of phospholipase C-γ (PLC-γ) (82), which leads to the genera-
tion of inositol 1,4,5-trisphosphate and diacylgycerol (DAG). DAG activates protein 
kinase C, which in turn activates the Raf/MEK/ERK pathway, which plays a central role 
in endothelial cell mitogenesis (82).

Activation of protein kinase C (PKC) is essential for VEGF’s mitogenic effects on 
endothelial cells. The PKC family of serine-threonine kinases consists of multiple PKC 
isoforms, which differ in their regulatory and biochemical properties. Intravitreal 
administration of VEGF activates protein kinase C (PKC) in the retina, inducing mem-
brane translocation of PKC isoforms α, βII, and δ (83). PKC inhibitors block VEGF-
induced activation of ERK1/2 (84, 85), and endothelial cell proliferation (86). Although 
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other PKC isoforms are likely to be important as well, particular attention has been 
placed on PKC-β. In bovine aortic endothelial cells, pharmacologic inhibition of PKC-β 
using the isoform selective inhibitor ruboxistaurin (LY333531) inhibited VEGF’s 
mitogenic effect (86). In addition to its role in VEGF’s mitogenic effects, PKC-β appears 
to have an important role in VEGF’s vasopermeability effects. Administration of rubox-
istaurin strongly inhibited VEGF-induced retinal vascular permeability in vivo (83). 
This effect was supported by an in vitro study, demonstrating that expression of a 
dominant negative PKCβII mutant significantly blocked VEGF-induced permeability 
of cultured retinal endothelial cells (81).

The phosphatidylinositol 3′-kinase (PI3-kinase)/Akt signaling pathway is particu-
larly important for VEGF’s ability to promote endothelial cell survival. Activation of 
VEGFR2 leads to phosphorylation and activation of Akt/protein kinase B (87), an anti-
apoptotic kinase which mediates the promotion of cell survival by a variety of growth 

Fig. 5. VEGF signaling pathways. Most, and possibly all, of the biologically relevant VEGF signaling 
are mediated by VEGFR-2. Upon binding its ligand, VEGFR-2 undergoes receptor dimerization and 
autophosphorylation at multiple tyrosine residues in the intracellular domain. This leads to the activa-
tion of multiple signaling molecules, notably Akt, PKC, and ERK1/2. VEGF promotion of endothelial 
cell survival is largely dependent on PI 3-kinase (PI3K)-mediated activation of the anti-apoptotic 
kinase Akt. VEGF stimulates endothelial cell proliferation primarily through activation of ERK1/2. 
Binding of VEGF to VEGFR-2 leads to activation of PLC-γ, leading to generation of inositol 
1,4,5-trisphosphate (IP

3
) and diacylglycerol (DAG) and subsequent activation of PKC, which in turn 

mediates activation of ERK1/2. PKC (particularly PKC-β) also has an important role in VEGF’s 
vasopermeability effects.
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factors and cytokines. Akt then phosphorylates and inhibits Bad and caspase-9, proteins 
known to play a major role in promoting apoptosis. The importance of Akt in VEGF’s 
survival effects are supported by experiments using dominant-negative mutant of Akt 
(DN-Akt). Overexpression of DN-Akt in endothelial cells completely blocked VEGF’s 
survival effects; pharmacologic inhibition of PI3-kinase achieved the same effect (87).

Although ERK1/2, PKC, and Akt have received particular attention with respect to 
VEGF signaling, it is likely that other signaling pathways contribute to VEGF’s effects 
in stimulating angiogenesis. VEGF activates multiple other signaling molecules, including 
p38 mitogen-activated protein kinase, Src, and calcineurin (74). The roles of these other 
pathways continue to be actively investigated.

OTHER ACTIONS OF VEGF

In addition to its initially demonstrated effects on vascular permeability and angio-
genesis, there has been an increasing awareness that VEGF has additional effects as 
well. A consideration of these effects is important, both to fully realize the therapeutic 
potential of strategies targeting VEGF as well as the potential adverse effects.

Proinflammatory Effects of VEGF
VEGF has been found to have several proinflammatory properties, and this aspect of 

VEGF biology has received considerable attention with regard to diabetic retinopathy. 
As discussed earlier, VEGF is a very potent stimulator of vascular permeability (20). 
VEGF acts directly on retinal endothelial cells to stimulate permeability (80, 81), and 
intravitreous injections of VEGF promote blood–retinal barrier breakdown (88). In an 
animal model, diabetes-induced blood retinal barrier breakdown was inhibited in a 
dose-dependent fashion by VEGF-TrapA

40
, a fusion protein that contains binding 

domains from the VEGF receptors (89). Intravitreal injections of VEGF increases 
retinal ICAM-1 levels (90), and diabetes-induced increase in retinal ICAM-1 in an animal 
model was significantly reduced by treatment with VEGF-TrapA

40
. VEGF plays a sig-

nificant role in promoting leukocyte adhesion in the retinal vasculature (91). In light of 
the possible role of proinflammatory pathways in the progression of diabetic retinopathy, 
these proinflammatory properties of VEGF could have important therapeutic implications 
(for a detailed discussion, see Chap. 13).

VEGF and Retinal Neuronal Development
The possible role of VEGF in the neural retinal development was raised by the identi-

fication of VEGF receptor expression in nonvascular cells of the retina. In developing 
mice, VEGFR1 mRNA was initially detected at postnatal Day 7 (P7) in the avascular 
retina, localized to the developing ganglion cell layer and inner nuclear layer. From P12 
to P15, VEGFR1 mRNA was found in the inner nuclear layer and outer nuclear layer, 
consistent with a pattern of expression in Muller cells. VEGFR2 mRNA was first detected 
at P5, localized to the inner retinal layers. VEGFR2 mRNA was observed in the inner 
nuclear layer at P7 and in the inner and outer nuclear layers at P15. From P17 to P33, 
VEGFR1 and R2 became more localized in a vascular pattern, although VEGF receptor 
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RNA was still observed outside blood vessels. Isolated Muller cells were found to express 
both VEGFR1 and R2 (92). Pharmacologic inhibition of VEGFR1 and R2 from P0 to P9 
with a small molecule antagonist, SU5416, resulted in cell loss in the inner nuclear layer 
and ganglion cell layer, as compared with control mice (92). This suggests that VEGF 
receptor activity may be important for normal retinal neural development.

VEGF and Neuroprotection
Research over the past few years indicates that VEGF has an additional role in neu-

roprotection (93). VEGF stimulated axonal outgrowth and increased survival of both 
neurons and satellite cells in experiments with cultured superior cervical ganglia and 
dorsal root ganglia (94). In explants of the ventral mesencephalon, VEGF treatment 
promoted the growth and survival of dopaminergic neurons and astrocytes (95). 
Intriguing in vivo studies have implicated VEGF as a possible cause of motor neuron 
degeneration. A study of knock-in mice was performed, in which the VEGF gene pro-
moter contained a deletion of the HIF-1 binding site (hypoxia-response element). These 
mice exhibited adult-onset motor neuron degeneration that was reminiscent of ALS. 
This neurodegeneration appeared to result from reduced neural vascular perfusion (96). 
In addition, VEGF treatment of cultured motor neuron cells significantly reduced 
apoptosis induced by hypoxia, oxidative stress, and serum deprivation, indicating direct 
neuroprotective effects of VEGF. This survival effect was blocked by antibodies to 
neuropilin-1 and VEGFR2 (96). Notably, variations in the VEGF gene that lower systemic 
VEGF expression increase the risk of ALS in humans (97).

MODULATION OF VEGF ACTION BY OTHER GROWTH FACTORS

Although VEGF clearly plays a major role in stimulating retinal neovascularization, 
it is likely that other growth factors also play important roles, either independently or 
in concert with VEGF. For instance, a critical effect in VEGF modulation has been 
demonstrated for growth hormone (GH) and insulin-like growth factor-1 (IGF-1). 
IGF-1, which is known to mediate the growth promoting aspects of GH, has been 
demonstrated to modulate VEGF induction of endothelial cell signaling. In retinal 
endothelial cells, IGF-1 controlled the maximal VEGF stimulation of Akt (78). In 
addition, antagonism of the IGF-1 receptor significantly inhibited VEGF stimulation 
of ERK1/2 in retinal endothelial cells (98). These experiments suggest that IGF-1 
plays a permissive role in VEGF action on angiogenesis. The importance of the GH/
IGF-1 axis in retinal neovascularization is highlighted by studies using the oxygen-
induced retinopathy model. In this model, retinal neovascularization was significantly 
decreased both in transgenic mice expressing a growth hormone antagonist gene and 
in normal mice treated with an inhibitor of growth hormone secretion (99). Of note, 
GH inhibition did not reduce retinal expression of VEGF or VEGFR2. This inhibition 
of retinal neovascularization was reversed by systemic administration of IGF-1 (99). 
Further experiments demonstrated that an IGF-1 receptor antagonist also suppressed 
retinal neovascularization in this model (98).

A second growth factor that appears to modulate VEGF action on endothelial cells is 
placental growth factor, or PlGF. Placental growth factor is a member of the VEGF 



368 Duh

family of structurally related growth factors (100). In contrast to VEGF-A (which binds 
both VEGFR-1 and VEGFR-2), PlGF specifically binds VEGFR-1. PlGF has been 
reported to enhance, or “amplify,” VEGF-driven angiogenesis (101), increasing VEGF 
induction of endothelial cell survival, migration, and proliferation. A molecular basis 
for this synergism was reported, in which PlGF activation of VEGFR1 results in inter-
molecular transphosphorylation of VEGFR2, thus amplifying VEGF-driven angiogen-
esis via VEGFR2 (102). The potential importance of PlGF in PDR has been highlighted 
by experiments using mice deficient in PlGF, which have demonstrated that PlGF is 
required for pathologic retinal neovascularization in the oxygen-induced retinopathy 
model (101). Furthermore, PlGF levels are significantly increased in the vitreous in 
PDR as compared to nonneovascular disease (103, 104), and retinal PlGF protein is 
increased in the oxygen-induced retinopathy model (105).

The ability of other growth factors to modulate VEGF action suggests that these 
growth factors might themselves be therapeutic targets for proliferative diabetic retin-
opathy. Indeed, somatostatin analogs that inhibit the GH/IGF-1 axis have been under 
investigation for the treatment of diabetic retinopathy.

CONCLUSION

The major role that VEGF plays in retinal neovascularization is now beyond question, 
in light of the preponderance of clinical, preclinical, and basic research studies. For this 
reason, the development and use of therapeutics targeting VEGF and its downstream 
actions is a promising approach for current and future treatment of proliferative diabetic 
retinopathy. At the same time, the multiple actions of VEGF warrant an awareness of the 
potential side effects of therapies targeting this molecule. In addition, it is highly likely 
that additional growth factors play important roles in retinal neovascularization in DR. 
Such growth factors might potentially have synergistic effects with VEGF or act at 
different steps in the neovascular process. Therefore, it will be important to continue 
investigations into the role of other growth factors, which themselves may serve as 
additional targets for therapy.
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ABSTRACT

Retinal neovascularization (NV), or the formation of new blood vessels in the retina, is a 
leading cause of blindness in diabetics. Research advances have shed great insights into 
molecules that play an important role in retinal neovascularization, suggesting potential 
targets for therapeutic manipulation. Vascular endothelial growth factor (VEGF) is well-
recognized as a major stimulus in retinal NV, and therapies directed against VEGF are cur-
rently being developed and used. However, a greater understanding of additional molecules 
regulating retinal NV has emerged. This chapter will review these molecules and discuss 
their potential importance to retinal neovascularization in diabetes. This discussion will 
include additional pro-angiogenic growth factors, extracellular proteinases, integrins, and 
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endogenous inhibitors of neovascularization. The development of therapeutic strategies target-
ing these molecules may result in additional treatments for retinal neovascularization in 
 diabetic retinopathy.

Key Words: Angiopoietin; angiostatin; basic fibroblast growth factor; endostatin,; eryth-
ropoietin; hepatocyte growth factor; insulin-like growth factor; integrin; matrix metallopro-
teinases; pigment epithelium-derived factor; retinal neovascularization; thrombospondin-1; 
tissue inhibitor of matrix metalloproteinases; transforming growth factor-β; tumor necrosis 
factor; urokinase plasminogen activator.

Retinal neovascularization or the formation of new blood vessels in the retina is a 
leading cause of blindness in diabetics. New blood vessels are fragile, and easily bleed 
into the vitreous, causing vitreous hemorrhage and eventually traction retinal detachment. 
It has been well accepted that hypoxia plays an important role in the initiation of the 
angiogenic process (1, 2). Michaelson first hypothesized that a diffusible factor is 
released by the ischemic retina and can cause development of new blood vessels in the 
retina. Since then, several angiogenic growth factors have been identified: vascular 
endothelial growth factor (VEGF), basic fibroblast growth factor (bFGF), insulin-like 
growth factor (IGF), angiopoietin, erythropoietin, hepatocyte growth factor (HGF), and 
tumor necrosis factor (TNF) (3, 4). These growth factors can cause cell proliferation, 
while increased integrins and proteinases are important in cell migration. Both cell 
proliferation and migration are essential steps in angiogenesis (Fig. 1). Although VEGF 
has been extensively studied in the pathogenesis of retinal angiogenesis one needs to be 
aware that there are other pathways and factors that are important in retinal angiogenesis. 
All the VEGF inhibitors (pegaptanib and ranibizumab) that have been so far approved 
by the FDA are used as anti-angiogenic agents in age-related macular degeneration. It 
is possible that inhibition of pathways other than VEGF, or combining anti-VEGF 
pathway with another agent may be more effective in controlling retinal neovasculariza-
tion in diabetic retinopathy. The fact that most anti-VEGF therapies require several 
injections to make the new vessels regress and leak less makes a strong case for other 
molecules that need to be explored as potential targets in proliferative retinopathy (5). 
The present chapter summarizes the molecules other than VEGF involved in retinal 
angiogenesis and pre-clinical studies emphasizing the importance of these molecules as 
potential targets in treatment of retinal neovascularization in diabetic retinopathy.

INSULIN-LIKE GROWTH FACTOR

The role of the pituitary and the importance of growth hormone in the development and 
progression of diabetic retinopathy have been recognized for a long time as regression 
of retinal neovascularization was seen after pituitary infarction (6). Hypophysectomy 
was the first effective treatment for retinopathy but was discontinued because of the risk 
of severe hypoglycemia and later the development of more effective panretinal photo-
coagulation that it produced. This effect of pituitary ablation on diabetic retinopathy has 
been attributed to growth hormone (GH)/insulin-like growth factor-1 (IGF-1). Levels of 
serum IGF-1 in PDR patients were found to be almost twice the level in patients with 
no or minimal diabetic retinopathy (7). Similarly, concentrations of IGF-1 in vitreous of 
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patients with PDR undergoing vitrectomy were significantly higher than those in 
non-diabetics (8). In a larger study, higher levels of serum IGF-1 were significantly 
associated with an increased frequency of PDR in the group using insulin (9).

That the higher serum IGF-1 level may be a risk factor for the progression to prolif-
erative retinopathy has been observed in several clinical studies. The Diabetes Control 
and Complications Trial (DCCT) has shown worsening of retinopathy in the tight glucose 
control group during the first 2 years of the trial (10). This phenomenon of worsening 
of retinopathy has been attributed to the rise in serum IGF-1 concentration (11). During 
continuous subcutaneous insulin infusion therapy, there has been a rise of serum IGF-1 
over the first 4 months, which subsequently declined over the next 8 months.

The role of IGF-1 in retinal neovascularization has been extensively studied by Smith 
et al. Transgenic mice expressing a GH antagonist gene when exposed to oxygen-induced 
ischemia, show up to 44% inhibition of retinal neovascularization, and this could be 
reversed with exogenous IGF-1 administration (Fig. 2) (12). These studies point towards 
a role of GH/IGF-1 in ischemia-induced retinal neovascularization. However, there was 
no reduction of VEGF mRNA or protein in response to inhibition of GH secretion or 
action in these treated animals. Interestingly, there was no increase in retinal NV in 
transgenic mice expressing increased GH levels.

Although VEGF has been shown to be an important factor in the development of retinal 
vessels, it is still not sufficient as knockout mice lacking IGF-1 have arrested retinal 
vascular development despite the presence of VEGF (13). Studies have shown that 

Mechanisms of Retinal Angiogenesis

HYPOXIA

Growth Factors

Integrins Proteinases

Lysis of ECM & BM

Cell Migration Cell Proliferation 

ANGIOGENESIS 

VEGF,   Flt-1
HGF, IGF-1,  Ang2

MMP-2,
MMP-9,  MT1-MMP

uPA, uPAR

HIF-1

αvβ3 
avb5

Inhibitors:
•PEDF 

•TIMP 

•Endostatin 

•Angiostatin 

•TGFb 

•TSP-1 

Fig. 1. Flow chart describing the mechanisms of retinal angiogenesis. The capillary non-perfusion 
results in hypoxia, which then upregulates the expression of growth factors either directly, or through 
HIF-1. Growth factors then increase the expression of integrins and proteinases, which result in 
endothelial cell migration. These factors also promote endothelial cell proliferation directly. Both cell 
migration and proliferation are essential steps in angiogenesis. There is a critical balance between 
angiogenesis promoters and endogenous inhibitors. Any destabilization in this balance may lead to 
angiogenesis (modified from (5) with permission).
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premature infants who develop ROP have low levels of serum IGF-1 compared with 
infants without the disease (14). Thus, IGF-1 is critical to normal retinal vascular devel-
opment. Low levels of IGF-1 can predict ROP, and exogenously administered IGF-1 to 
restore normal levels might prevent ROP.

So, if all the evidence indicates that the IGF-1 plays a role in the pathogenesis of 
diabetic retinopathy, how does it work and contribute to angiogenesis? Intravitreal 
administration of IGF-1 has been shown to increase retinal Akt, JNK, HIF-1 alpha, 
NF-kappa B, AP-1 activity and VEGF levels (15). IGF-1 may participate in the angio-
genesis process by inducing retinal VEGF expression. Interestingly, IGF-1 has also 
been attributed to the increased leukostasis and blood–retinal barrier breakdown seen in 
diabetic animals. Normoglycemic, normoinsulinemic transgenic mice overexpressing 
IGF-1 in the retina develop loss of pericytes, and thickening of the basement membrane 
of retinal capillaries at 2 months (16). At 6 months these animals develop intraretinal 
microvascular abnormalities and retinal neovascularization with subsequent rubeosis 
iridis and neovascular glaucoma. The neovascularization was found to be consistent 
with increased IGF-1 levels in aqueous humor and increased VEGF expression in 
retinal glial cells.

Because of the role played by IGF-1 in proliferative diabetic retinopathy, somatostatin 
analogues have been tested in PDR patients. Pilot studies using octreotide, by infusion 

Fig. 2. Effect of GH inhibition on ischemia-induced retinal neovascularization (A). Cross section of 
an eye from a nontransgenic littermate mouse, showing retinal neovascularization internal to the inner 
limiting membrane (arrows) (B). Cross section of an eye from a GH antagonist G119K transgenic 
mouse. No vascular cell nuclei are apparent internal to the inner limiting membrane (C). Nontransgenic 
flat-mounted whole retina, showing extensive areas of retinal neovascularization (14) (bright fluores-
cence, indicated in part with arrows) that is significantly reduced in the retinas from the GH antagonist 
G119K transgenic mice (D) (reprinted from (12) with permission from AAAS).
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pump or subcutaneous delivery, have shown decreased incidence of progression from 
severe nonproliferative diabetic retinopathy and early proliferative diabetic retinopathy 
into proliferative retinopathy (17, 18). However, a short-term study using the growth 
hormone receptor antagonist pegvisomant alone in 25 patients with PDR for 3 months 
did not show any regression of new vessels (19). The Sandostatin Study, a large-scale, 
multi-centered, randomized placebo-controlled clinical trial, has recently been completed 
looking at the effect of a long-acting somatostatin analogue, octreotide (Sandostatin 
LAR, Novartis) in patients with severe NPDR and early PDR. The octreotide was given 
by intramuscular injections (30 mg) every 4 weeks.

BASIC FIBROBLAST GROWTH FACTOR

Basic fibroblast growth factor (bFGF) (mol. wt. 18,000) which belongs to the family 
of heparin-binding growth factors has been implicated in retinal neovascularization. 
However, experiments with overexpression, or deficiency of bFGF have shown that 
bFGF may not be necessary for the development of retinal neovascularization (20, 21).

The bFGF has been localized to the inner nuclear and ganglion cell layers of the adult 
retina (22, 23). In the mouse model of oxygen-induced retinopathy, FGF-like peptides 
are elevated in the retinas during neovascularization (24). One study has reported 
elevated levels of bFGF in the vitreous of patients with proliferative diabetic retinopathy 
(25), while other studies have not found significant changes in bFGF levels in intraocular 
fluids of patients with diabetic retinopathy. This inconsistency about the bFGF levels in 
diabetic patients has been attributed to differences in the sensitivity of assays (3). 
Immunocytochemical studies have reported the presence of bFGF in human retinal 
neovascular membranes. However, its role in the pathogenesis of retinal angiogenesis is 
under question, as only a minimal amount of bFGF is expressed in the basement 
membranes of new vessels in spite of their capacity to bind exogenous bFGF (26, 27).

ANGIOPOIETIN

Angiopoietins are ligands for the Tie (Tyrosine kinase with Immunoglobulin and 
Epidermal growth factor homology) receptors, a class of endothelial specific tyrosine 
kinase receptors that have been shown to play an important role in vascular growth and 
development (28). There are four members of the angiopoietin family. Ang-2 expres-
sion is upregulated during normal retinal development and retinal neovascularization in 
mice (28–32). The expression of Ang-2 is greatest on day 17 (the time of the maximal 
angiogenic response) in the animal model of oxygen-induced retinopathy (32). The in 
situ expression of Ang-2 was predominantly localized to cells within and near the inner 
nuclear layer, especially horizontal cells. Angiopoietin-2 promotes sensitivity to the 
angiogenic effects of VEGF in retinal vessels (33). The stimulation of cultured retinal 
endothelial cells with Ang-1 and -2 resulted in the increased expression of MMP-9. 
Animals treated with the Tie-2 antagonist, muTek delta Fc showed a significant decrease 
(87%) in retinal NV, in addition to a concomitant decrease in MMP-9 expression in the 
retinas of treated animals (32). Thus, the upregulation of proteinases like MMP-9 in 
retinal endothelial cells may be an important early response during development of retinal 
neovascularization.
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What role does Ang-2 play in the pathogenesis of diabetic retinopathy? The vitreous 
levels of Ang-2 have been found to be significantly higher in patients with PDR than 
that in patients with nondiabetic ocular diseases (34), and correlated significantly with 
that of VEGF in eyes with PDR. Both Ang-2 and VEGF levels in eyes with active PDR 
are higher than those with inactive PDR. Transgenic mice overexpressing human Ang-2 
show a reduced coverage of capillaries with pericytes (35). These animals, when 
exposed to the oxygen-induced retinopathy protocol, showed increased preretinal 
neovascularization. The newly formed intraretinal vessels were found to be pericyte 
deficient. Interestingly, Ang-2 is upregulated more than 30-fold in the retinas of diabetic 
rats, preceding the onset of pericyte loss (36). Also, injection of Ang-2 into the eyes of 
normal rats induces a dose-dependent pericyte loss. Thus, upregulation of Ang-2 may 
play an important role in the loss of pericytes seen in early diabetic retinopathy.

As Ang-2 is critical for retinal angiogenesis, inhibition of the Ang-2/Tie-2 may be 
considered as another potential therapeutic approach for inhibiting retinal NV. A single 
intramuscular injection of adenovirus expressing the exTek gene (extracellular domain 
of the Tie-2 receptor) in the murine model of retinal NV can suppress retinal NV by 
47% (37). In the same model, systemic injection of the Tek delta Fc (the extracellular 
domain of the murine Tek receptor fused to the Fc portion of the murine IgG) that 
blocks binding of Ang-2 to the Tie-2 receptor can suppress retinal NV by 87% (32).

ERYTHROPOIETIN

Erythropoietin is a glycoprotein that stimulates the formation of red blood cells, and 
shows angiogenic activity in vascular endothelial cells by stimulating cell proliferation 
and migration probably through erythropoietin receptors expressed in these cells. 
Vitreous erythropoietin level has been found to be significantly higher among patients 
with PDR compared to those without diabetes (38). Interestingly, vitreous erythropoi-
etin and VEGF levels were independently associated with PDR, and erythropoietin level 
was more strongly associated with the presence of PDR than was VEGF. Recent immu-
nocytochemistry on human epiretinal membranes from patients with PDR shows strong 
expression of erythropoietin receptors in endothelial cells and stromal cells (39).

Erythropoietin and VEGF levels were found to be upregulated in the animal model of 
retinal neovascularization, and inhibitors of erythropoietin suppress the neovasculariza-
tion in vivo as well as endothelial cell proliferation in vitro (38). The same group also 
observed that combined inhibition of VEGF and erythropoietin was more effective than 
inhibition of either alone in suppressing the endothelial cell proliferation. This definitely 
points out the role of more than one pathway in the pathogenesis of retinal angiogenesis 
and the rationale of using a combination therapy rather than using anti-VEGF therapy 
alone in the treatment of neovascularization (40). As erythropoietin plays an important 
role as an endogenous retinal survival factor in protecting photoreceptors (41), one needs 
to be cautious about the use of erythropoietin inhibitors in diabetic patients (40).

HEPATOCYTE GROWTH FACTOR

Hepatocyte growth factor (HGF) has been reported to have angiogenic activity asso-
ciated with tumor growth and wound healing (42, 43). Levels of HGF in vitreous and 
aqueous fluids of PDR patients were found to be significantly elevated during the active 
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stage (44, 45). In a separate study, no correlation was found between serum and vitreous 
levels of HGF in diabetic patients, and the high HGF level in vitreous was attributed to 
intraocular synthesis of HGF in these patients (46). These clinical observations raise the 
possibility of an important role for this growth factor in ocular angiogenesis. The func-
tion of HGF is dependent on the expression and activation of the Met receptor, a trans-
membrane tyrosine kinase encoded by the c-Met proto-oncogene (47). In a mouse 
model of retinal angiogenesis, we have shown that HGF and c-Met are upregulated in 
the retinas, and the HGF was active as evidenced by the increased presence of the pho-
phorylated form of c-Met in the tissues (48). HGF stimulates the secretion of urokinase 
and expression of its receptor, uPAR in retinal endothelial cells. HGF also increases the 
migratory and invasive capacity of these cells which could be inhibited by the addition 
of the urokinase-derived peptide A6 (48). Inhibition of c-Met results in a 70% decrease 
in retinal angiogenesis and a 40% decrease in urokinase activity in the retina (Fig. 3). 
Interestingly, HGF has been shown to increase retinal vascular permeability at physio-
logically relevant concentrations with a magnitude similar to that of VEGF without 
altering retinal hemodynamics (49). Thus, HGF may play roles in both retinal angiogen-
esis and blood–retinal barrier alteration, and may be used as targets in diabetic 
retinopathy.

TUMOR NECROSIS FACTOR

Tumor necrosis factor, a 26 kDa transmembrane protein, has been shown to be 
expressed in retinas of human proliferative diabetic retinopathy (50, 51) and in ani-
mal models of retinal neovascularization (51, 52). It is expressed mainly by Muller 
cells and inner nuclear layer and in the outer nuclear layer during the angiogenic 
phase as well (52). TNFα is processed by a TNFα converting enzyme (TACE) to 
yield a 17 kDa soluble protein. TNFα functions through its binding to two receptors: 
p55, implicated in apoptosis and NFkB activation, and p75, involved with lym-
phocyte proliferation. TNFα increases the expression of several proteinases like 
MT1-MMP, MMP-3 and MMP-9 in cultured retinal microvascular endothelial cells. 
VEGF also plays a role in this process through its regulation of TNFα converting 
enzyme (TACE) and p55 mRNA in the vascular endothelial cells. The overlapping 
temporal expression of VEGF and TNFα suggests an interactive role of these two 
growth factors in the regulation of extracellular proteinases during the angiogenic 
process. Inhibition of TNFα significantly improves vascular recovery and reduces 
retinal neovascularization in the oxygen-induced retinopathy model (53). Also, in 
animals with TNF receptor p55 deficiency there is significantly reduced vasculariza-
tion in the same model (54). TNFα has been shown to operate along with COX-2 in 
alteration of the blood–retinal barrier in early diabetic retinopathy, a newly recog-
nized inflammatory disease (55).

EXTRACELLULAR PROTEINASES

Endothelial cell migration and invasion through the capillary basement membrane 
and extracellular matrix (ECM) are crucial steps in the angiogenic process. This process 
is tightly coupled to the induction and activation of certain extracellular proteinases. 
Historically, two families of proteinases have been studied in this process – the serine 
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proteinase, urokinase plasminogen activator (uPA) and members of a family of zinc-
dependent endopeptidases called matrix metalloproteinases (MMPs).

The Urokinase Plasminogen Activator System (uPA/uPAR System)
The urokinase plasminogen activator is present in endothelial cells in two molecular 

forms, a 54 kDa high molecular weight form and a 32 kDa low molecular weight form 
which lacks the amino terminal fragment of the protein (56, 57). The amino terminal 
fragment contains the growth factor and kringle domains of the protein that mediate 
binding to uPAR and is postulated to play a role in cell proliferation (58, 59). uPA is 

Fig. 3. Expression of HGF and c-Met mRNA in control and experimental OIR mice using the real-
time comparative Ct method of quantitation. HGF mRNA levels in retinas from experimental animals 
was significantly elevated on days 15 (P = 0.0093) and 17 (P = 0.0044) compared with controls when 
new blood vessels were forming (A). The pattern of c-Met mRNA expression in experimental animals 
was similar (B). The level of c-Met mRNA increased significantly on day 12 (P = 0.0043) and 
persisted through day 15 (P = 0.0126) and day 17 (P = 0.0121). Samples are from day 12, 15, and 17 
control (C) and experimental (E) animals; n = 3. *Significantly greater than control. Experimental 
mice were treated with a single intraocular injection of c-met neutralizing antibody on day 13 and 
were analyzed for new vessel formation. Representative images of retinas from normal IgG (C) and 
anti-c-met-treated (D) animals. Quantitation of new vessels reveals a 70% reduction in the degree of 
angiogenesis in the eyes treated with the c-met antibody (e). *Significantly less than IgG-treated 
 animals (P < 0.0001). Bar, 10 µm. GF (reprinted from (48) with permission).
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secreted as a zymogen (Pro-uPA) that is activated by autocatalytic cleavage upon binding 
to its receptor, uPAR. Active urokinase converts another zymogen, plasminogen to 
plasmin, a broad spectrum protease capable of degrading many components of the 
ECM. The invasive and migratory potential of endothelial cells is largely determined 
upon the pool of active urokinase available on the cell surface. The uPA/uPAR interac-
tion represents a sensitive and flexible system to regulate proteolytic potential in 
endothelial cells. The amount of surface associated uPA might facilitate limited prote-
olysis of the matrix at the cell-attachment sites to facilitate directed cell migration or 
unleash large scale proteolytic events that culminate in widespread ECM remodeling 
(changes in growth factor sequestration, composition and adhesive properties).

The uPA system also plays an important role in the activation of several MMPs and 
in the release and activation of growth factors stored in the extracellular matrix (60). 
Hypoxia, the classical stimulus for angiogenesis, has been found to increase the 
expression of uPAR (61). The contribution of the uPA/uPAR system to angiogenesis 
has been studied in several animal models of tumor angiogenesis (62, 63). Specific 
inhibitors of the urokinase system belonging to the serpin family of inhibitors have 
been characterized. Plasminogen activator inhibitors 1 and 2 (PAI-1 and PAI-2) 
regulate proteolytic activity by affecting uPAR availability on the cell surface, and 
inhibition of uPA activity directly (59). PAI-1 null mice show decreased angiogenesis 
suggesting that PAI-1 is necessary for tumor cell invasion and neovascularization 
(64, 65) (Fig. 4).

Urokinase Type Plasminogen Activator  System

Fig. 4. Flow chart describing the role of the urokinase type plasminogen activator system in angio-
genesis. The urokinase (uPA) binds to its receptor (uPAR) on the cell surface, and the active uPA 
coverts plasminogen to plasmin, which has a broad range of actions including ECM degradation and 
remodeling, extravascular fibrinolysis, activation and processing of growth factors, and activation of 
MMPs. The plasminogen activator inhibitor (PAI-1) inhibits the conversion of plasminogen to plas-
min (modified from Fig. 1 in (142) ).
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Matrix Metalloproteinases
The matrix metalloproteinases are a family of zinc-dependent proteases, originally 

identified for their ECM degrading capabilities. At least 21 different types of MMPs 
have been identified to date. Based on their substrate specificity and cellular localization 
MMPs are grouped into the collagenases (MMP-1, MMP-8, and MMP-13), the gelatinases 
(MMP-2 and MMP-9), the stromelysins (MMP-3, MMP-10, MMP-11), and the non 
traditional MMPs (matrilysin/MMP-7, metalloelastase or MMP-12) and the membrane 
type MMPs,(MT-MMPs) (66). There are at least five distinct types of MT-MMPs: 
MMP-12, -15, -16, -17 and -21 and MT1-MMP has been studied in relation to its ability 
to regulate focused matrix lysis and the activation of MMP-2 (66). In addition to their 
capacity to degrade a large variety of ECM molecules, MMPs are known to process a 
number of bioactive molecules. MMPs regulate a variety of cell behaviors such as cell 
proliferation, migration, differentiation, apoptosis and host defense. In relation to retinal 
neovascularization, MMPs are implicated in the angiogenic process for their involvements 
in mainly endothelial cell migration and invasion and posttranslational modification 
of anti-angiogenic growth factor receptors.

Proteinases in Retinal Neovascularization
Significant upregulation of uPA (both the 54 and 32 kDa isoforms) along with 

increases in secretion and activation of MMP-2 and -9 were observed in the retinas of 
animals with neovascularization (67). These results suggest that proteolytic activity and 
its regulatory mechanisms might play an important role in the angiogenic process. 
There has been increasing evidence that the plasminogen activators play an important 
role in the progression of this disease. Increased levels of VEGF and TPA have been 
accounted for in the vitreous fluid of patients with PDR (68). Several growth factors 
such as HGF, TGF-B, VEGF and certain angiostatic drugs have been shown to induce 
angiogenesis by increasing proteolytic activity in endothelial cells (48, 69). Examination 
of proteinases in epiretinal neovascular membranes removed surgically from humans 
with PDR showed a similar increase in the levels of uPA, pro and active forms of 
MMP-2 and -9 as compared to normal retinas (70) (Fig. 5). The pro-MMP2 and TIMP-2 
have been reported in the normal and diabetic vitreous (71, 72), and pro-MMP-9 in 
diabetic vitreous (71). A recent study has shown that activity of both MMP-2 and its 
physiological activator MT1-MMP are significantly increased in retinas of diabetic 
animals, and increased MMP-2 activity compromises retinal pericyte survival possibly 
through MMP-2 action on ECM proteins (73).

In an animal model of hypoxia-induced retinal neovascularization, it was found 
that expression of the urokinase receptor was required to mediate an angiogenic 
response. uPAR−/− mice demonstrated normal retinal vascularity but showed a signifi-
cant reduction in the extent of pathological neovascularization as compared to wild 
type controls (74). The expression of uPAR mRNA was upregulated in experimental 
animals during the active phase of angiogenesis and uPAR protein was localized to 
endothelial cells in the superficial layers of the retina. A peptide inhibitor of the 
urokinase system, A6, was able to reduce the extent of retinal neovascularization and 
uPAR expression in the experimental animals (74) (Fig. 6). In another study, the 
adenovirus-mediated delivery of a uPA/uPAR antagonist inhibited endothelial cell 
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migration and retinal neovascularization in a mouse model of ischemic retinopathy 
(75) These results suggest that inhibition of the urokinase receptor might be a promising 
target for anti-angiogenic therapy in the retina.

Induction of MMPs by several upstream pro-angiogenic factors such as angiopoie-
tins, point to the central role played by MMPs in the angiogenic cascade (32). Several 
recent studies indicate multiple roles for the matrix metalloproteinases in the molecular 
interplay of angiogenesis. In addition to their classic functions of ECM proteolysis, 
MMPs might control angiogenesis by their ability to control or modify the surface 
presentation of growth factor receptors and cell adhesion molecules. Notari et al. (76) 
showed that PEDF is a substrate for MMP-2 and -9 and that the downregulation of cell 
surface PEDF by proteolysis is a novel posttranslational mechanism by which the 
MMPs modulate endothelial survival and angiogenesis. Systemic injection of a broad-
spectrum MMP inhibitor, BB-94 (1 mg/kg) in the murine model has been shown to 
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Fig. 5. Quantitation of urokinase (top panel) and MMPs (bottom panel) from normal donor eyes 
(control) and epiretinal neovascular membranes (diabetic) from patients with proliferative diabetic 
retinopathy. The levels of both high (53 kDa) and low (33 kDa) are significantly elevated in neovascular 
membranes compared with levels in normal retinas compared with normal retinas (control). Each 
panel also shows on the left side zymographic analysis extracts of retina and epiretinal membranes 
from PDR patients. The relative amounts of pro-MMP2 (72 kDa), active MMP2 (62 kDa), pro-MMP9 
(84 kDa) and active MMP0 (84 kDa) were significantly higher in epiretinal membranes (diabetic) than 
in retinas of nondiabetic eyes (reprinted from (70) with permission).
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suppress retinal neovascularization by 72% (67) (Fig. 7). The retinas of BB-94 treated 
animals demonstrated a significant decrease in the levels of active forms of MMP-2 and 
MMP-9 compared to controls. In a mouse model of OIR, the extent of preretinal 
neovascularization was drastically reduced in MMP-2−/− (75%) and MMP-9−/− mice 
(44%) at postnatal day 19, compared to wild-type control mice. In the same study, the 
efficacy of three matrix metalloproteinase inhibitors with different selectivities was 
tested in a rat model of retinopathy of prematurity. Intravitreal injections of the MMP 
inhibitors resulted in a significant reduction in the angiogenic response in experimental 
animals in comparison with uninjected controls (77). Elevated levels of ADAM-15/
MMP-15, a membrane anchored glycoprotein and disintegrin, were reported in endothe-
lial cells and Adam 15−/− mice demonstrated a major reduction in neovascularization in 
a model of retinopathy of prematurity (78). The functional association of MMP-2 and 
αvβ3 on the cell surface of angiogenic blood vessels points to the ability of MMPs to 

Fig. 6. Absence of the urokinase receptor uPAR reduced the extent of retinal neovascularization in 
the mouse. (A) Representative section of the retina from an experimental oxygen-treated P17 C57BL6 
mouse demonstrating numerous neovascular tufts on the surface of the retina (arrows). (B) A similar 
section from an experimental oxygen-treated P17 uPAR−/− mouse with many fewer vascular tufts 
(arrow). (C) Quantitation of neovascularization in C57BL6 and uPAR−/− mice. The uPAR−/− mice 
demonstrated 73% less neovascularization compared with the normal C57BL6 mice. Values are the 
mean ± SEM for n = 4 mice in each group (eight eyes, 15–20 sections/eye). *Significantly less than 
in C57BL6 mice, P < 0.01 (reprinted from (74) with permission).
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regulate cell adhesion and integrin mediated behavior. A fragment of MMP-2, PEX 
has been shown to prevent this interaction, serving as a natural inhibitor of MMP-2 and 
has been reported to inhibit retinal neovascularization (79). With the advent of more 
selective MMP inhibitors with reduced cytotoxicity, the inhibition of MMPs might 
prove to be a formidable therapeutic strategy for the future.

INTEGRINS

Integrins are a family of heterodimeric cell adhesion receptors that mediate cell-ECM 
and cell–cell signaling. Functional integrins consist of two non-covalently bound alpha 
and beta subunits dimers. About 20 different types of integrins have been identified 

Fig. 7. Use of a matrix metalloproteinase inhibitor suppresses the development of retinal neovascu-
larization. (A) Hematoxylin–eosin-stained cross section from the retina of a mouse exposed to 75% 
oxygen for 5 days followed by room air for an additional 5 days. Capillary tufts are present on the 
vitreal side of the inner limiting membrane, characteristic of the angiogenic response in this tissue 
(arrow). (B) Representative hematoxylin and eosin-stained section from the retina of an experimental 
mouse treated with BB-94m 1 mg/kg, on postnatal days 12, 14, and 16. (C) Similar section from an 
experimental animal stained with diamidinophenylindole showing individual endothelial cell nuclei 
that belongs to new vessels (arrow). (D) Similar section from the retina of a BB-94-treated mouse 
stained with diamidoniphenylindole showing a significant reduction in the number of neovascular 
nuclei. Only a single endothelial cell nucleus is present on the vitreal side of the inner limiting 
membrane. Scale bars: (A) and (B) – 166 µm; (C) and (D) – 113 µm (reprinted from (67) with 
permission).
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arising from different combinations of the 18 alpha and 8 beta subunits known to date. 
The cytoplasmic domains of integrin receptors serve as scaffolds for several signaling/
cytoskeletal molecules that mediate cellular responses to changes in the extracellular 
matrix. Integrins regulate cell adhesion, proliferation, migration and differentiation and 
hence are thought to be important in the pathogenesis of retinal neovascularization. 
Normal human retinas stain negatively for αvβ3 and αvβ5 while intense staining was 
seen in neovascular membranes from patients with diabetic retinopathy (80–82). 
Neovascular ocular tissues from patients with PDR showed a selective upregulation of 
αvβ3 and αvβ5 integrins in the vascular beds of the retina and a systemically adminis-
tered cyclic peptide antagonist was able to block the formation of new blood vessels 
with no effect on established blood vessels (82). Anti-angiogenic and pro-angiogenic 
pathways have been studied to alter the integrin profile on endothelial cells. bFGF or 
TNF-α, induce αvβ3 signaling whereas VEGF, TGF-α or phorbol ester induce αvβ5 
signaling in endothelial cells (83). Thrombospondin-1, a multifunctional protein and 
anti-angiogenic factor has been reported to bind to α9β1, and this interaction promotes 
angiogenesis (84). In addition to cytokine-directed therapies, integrins have emerged as 
promising targets for therapeutic intervention for most proliferative retinopathies. 
Several peptide and non-peptide antagonists have been tested in animal models of 
retinal angiogenesis and have been reported to inhibit retinal neovascularization 
(81, 85, 86). However, Reynolds et al. (87) report that mice lacking β3 and β5 do not 
show suppressed tumor angiogenesis indicating that neither αvβ5 nor αvβ3 are required 
for pathological angiogenesis and highlight the need for further evaluation of integrin 
functions before anti-integrin therapy is favored.

ENDOGENOUS INHIBITORS OF NEOVASCULARIZATION

Angiogenic and anti-angiogenic factors interplay to maintain a guarded equilibrium 
in the normal physiology of the retinal vasculature. This balance is affected when the 
angiogenic factors outweigh endogenous inhibitors of angiogenesis in response to a 
pathological stimulus. Recently, several endogenous inhibitors have been identified; 
yet, a better understanding of the complex molecular events in the angiogenic process 
is warranted.

Pigment Epithelium Derived Growth Factor
Pigment epithelium derived growth factor (PEDF) was first purified from the condi-

tioned media of human retinal pigmented epithelial cells and was characterized as a 
glycoprotein with a neuroprotective role in the retina (88). Although PEDF shares 
homology with the serine proteinase inhibitor (Serpin) family, it lacks any native 
proteinase inhibiting activity itself (89, 90). The Muller cells of the human retina secrete 
large amounts of PEDF and this secretion is purported to be oxygen-dependent. 
The neovasculature in the retina has been found to accumulate large amounts of it in 
the interstitium and surrounding fibrous tissue (91). PEDF has been found in the 
subretinal fluid of patients with retinal detachment (92) and fibrovascular membranes 
in the eyes of patients with PDR (91), and lower levels of PEDF were found in the vitreous 
fluid of patients with mild and severe diabetic retinopathy (93). Vitreous PEDF protein 
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was increased in perforated eyes or eyes with ocular injury and PEDF featured as a 
prominent player in the anti-angiogenic and neuroprotective mechanisms seen in such 
situations (94, 95).

Historically, PEDF has been studied as the most potent antagonist to the mitogenic 
activities of VEGF in various models of angiogenesis and cell behavior studies. In a 
series of co-culture experiments, it was observed that the secretion of PEDF was higher 
in endothelial-Muller co-cultures than in Muller cells alone and VEGF exposure 
suppressed PEDF secretion (96), pointing to a glial-endothelial crosstalk in modulation 
of PEDF levels (97). In a mouse model of ischemia-induced retinal angiogenesis, the 
retinas with extensive neovascularization demonstrated a dramatic increase in VEGF 
mRNA and protein with a coupled decrease in PEDF levels, and the time course of this 
inverted VEGF/PEDF ratio correlated with the progression of this disease (98). Human 
recombinant PEDF was able to block hypoxia-induced angiogenesis in a mouse model 
of retinal neovascularization, and PEDF inhibited VEGF-induced retinal endothelial 
cell proliferation and migration in cell culture (99). Similar results were observed when 
an intravitreal injection of an adenoviral vector encoding PEDF resulted in decreased 
retinal neovascularization in mice, suggesting that PEDF gene therapy might be a useful 
approach in DR (100).

Transforming Growth Factor-b
Transforming growth factor-β (TGF-β) is a soluble pleiotropic growth factor studied 

in the regulation of tumorigenesis and its contribution to the later stages of the ang-
iogenic pathway. After initial endothelial cell proliferation, migration and invasion, the 
formation of the neovasculature involves the assembly of new vessel structures. This 
process includes investment of vessels with mural cells (pericytes or smooth muscle 
cells), generation of basement membrane and vascular regression. TGF-β plays an 
important role in the differentiation of vascularity by stabilizing the new blood vessels. 
In the context of the microvasculature, it is postulated that TGF-β functions at multiple 
steps including inhibition of endothelial cell proliferation and migration, as well as 
induction of pericyte/smooth muscle cell differentiation (101).

Increased retinal expression of TGF-β along with other growth factors like VEGF 
was reported in diabetic human retinas (102). Deficient activation and differential 
expression of TGF-β was observed in the vitreous fluid of patients with proliferative 
diabetic retinopathy (103). Elevated expression of TGF-β was found in photocoagu-
lated lesions of the rat retina and this correlated with vessel regression, indicating 
that the therapeutic effects of photocoagulation might be mediated through TGF-β 
(104). Co-culture studies show that activation of TGF-β is seen after investment of 
endothelial tubes with pericytes, which stabilize blood vessels by inhibiting 
endothelial cell proliferation and migration and induce differentiation of pericytes 
(105). Retinal glial cells were reported to upregulate TGF-β in response to hypoxia, 
and treatment of Muller cells with exogenous TGF-β was able to increase the 
expression of VEGF in a dose-dependent manner (106). These results indicate that 
destabilization of existing blood vessels and stabilization of neo-vessels might 
involve close inter-cellular interactions between endothelial cells and mural cells, 
involving TGF-β.
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Angiostatin and Endostatin
Angiostatin, a proteolytic fragment of plasminogen containing the first four kringle 

domains, is a potent inhibitor of angiogenesis (107). Normal human vitreous was found 
to be devoid of angiostatin and the local release of angiostatin into the vitreous was seen 
in patients with PDR treated with laser photocoagulation (108). Recombinant adeno-
associated viral vector delivery of mouse angiostatin successfully suppressed experi-
mental pre-retinal neovascularization in adult rats (109). Intravitreal injection of 
angiostatin blocked retinal neovascularization in a murine model of oxygen-induced 
retinopathy (110–111) and in a separate study, lentivirus mediated expression of 
angiostatin efficiently inhibited retinal angiogenesis in the murine model (112).

Endostatin is the C-terminal domain of type XVIII collagen, a component of most 
vascular basement membranes (113). Endostatin has been shown to inhibit endothelial 
cell migration and induce apoptosis, thus leading to less vascularized tumors (114). The 
concentrations of endostatin in aqueous humor and vitreous are significantly correlated 
with the degree and severity of diabetic retinopathy (115). Abnormal maturation of retinal 
vasculature in endostatin/type XVII collagen deficient mice was seen with concomitant 
changes in retinal glial cells (116). Retinal neovascularization was suppressed when 
endostatin was directly injected (117) or liposome mediated plasmids encoding endostatin 
gene were injected intravitreally into mice in a model of oxygen-induced retinopathy 
(118). Subretinal injections of adenoviral vectors designed to deliver endostatin reduced 
vasopermeability and retinal neovascularization in mice suggesting that endostatin gene 
transfer might be effective in blocking both early and late retinal changes (119).

Thrombospondin-1
Thrombospondin-1 (TSP-1) is a secreted glycoprotein found in the extra- and 

pericellular matrix and was originally identified in platelets. TSP-1 inhibits endothelial 
cell proliferation and migration, and is thus an anti-angiogenic molecule (120). Many 
cell types secrete TSP-1 including endothelial cells and smooth muscle cells (121, 122). 
TSP-1 interacts with extracellular matrix proteins and regulates the activation of several 
extracellular proteinases and latent TGF-β. In surgically removed epiretinal neovascular 
membranes from patients with PDR, TSP-1 localized to the endothelial cells of the 
retina, and plasmin-degraded products of TSP were found in the vitreous of these 
patients (123). Microarray analysis of mouse eyes subjected to laser photocoagulation 
showed an upregulation of TSP-1 suggesting that long-term changes in gene expression are 
involved with laser therapy (124). In a murine model of retinal neovascularization, the 
angiogenic peak coincided with an upregulation of TSP-1 mRNA. The same study 
reported that stimulation of bovine retinal microcapillary endothelial cells with VEGF induced 
TSP-1 expression and this might represent a negative feedback mechanism in ischemia-
induced retinal changes (125). Peptides derived from the TSP-1 molecule inhibited reti-
nal angiogenesis in a rat model of retinopathy of prematurity (126), and TSP-1 knockout 
mice exhibit decreased sensitivity to hyperoxia-induced vessel obliteration (127). 
Ectopic expression of TSP-1 expression in the lens limited pre-retinal neovascularization 
in an oxygen-induced retinopathy model, and the TSP1 transgenic mice showed abnormal 
vascular patterning and density and increased levels of vessel obliteration (128). These 
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results point to the pivotal role played by TSP-1 in mechanisms regulating both vascu-
logenesis and angiogenesis.

Tissue Inhibitor of Matrix Metalloproteinases
Tissue inhibitors of matrix metalloproteinases (TIMPs) control local MMP activity 

in tissues by a direct 1:1 binding stoichiometry. Four TIMPs (TIMP-1, -2, -3, and -4) 
have been identified in vertebrates (129), and their expression in relation to MMP is 
tightly regulated during tissue remodeling. ECM remodeling in response to a pathological 
stimulus, often involves unbalanced MMP activities and concomitant changes in TIMP 
levels. TIMP-1 primarily inhibits the activities of MMP-1, -3, and -9 and TIMP-2 inhib-
its MMP-2 (130, 131). TIMP-3 is exclusively localized to the ECM and is relatively 
insoluble, pointing to its potential in preventing matrix lysis and desequestration of 
growth factors from the matrix. In the retinas of normal mice, TIMP-2 mRNA and 
protein levels have been found to increase steadily between postnatal days 13–17. This 
was in contrast to retinas of mice with hypoxia-induced retinal angiogenesis, in which 
TIMP-2 mRNA and protein remained low and significantly less than in retinas of ‘room 
air’ controls. A coincidental upregulation of MMP-2 and -9 and MT1-MMP mRNA was 
seen in experimental retinas as compared to ‘age-matched room air’ controls (132). The 
normal human retina constitutively expresses MMP-1 and TIMP-2, while retinas with 
PDR stained positive for TIMP-1, -2, and -3 (133). The role of TIMP-3 has been specu-
lated in an age related macular degeneration. A point mutation of TIMP-3 gene has been 
implicated in patients with Sorsby’s fundus dystrophy, an autosomal dominant macular 
disease with earlier onset of symptoms similar to those of ARMD and characterized by 
choroidal neovascularization (134, 135).

CLINICAL IMPLICATIONS

Currently, the majority of the clinical trials in retinal diseases have targeted the 
VEGF molecule. So far two drugs, pegaptanib (Macugen), an aptamer against VEGF 
165 and ranibizumab (Lucentis), a humanized monoclonal antibody fragment against 
all isoforms of VEGF have been approved by the FDA for use in exudative age-related 
macular degeneration. The Macugen DRS trial in PDR patients has shown regression of 
neovascularization in most of the patients by week 36 (136). Short-term results with 
intravitreal bevacizumab (Avastin) suggest a rapid regression of retinal and iris neovas-
cularization secondary to PDR (137). A consistent biologic effect was noted, even with 
the lowest dose (6.2 µg) tested, and the observation of a possible therapeutic effect in 
the fellow eye raises concern of systemic side effects from treatment with intravitreal 
bevacizumab. The orally administered protein kinase C (PKC) beta isoform-selective 
inhibitor ruboxistaurin (RBX) in subjects with moderately severe to very severe nonpro-
liferative diabetic retinopathy (NPDR) did not prevent progression to PDR (138).

As the angiogenic cascade has been explored with more potential molecules involved, 
other therapeutic options using inhibitors other than VEGF inhibitors are being 
explored. At least in preclinical studies as pointed out in this chapter, many of these 
molecules have proved to be attractive targets for intervention in proliferative diabetic 
retinopathy. The rationale for searching other novel pathways is twofold. First, in macular 
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degeneration patients, clinical experience shows that the drugs, ranibizumab or bevaci-
zumab have to be administered every 4 weeks as complete regression is not possible 
with just a few injections. Repeated intravitreal injections have potential side effects of 
infection, vitreous hemorrhage and retinal detachment, and also there may be unknown 
potential side effects from continuous VEGF inhibition as VEGF has been shown to 
be a neuroprotective agent. Secondly, a combination therapy using more than one anti-
angiogenic agent seems to be more attractive as one can attack different steps of the 
angiogenesis cascade rather than one. Such a combination therapy is common in 
glaucoma management where intraocular pressure-lowering agents are added one after 
another until the optimal therapeutic level is achieved. Also, the other scenario is 
possible where one can combine the current panretinal photocoagulation therapy with 
anti-VEGF or other anti-angiogenic agents.

What is the status of the antiangiogenic agents other than anti-VEGF agents that are 
promising in the treatment of proliferative diabetic retinopathy? The just completed 
Octreotide LAR Phase III study using the IGF-1 inhibitor, octreotide, has been shown 
to delay the progression of retinopathy, however the secondary endpoints of visual acuity 
and macular edema did not show any significant difference between placebo treated and 
octreotide treated patients (139). The urokinase inhibitor, A6 (Angstrom Pharmaceuticals, 
San Diego, CA), which is currently in a Phase II clinical trial in ovarian carcinoma 
patients, has been shown to be a promising agent in both retinal and choroidal angio-
genesis in pre-clinical studies. Our group has recently shown the therapeutic effects of 
A6 on increased retinal vascular permeability in diabetic animals (140). Such a dual 
effect of A6 on both blood-retinal barrier and new vessels in diabetic retinopathy is an 
added advantage of this novel agent. Several MMP inhibitors, and integrin inhibitors are 
currently in clinical trial for different types of cancer (141), and many of these agents 
have been shown to be effective in retinal angiogenesis as well.

New therapies involving pharmacological intervention of retinal angiogenesis are 
currently being developed. These therapies, or a combination of them, would probably 
be more effective than the current destructive laser modalities. As we develop new drugs 
for anti-angiogenic effects, one needs to consider the fact that factors other than VEGF 
are also critical in the angiogenesis cascade, and one should target against these “other” 
molecules as well.
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Abstract

Anti-VEGF therapies are currently under investigation for diabetic maculopathy.
Both clinical and preclinical findings have implicated vascular endothelial growth 

factor (VEGF) in the pathophysiology of diabetic macular edema (DME). VEGF is 
involved both in vascular integrity and leakage as well as neovascularization. VEGF 
levels are elevated in the vitreous of patients with diabetic macular edema, and in animal 
models elevated VEGF levels in the eye coincide with breakdown of the blood-retinal 
barrier. Two VEGF antagonists are FDA approved for the clinical treatment of neovas-
cular age-related macular degeneration: pegaptanib and ranibizumab. Phase II data for 
pegaptanib are available demonstrating a superior visual acuity for treated patients 
compared to the sham group as well as a reduced retinal thickness and a reduced need 
for laser therapy. Phase I data for ranibizumab in diabetic macular edema demonstrated 
a reduction in excess retinal thickness and improvement in visual acuity. Phase II studies 
are underway to compare ranibizumab and laser photocoagulation.

Key Words: Bevacizumab; Diabetic macular edema; Pegaptanib; Proliferative diabetic 
retinopathy; Ranibizumab; VEGF.
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INTRODUCTION

Diabetic retinopathy is the most prevalent cause of vision loss among adults of 
working age, and diabetic macular edema (DME) is the most common cause of mode-
rate vision loss in individuals with diabetes mellitus (1), especially in patients with type 
2 diabetes (2). Diabetic retinopathy accounts for an estimated 15–17% of the 2.7 million 
cases of blindness in the European Union (3). In the United States, an estimated 4.1 
million individuals aged 40 years and older are affected by diabetic retinopathy, with 
nearly 900,000 having vision-threatening disease (4).

There are two major causes that lead to deterioration of vision in diabetic retinopathy: 
(1) direct damage to the retinal vasculature and (2) development of retinal neovasculari-
zation. Severe visual loss in patients with diabetes occurs primarily as a consequence of 
retinal neovascularization and complications resulting from intraocular angiogenesis 
such as vitreous hemorrhage or tractional retinal detachment; moderate visual loss 
results primarily from DME related to altered permeability of the retinal vasculature.

Currently, laser photocoagulation is the standard of care in treating retinal complica-
tion s of diabetes, and while it has contributed significantly to reducing the incidence of 
severe vision loss, it is basically a destructive intervention that does not address the 
underlying pathophysiology. The mechanism by which scatter laser photocoagulation 
reduces proliferative retinopathy is not known. It has been proposed that light energy 
absorbed by melanin in the retinal pigment epithelium destroys highly metabolically 
active outer retinal cells, reducing retinal oxygen consumption and facilitating improved 
oxygen diffusion from the choriocapillaris through the laser scars (5). By destroying a 
portion of viable retina, laser therapy also lessens the metabolic load and therefore the 
absolute need for oxygen.

However, laser treatment is accompanied by frank destruction of neural tissue and 
can lead to night blindness, visual field constriction, and dyschromatopsia. A progres-
sion in the severity of retinopathy after treatment is not uncommon (2). There is thus a 
need for newer therapies with fewer side effects, especially approaches that counter 
retinopathic change through targeting the underlying pathophysiology of DR, rather 
than relying on ex post facto ablation.

Metabolic control, intraocular steroids, and novel pharmacological therapy such as 
vascular endothelial growth (VEGF) factor blockers may help to decrease DME and 
may reverse vision loss associated with this disease. This chapter reviews the pathogen-
esis of DME, the rationale for the role of anti-VEGF agents, and preliminary clinical 
studies on the use of ranibizumab (Lucentis™, Genentech Inc., South San Francisco, 
CA) and pegaptanib (Macugen, OSI/Eyetech, New York, NY) for DME.

Pathogenesis
DME occurs from leakage of plasma into the central retina, resulting in thickening 

of the retina because of excess interstitial fluid. The excess interstitial fluid within the 
macula results in stretching and distortion of photoreceptors which eventually leads to 
decreased vision. Histopathological studies have demonstrated that microaneurysms are 
likely to be responsible for focal leakage that may be seen in eyes with DME. Microaneurysms 
are thought to form because of hyperglycemia-induced pericyte death, which weakens 
the walls of retinal vessels resulting in the formation of small aneurysms which lose 
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their barrier qualities and leak (6). In addition to focal leakage caused by microaneu-
rysms, eyes with DME may also demonstrate diffuse leakage from retinal capillaries 
that do not show visible structural changes such as microaneurysms. This pattern of 
diffuse leakage may be due to microscopic damage to retinal vessels that is not visible 
in images obtained during fluorescein angiography. It is possible that diffuse leakage 
results from the presence of excessive amounts of permeability factors.

VASCULAR ENDOTHELIAL GROWTH FACTOR (VEGF)

Retinal hypoxia has been implicated in the pathogenesis of DME (7). Hypoxia causes 
increased expression of VEGF, a potent inducer of vascular permeability that has been 
shown to cause leakage from retinal vessels (8, 9). VEGF was isolated independently 
by two groups, first as a vascular permeability factor (10) and second as a potent 
endothelial cell mitogen (11).

The VEGF family, which includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E 
and placental growth factor, plays an important role in angiogenesis and vascular 
permeability (10–12), among other things. Studies have demonstrated that VEGF-A is 
a primary activator of angiogenesis and vascular permeability, whereas other VEGF 
family members play a lesser role in angiogenesis. Nine VEGF-A isoforms are 
produced through alternate splicing of the mRNA of the human VEGF-A gene: 
VEGF

121
, VEGF

145
, VEGF

148
, VEGF

162
, VEGF

165
, VEGF

165b
, VEGF

183
, VEGF

189
, and 

VEGF
206

. (13). Among the nine isoforms, VEGF
165

 is the most abundantly expressed 
VEGF-A isoform, and it plays a critical role in angiogenesis. However, other isoforms, 
such as VEGF

121
, VEGF

183
, and VEGF

189
, are also commonly expressed in various tis-

sues (14). Although investigations during the 1980s suggested numerous proang-
iogenic and antiangiogenic factors, only VEGF convincingly showed all the 
characteristics of a necessary and sufficient inducer of angiogenesis (15).

VEGF IN PHYSIOLOGICAL AND PATHOLOGICAL ANGIOGENESIS

Over the past 15 years, an extensive body of research has established that VEGF is a 
key regulator of both physiological and pathological angiogenesis, playing a variety of 
roles in promoting blood vessel growth and vascular permeability (Table 1). Alternative 
splicing of the human gene yields at least 6 biologically active isoforms; each composed 
of 121, 145, 165, 183, 189, and 206 amino acids (15).

Table 1
Actions of VEGF in Promoting Angiogenesis

Endothelial cell mitogen
 • Endothelial cell survival factor
 • Chemoattractant for bone marrow-derived endothelial cells
 • Chemoattractant for monocyte lineage cells
 •  Inducer of synthesis of endothelial nitric oxide synthase, and consequent elevation of 

nitric oxide, itself a promoter of angiogenesis
 • Inducer of synthesis of enzymes promoting blood vessel extravasation

– Matrix metalloproteinases
– Plasminogen activator
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In addition to its role as a potent endothelial cell mitogen, VEGF serves as an endothe-
lial cell survival factor (16) and as a chemoattractant for bone marrow-derived endothelial 
cells (17–19). VEGF also induces the synthesis of several enzymes whose actions affect 
angiogenesis, including the matrix metalloproteinases and plasminogen activator 
(20–22). VEGF induces nitric oxide synthase, leading to upregulation of nitric oxide, a 
stimulator of angiogenesis (23, 24). In addition, VEGF acts as a chemoattrac-tant for 
monocyte lineage cells (25). which are believed to contribute to pathological ocular 
neovascularization (26, 27) and to promote local adhesion of leukocytes and subsequent 
injury to the vascular endothelium (28, 29).

It is important to note, however, that the family of VEGF isoforms is much more than 
a promoter of angiogenesis as it acts in a wide variety of cellular processes (30–44) 
Table 2). In this regard, intravenous administration of VEGF inhibitors have been 
associated with an increased incidence of hypertension, proteinuria, bleeding and throm-
boembolic events. (45–48)

VEGF IN OCULAR NEOVASCULARIZATION

An extensive series of clinical and preclinical investigations has confirmed that 
VEGF plays a central role in promoting ocular neovascularization (49–56). Clinical 
studies have demonstrated elevated ocular levels of VEGF in patients with anterior seg-
ment neovascularization (49), retinal vein occlusion (49), neovascular glaucoma (57), 
retinopathy of prematurity (58), and DME (59–62). In other studies, increased expres-
sion of VEGF was detected within the maculae of patients with age-related macular 
degeneration (63) and in choroidal neovascular membranes (64–66)

A variety of models have been employed to demonstrate that blockage of VEGF and 
its receptors can inhibit the development of ocular neovascularization. In one of the first 
preclinical studies, Miller et al. (67) reported that experimentally induced retinal vein 
occlusion in monkeys resulted in iris neovascularization and an associated increase in 
ocular VEGF levels. Injection of anti-VEGF antibodies was shown to prevent the 
neovascularization of the monkey iris that normally followed laser occlusion of the vein 
(51), and antibodies or their Fab fragments were also effective in preventing choroidal 
neovascularization in a photocoagulation-induced model in monkeys (54) and in a 
rat corneal wound model (68). Other approaches to inactivate VEGF to prevent ocular 

Table 2
Additional Physiological Processes Involving VEGF

• Bone growth
• Wound healing
• Female reproductive cycling
• Vasorelaxation
• Glomerulogenesis
• Protection of hepatic cells
• Skeletal muscle regeneration
• Neural survival factor
• Trophic support of choriocapillaris
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neovascularization included administration of soluble VEGFR chimeric proteins by 
injection (53), expression from an adenovirus vector (69), injection of pegaptanib 
(Ishida et al. 2003), and injection of an anti-VEGF antisense oligonucleotide (82).

VEGF AND DIABETIC RETINOPATHY

Animal studies have demonstrated that VEGF-A plays a vital role in the pathogenesis 
of ocular diseases in which neovascularization and increased vascular permeability 
occur, such as proliferative diabetic retinopathy, macular edema, and neovascular AMD 
(50, 62). Overexpression of VEGF-A has been reported to cause ocular neovasculariza-
tion and macular edema in monkeys (71). In addition, elevated levels of VEGF-A have 
been identified in the vitreous of patients with diabetic retinopathy (49, 62) and higher 
VEGF-A levels are found in the vitreous and aqueous humor of patients with DME (50). 
Evidence from animal and clinical studies has clearly demonstrated a pathological role 
for overexpression of VEGF; therefore anti-VEGF therapies are likely to have an impor-
tant role in the treatment of DME and proliferative diabetic retinopathy.

The pathophysiology of diabetic retinopathy is complex, with the products of several 
biochemical pathways being potential mediators in the relationship between hyper-
glycemia and retinal vascular damage. These include polyols, advanced glycation end 
products and reactive oxygen intermediates (65, 66) Anatomical correlates of the pro-
gression of DR include death of capillary pericytes, basement membrane thickening, 
and entrapment of leukocytes, leading to capillary blockages and local hypoxia (66, 72) 
Upregulation of VEGF is likely to occur either directly, through stimulation by metabo-
lites such as advanced glycation end-products (73) and reactive oxygen intermediates 
(74), or indirectly, through the local hypoxia induced by capillary dropout. VEGF is 
synthesized by a wide range of retinal cell types (52, 75, 76) and this synthesis is sig-
nificantly increased in hypoxic conditions (42, 52, 77) Clinical findings have con-
firmed that VEGF levels are elevated in both DR (49, 50, 59, 62, 78, 79) and DME (59–61, 
80). VEGF

165
, the most abundant isoform of VEGF is principally responsible for diabe-

tes-associated ocular pathology (81, 82)
It is now well established that increases in ocular concentrations of VEGF are closely 

linked both to the aberrant growth of new vessels and to increased vascular permeability 
resulting in tissue edema. This edema further exacerbates the vision loss associated with 
diabetic retinopathy (Table 3) and other ocular conditions such as neovascular age-related 
macular degeneration (AMD). The increase in permeability reflects several VEGF-
mediated processes, including induction of fenestrations in the endothelium (Roberts and 
Palade 1997) (83), dissolution of tight junctions (84), and the promotion of adherence to 
the retinal vasculature by leukocytes which then act to damage the endothelium (29, 81)

Clinical Application of Anti-VEGF Drugs
Currently, there are three VEGF inhibitors commonly used in the treatment of prolife-

rative retinopathies and AMD: pegaptanib (Macugen, OSI/Eyetech), bevacizumab 
(Avastin, Genentech), and ranibizumab (Lucentis, Genentech). While both pegaptanib 
and ranibizumab are approved for neovascular AMD in the U.S. and many European 
countries, neither of the agents is as yet approved for the treatment of diabetes- related 
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eye disease. Both pegaptanib and ranibizumab are currently under investigation in 
prospective clinical trials for the treatment of diabetic retinopathy.

Pegaptanib
Pegaptanib is a nuclease resistant, pegylated 28-nucleotide RNA aptamer which binds 

to the VEGF
164/165

 isoform at high affinity (200 pM), while showing little activity toward 
the VEGF

120/121
 isoform (85) (Table 4). Pegaptanib includes a 40 kD polyethylene glycol 

moiety at the 5′ terminal (86) a change which prolongs intravitreal half-life (87)
Pegaptanib inhibits VEGF

164/165
 from binding to its cellular receptors, preventing the 

initiation of downstream signaling events. In experiments with cultured endothelial 
cells, pegaptanib inhibited the induction of mitogenesis by VEGF

165
, but not by 

VEGF
121

, consistent with pegaptanib’s specificity for VEGF
165

 (88). In addition, in the 
Miles assay for vascular permeability, the VEGF-induced increase in vascular leakage 
was inhibited by 83% when VEGF was pre-incubated with 0.1 µM pegaptanib (86). In 
subsequent studies, using a rodent model of retinopathy of prematurity, intravitreous 
injection of pegaptanib was shown to inhibit pathological neovascularization, but not 
the physiological vascularization of the retina (82) suggesting that pegaptanib treatment 
might be relatively harmless to the normal retinal vasculature. Further evidence of 

Table 3
Key Findings Linking VEGF to Pathophysiology of Diabetic Retinopathy

• VEGF levels are elevated in eyes of patients with diabetic retinopathy (DR) and DME
• Experimental elevation of VEGF in normal primate eyes induces many changes typical of 

DR, including formation of microaneurysms and exudation following blood retinal barrier 
breakdown

• Studies with rodent models of diabetes have revealed that DR is associated with increases in 
retinal VEGF levels which underlie a local inflammation and consequently result in vascular 
damage and leakage

• One VEGF isoform (VEGF165 in humans, VEGF164 in rodents) is especially important in 
mediating this inflammation

• Elevation of retinal levels of VEGF164 occur in parallel with blood retinal barrier breakdown 
in diabetic rodents

• Intravitreous injection of VEGF164 induces blood retinal barrier breakdown in normal ani-
mals more potently than VEGF120

Table 4
Pegaptanib

• Nuclease-resistant RNA aptamer, specific for the VEGF165 isoform
• Inhibits VEGF165-mediated cellular actions, including increases in vascular permeability 

and endothelial cell proliferation
• Intravitreous pegaptanib is approved as a treatment for neovascular AMD
• Intravitreous pegaptanib can reverse blood retinal barrier breakdown in diabetic rodents
• Intravitreous pegaptanib inhibits pathological, but not physiological vascularization
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pegaptanib’s sparing of physiological tissues came from studies of retinal ischemia, in 
which VEGF

120
 was shown to be sufficient to exert a neuroprotective effect (89). Most 

importantly for DR, in experiments with diabetic rodents, intravitreous injection of 
pegaptanib was shown to cause restoration of the blood retinal barrier (82).

The V.I.S.I.O.N. study (90), which comprised two pivotal phase 3 trials, has already 
demonstrated that intravitreous administration of pegaptanib is effective in treating 
neovascular AMD, and is associated with a low risk of serious adverse events such as 
endophthalmitis, traumatic lens injury or retinal detachment; where these occurred 
they were related to the injection procedure, rather than the drug on study by itself. An 
important safety finding is that there was no evidence that pegaptanib was associated 
with major systemic adverse events, such as hypertension, thromboembolism or 
serious hemorrhage, that have been reported with systemically administered VEGF 
blockade. The results of the V.I.S.I.O.N. study led to pegaptanib’s approval for neovas-
cular AMD by regulatory authorities in several countries including the United States, 
Canada, and Europe.

Taken together with the data implicating VEGF
165

 in the pathophysiology of diabetic 
retinopathy and DME, and the positive safety record of pegaptanib in clinical trials 
(91), a Phase 2 clinical trial to examine pegaptanib’s utility as a treatment for DME 
was conducted.

Bevacizumab
Bevacizumab (Avastin®, Genentech, Inc. South San Francisco) is a full-length 

humanized murine monoclonal antibody against the VEGF molecule. The amino acid 
sequence of this antibody is 93% of human origin and 7% murine (92). Bevacizumab is 
approved by the Food and Drug Administration (FDA) for the treatment of metastatic 
colorectal cancer in combination with 5-fluorouracil and is in Phase III trials for 
advanced breast cancer and advanced renal cancer (48, 93). VEGF selectively stimulates 
endothelial cells by binding to two receptors, VEGFR-1 and VEGF-R2, which respond 
in typical fashion to ligand binding by activation of signal transduction cascades 
(15). Bevacizumab can theoretically inhibit the activity of both receptors (94). Recently 
off-label use of intravitreal bevacizumab has been described in patients with neovascular 
AMD and proliferative diabetic retinopathy (95–98). Intravitreal bevacizumab caused 
regression of neovascularization secondary to proliferative diabetic retinopathy, and 
resulted in decreased excess retinal thickness from neovascular AMD and short-term 
improvements in visual acuity (96–98). Additional prospective studies with intravitreal 
bevacizumab for DME and neovascular AMD are currently underway.

Ranibizumab
Ranibizumab (Lucentis™; Genentech, Inc., South San Francisco, Calif) is a recently 

FDA-approved humanized antigen-binding fragment (Fab) designed to bind and inhibit 
all VEGF-A isoforms and the biologically active degradation product, VEGF

110
. The 

vitreous half-life of ranibizumab after intravitreal administration in monkeys is 3 days 
with very low systemic exposure following intravitreal administration in both humans 
and monkeys (99, 100).
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Phase I/II/III clinical trials in patients with choroidal neovascularization (CNV) 
secondary to AMD have shown intravitreal injection of ranibizumab to be safe and well 
tolerated. In addition, two pivotal phase III clinical trials (Minimally Classic/Occult 
Trial of the Anti-VEGF Antibody Ranibizumab In the Treatment of Neovascular AMD 
[MARINA] Trial and the Anti-VEGF Antibody for the Treatment of Predominantly 
Classic Choroidal Neovascularization in AMD [ANCHOR]) demonstrated the efficacy 
of ranibizumab in patients with neovascular AMD; these studies were the first to show 
visual acuity improvement, not just a stabilization of visual acuity, in individuals with 
neovascular AMD.

The MARINA Trial was a randomized, double-masked, sham-controlled clinical trial 
of patients with minimally classic or occult with no classic CNV secondary to AMD 
who were treated with monthly intravitreal ranibizumab (0.3 or 0.5 mg) or sham 
injections for 24 months. In the MARINA trial, approximately 90–92% of ranibizumab-
treated patients lost fewer than 15 letters of VA compared with 53% of sham-injected 
patients after 24 months (101). In addition, at 24 months of follow-up, approximately 
33% of ranibizumab-treated patients experienced visual improvement of 15 or more 
letters compared with 4% of the sham-injected patients.

The ANCHOR Trial was a randomized, double-masked, sham-controlled clinical 
trial of patients with predominantly classic CNV secondary to AMD treated with intra-
vitreal ranibizumab (0.3 or 0.5 mg) and sham photodynamic therapy (PDT) or sham 
injection and PDT (monthly administration for ranibizumab and every 3 months for 
PDT) for 24 months. After 12 months of follow-up, 94 and 96% of ranibizumab-treated 
patients (0.3 and 0.5 mg, respectively) lost fewer than 15 letters of VA compared with 
64% of PDT-treated patients (102). In addition, 36% and 40% of ranibizumab-treated 
patients experienced visual improvement of 15 or more letters (0.3 and 0.5 mg, respec-
tively) compared with 6% of PDT-treated patients.

Use of Anti-VEGF Therapies in Diabetic Retinopathy
PHASE 2 TRIAL – INTRAVITREOUS PEGAPTANIB AS A TREATMENT FOR DME

Pegaptanib was evaluated in a randomized, sham-controlled, double-masked, dose-
ranging, multi-center phase 2 trial which enrolled 172 patients 18 years and older with 
type I or type II diabetes, visual acuity (VA) between 20/50 and 20/320, and DME 
affecting the center of the macula (Table 5). (103) Only patients for whom focal/grid 
laser could be deferred for at least 16 weeks in the study eye, even though focal/grid 
laser was indicated, were enrolled. Principal exclusion criteria included photocoagula-
tion or other retinal treatments within the previous 6 months, abnormalities interfering 
with VA measurements and fundus photography, severe cardiac disease, clinically 
significant peripheral vascular disease, uncontrolled hypertension, and glycosylated 
hemoglobin levels ≥ 13%.

Patients were randomized to 4 treatment arms (0.3, 1, 3 mg pegaptanib or sham injec-
tion), with stratification by study site, size of the thickened retina area (≤ 2.5 disc areas 
vs. > 2.5 disc areas), and baseline VA (ETDRS letter score ≥ 58 vs. < 58). Injections 
were given at baseline and every 6 weeks thereafter for a minimum of 3 from baseline 
to week 12. Additional injections to a total maximum of 6 injections were allowed at 
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investigator’s discretion from week 18 to 30. Focal/grid laser photocoagulation was 
allowed also at investigator’s discretion after week 12. Main efficacy assessments were 
made at week 36, or 6 weeks after the last injection. Refraction, VA assessment, an 
ophthalmologic examination, optical coherence tomography (OCT), and color fundus 
photography were conducted at baseline and at each visit, while fluorescein angiogra-
phy was carried out at baseline and 6 weeks after the last injection. Overall, 169 patients 
received at least one injection, and over 90% of patients in each treatment group 
completed the study. Pre-specified efficacy criteria included VA, retinal thickness as 
measured by OCT, and the need for photocoagulation therapy. In addition, patients 
found to show diabetic neovascularization at baseline were evaluated for the impact of 
pegaptanib treatment upon its advance or regression (103).

Principal Endpoints – VA, Retinal Thickness, Retinal Volume, 
and Need for Photocoagulation

Pegaptanib treatment was superior to sham injection, according to all pre-specified 
endpoints. Mean change in VA in the 0.3 mg pegaptanib-treated group was + 4.7 
letters, compared to −0.4 letters for sham (P = 0.04). Pegaptanib treatment also resulted 
in more patients gaining ≥ 0, ≥ 5, ≥ 10, and ≥ 15 letters of VA (Fig. 1). Mean change 
in center point (foveal) retinal thickness was −68 µm in the 0.3 mg pegaptanib arm, 
compared to + 3.7 µm in the sham group (P = 0.02) and pegaptanib treatment resulted 
in significantly more patients experiencing decreases in thickness of ≥75 and ≥100 µm). 
As well, macular volume decreased 0.58 mm3 in the 0.3 mg pegaptanib arm, but 
increased 0.12 mm3 with sham (P = 0.009) (Data on file, (OSI) Eyetech Inc. and Pfizer 
Inc. 2005). OCT center point thickness at baseline and change in thickness from base-
line to week 36 had a modest correlation with VA at baseline or change in VA from 
baseline to week 36 (R squared = 0.18). Lastly, in the 0.3 mg pegaptanib arm, only 25% 
of patients required further treatment with photocoagulation, compared to 48% in the 
sham group (P = 0.042) (103).

Table 5
Pegaptanib Phase 2 Trial for Diabetic Macular Edema

• Phase 2 trial, randomizing 172 patients with DME to pegaptanib (0.3, 1 and 3 mg) or sham 
injection

• Pegaptanib treatment shown superior to sham for all prespecified endpoints, including meas-
urements of VA, retinal thickness and need for further additional photocoagulation therapy 
for DME

• Mean changes in VA at week 36 in the 0.3 mg pegaptanib treatment group was + 4.7 letters 
compared to −0.4 letters for sham

• Eight of 13 pegaptanib-treated patients with revascularization in the “study” eye experienced 
its regression during the trial; regression of revascularization was not seen in any of 3 sham 
treated patients or in the 4 “fellow” eyes (Altaweel et al. 2006)

• Pegaptanib was well tolerated, with only one case of endophthalmitis occurring among 652 
injections (0.15%)

• No evidence that pegaptanib treatment was associated with systemic adverse events
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Retinal Neovascularization – Retrospective Analysis
Fundus photographs were graded in a masked fashion for the presence of neovascu-

larization. A retrospective analysis was done to evaluate the effects of pegaptanib on 
retinal neovascularization. Nineteen patients in all were found to have retinal revascu-
larization in the study eye, 16 of whom were available for full analysis. Thirteen patients 
had received pegaptanib while the other 3 received sham injections. Four of the 13 
pegaptanib-treated patients also had neovascularization in the fellow eye. At 36 weeks, 
8 of the 13 patients in the pegaptanib groups (61%) showed regression of neovasculari-
zation, as assessed by fundus photography, while no regression was seen in the 3 
sham-treated patients, or in the 4 fellow eyes. Three of the 8 patients with regressed 
neovascularization experienced a recurrence between weeks 36 and 52, after pegaptanib 
therapy was discontinued (Fig. 2) (104).

Safety
Pegaptanib was well tolerated at all administered doses. Adverse events were 

transient, and associated with the injection procedure, rather than the drug of study. One 
case of endophthalmitis occurred among 652 injections (0.15% per injection); it was 
successfully treated and resolved, without severe loss of vision (103). There was no 
evidence that pegaptanib treatment was associated with systemic thromboembolic 
events or cardiac, gastrointestinal or hemorrhagic complications There is an ongoing 
randomized, double-masked, multicenter, phase 2/3 study assessing the safety and 
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Fig. 1. Stabilization or improvement of visual acuity after pegaptanib. Percentage of subjects with 
maintenance of or improvement in visual acuity based on ETDRS lines gained. Subjects treated with 
0.3 mg pegaptanib were more likely to have improvements in visual acuity compared to higher doses of 
pegaptanib (1 or 3 mg) or sham treatments (from Macugen Diabetic Retinopathy Study Group (103) ).
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efficacy of pegaptanib compared with non-treatment control (sham injection) for the 
treatment of DME with foveal involvement.

Clinical Experience with Bevacizumab in Diabetic Retinopathy
Several published studies have demonstrated a biological effect of intravitreal beva-

cizumab in proliferative diabetic retinopathy and diabetic macular edema. The majority 
of these studies are limited by their retrospective nature and short follow-up period.

Avery and colleagues retrospectively evaluated the use of intravitreal bevacizumab in 
patients with retinal neovascularization due to proliferative diabetic retinopathy (96). 
In 44 eyes treated with intravitreal bevacizumab (6.2 µg–1.25 mg), retinal neovasculari-
zation demonstrated on fluorescein angiography had complete (or at least partial) 
reduction in leakage within 1 week after the injection. Complete resolution of angio-
graphic leakage from neovascularization of the disc was noted in 19 of 26(73%) eyes, 
and leakage of iris neovascularization completely resolved in 9 of 11 (82%) eyes. 
The leakage was noted to diminish as early as 24 h after injection. Recurrence of fluo-
rescein leakage varied and was seen as early as 2 weeks in one case, whereas in other 
cases, no recurrent leakage was noted at the last available follow-up of 11 weeks. No 
ocular or systemic adverse events were noted.

Baseline

Week 36

Week 52

A B C D

Fig. 2. Changes in retinal neovascularization after pegaptanib. First row, Baseline visit shows magni-
fication of retinal neovascularization elsewhere (NVE) (A), the location of the neovascularization 
along the inferotemporal arcade (red-free photograph) (B), areas of capillary nonperfusion in the early-
phase frame (fluorescein angiogram) (C), and leakage from the NVE in the late-phase frame (fluores-
cein angiogram) (D). Second row, At week 36, after 6 periodic pegaptanib injections and 6 weeks since 
the most recent injection, there is seen regression of NVE on red-free photographs (A, B), less apparent 
microaneurysms in the early phase (C), and regression of leakage from NVE in the late phase (D). 
Third row, 52 weeks after study entry and 22 weeks since the last pegaptanib injection, there is seen 
reappearance of NVE on red-free photographs (A, B) and reappearance of leakage from NVE in early- 
and late-phase frames (C) (from Macugen Diabetic Retinopathy Study Group (104) ).
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Retrospective case series of bevacizumab as an adjunct for intraoperative use in 
diabetic tractional retinal detachment repair (105) or in eyes with proliferative retinopathy 
and non-clearing vitreous hemorrhage (97) have been reported. Similarly, intracameral 
injection of bevacizumab for iris rubeosis (106, 107) has been noted to have a beneficial 
short-term effect. Although there was a regression of the rubeotic vessels present as 
early as 1 week after injection, no persistent effect on intraocular pressure in cases of 
neovascular glaucoma is yet proven.

In a prospective, consecutive, non-comparative case series, 51 consecutive patients (26 
females and 25 males; mean age, 64 years) with diffuse diabetic macular oedema were 
treated with intravitreal bevacizumab (108). Inclusion criteria were determined indepen-
dently of the size of oedema, retinal thickness, VA, age, metabolic control, type of diabetes, 
or previous treatments beyond a 6-month period. All patients had undergone previous 
treatments, such as focal laser therapy (35%), full-scatter panretinal laser therapy (37%), 
vitrectomy (12%), and intravitreal triamcinolone (33%). Sixteen patients (70%) received 
at least two intravitreal injections of bevacizumab during the study period. Mean central 
retinal thickness by OCT was 501 µm (range, 252–1,031 µm) at baseline and decreased to 
425+/− 180 µm at 2 weeks (P = 0.002) after bevacizumab, 416+/− 180 µm at 6 weeks 
(P = 0.001), and 377+/− 117 µm at 12 weeks (P = 0.001). VA, as measured by ETDRS 
letters, did not improve significantly through the follow-up period.

A phase II randomized multicenter clinical trial of intravitreal bevacizumab for diabetic 
macular oedema was performed by the Diabetic Retinopathy Clinical Research Network 
(DRCR.net) (110). This study involved 121 eyes from 121 individuals with diabetic macular 
oedema involving the center of the macula based on clinical examination, best-corrected 
Snellen VA equivalent ranging from 20/32 to 20/320, OCT central subfield thickness 
(CST) greater than or equal to 275 µm, and no history of treatment for DME in the prior 
3 months. Of the 121 subjects, 109 met criteria for inclusion in the analyses. Subjects were 
randomized to 1 of 5 treatment groups, with 19–24 subjects per group: (A) focal laser 
photocoagulation at baseline, (B) intravitreal injection of 1.25 mg of bevacizumab at 
baseline and 6 weeks, (C) intravitreal injection of 2.5 mg of bevacizumab at baseline and 
6 weeks, (D) intravitreal injection of 1.25 mg of bevacizumab at baseline and sham injec-
tion at 6 weeks, or (E) intravitreal injection of 1.25 mg of bevacizumab at baseline and 6 
weeks with focal photocoagulation at 3 weeks. Follow-up visits were performed at 3, 6, 
9, 12, 18, 24, 41, and 70 weeks, and a report was published for analysis of central subfield 
thickness (CST) and VA during the first 12 weeks (110).

Both the 1.25- and 2.5 mg bevacizumab-treated eyes had a greater reduction in 
central retinal thickness at 3 weeks, compared to the control group receiving photoco-
agulation. However, the photocoagulation group showed improvement in these param-
eters with longer follow-up, so that there were no meaningful differences in CST 
observed for bevacizumab compared to photocoagulation after the 3-week time point. 
About half of the eyes demonstrated what was deemed to be a response to bevacizumab 
(greater than an 11% decrease in retinal thickness compared to baseline). With regard 
to VA, there was an approximately 1 line greater improvement with both bevacizumab 
doses on average compared to photocoagulation throughout the 12 weeks.

In the 12 week time-frame, there was not a large difference in effect between the 
2 doses of bevacizumab. Interestingly, the reduction in retinal thickness associated with 
bevacizumab at 3 weeks appeared to plateau or decrease in most eyes between the 
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3- and 6-week visits, suggesting that 6 weeks might be too long for an optimal initial 
injection interval. A similar phenomenon was observed after the second injection of 
bevacizumab. Combining photocoagulation with bevacizumab did not result in any 
apparent short-term benefit.

This study also monitored for any possible adverse effects, although the safety evalu-
ation was limited by the small sample size and short follow-up duration. In the subjects 
treated with bevacizumab, there were several cases of systemic cardiovascular or renal 
adverse effects (including two cases of myocardial infarction), all of which occurred in 
subjects with related pre-existing medical conditions. However, the sample sizes were 
too small to attribute cause of any systemic events to the drug. In addition, there was 1 
case of injection-related endophthalmitis in 185 injections, but no important ocular 
complications attributable to the bevacizumab.

This study therefore indicates a short-term response in reduction of retinal thickness 
from bevacizumab injection. Definitive determinations of a clinically meaningful 
benefit of intravitreal bevacizumab for DME will require a large phase III randomized 
clinical trial. This will also be required to provide definitive conclusions regarding 
safety. No significant safety concerns have arisen to date, but most of the published data 
on bevacizumab and diabetic eye disease is limited to retrospective case series and 
anecdotal case reports.

RANIBIZUMAB IN DIABETIC MACULAR EDEMA

Nguyen and colleagues conducted an open-label study (Ranibizumab for Edema of 
the mAcula in Diabetes: A Phase 1 Study – the READ-1 Study) to investigate the effect 
of intravitreal injections of ranibizumab in patients with DME (109). Intraocular injec-
tions of 0.5 mg of ranibizumab were administered at entry to the study and at 1, 2, 4, 
and 6 months after entry. The injection regimen was selected to assess the effect of 3 
monthly injections and then determine the impact of increasing the time interval 
between injections to 2 months for the last 2 injections. The primary outcome measure 
was foveal thickness measured by OCT at 7 months compared to baseline. Secondary 
outcome measures were macular volume measured by OCT and VA measured by the 
protocol of the Early Treatment Diabetic Retinopathy Study (ETDRS) at 7 months 
compared to baseline, and ocular and systemic safety.

Among the 10 subjects (5 men and 5 women) initially enrolled, pertinent baseline 
characteristics included: 8 eyes that had received at least two sessions of focal/grid laser 
photocoagulation not less than 5 months prior to study entry (range 5–120 months), 3 
eyes that had received intraocular steroids not less than 10 months prior to entry (range 
10–20 months), and a mean foveal thickness of 503 ± 115 µm (range 326–729 µm) at 
baseline, indicating the presence of severe, chronic DME that was poorly responsive to 
standard therapies.

Effect on Foveal Thickness and Macular Volume
Compared to baseline, mean foveal thickness was reduced by 246 µm at the primary 

endpoint of the study (7 months after the first ranibizumab injection), representing an elimi-
nation of 85% of the excess foveal thickness that had been present at baseline. In addition, 
mean macular volume was reduced from 9.22 mm3 at baseline to 7.47 mm3 at 7 months, a 
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reduction of 1.75 mm3 which was statistically significant (P = 0.009). This reduction 
constituted 77% of the excess macular volume that was present at baseline. OCT scans 
from two subjects whose DME showed responses to ranibizumab are shown in Fig. 3.

Effect on Visual Acuity
Throughout each study time point, mean and median visual acuities were better than 

those at baseline. At the primary endpoint (7 months after the initial ranibizumab injection), 
mean and median visual acuity improved by 12.3 and 11 letters in the initial 10 subjects, 
which represents an improvement of a little more than 2 lines. Figure 4 provides updated 
visual acuity data on the final 18 subjects who participated in the READ study and shows 
the mean and median visual acuity improved by 10 letters (2 lines) at 7 months.

In this study cohort, there was a strong correlation (R2 value of 0.78) between visual 
acuity and foveal thickness as measured by OCT. However, the rate of change of 
these two outcome measures was different, and rapid changes in foveal thickness were 

Fig. 3. Horizontal cross sectional optical coherence tomography (OCT) scans at all time points for 
patients #8 and #10 to illustrate two patterns of response over time. Ranibizumab injections were admini-
stered at baseline, month 1 (M1), month 2, month 4 (M4), and month 6 (M6). Seven days after the first 
intraocular injection of 0.5 mg of Ranibizumab (D7), patient 8 showed an immediate improvement in 
the appearance of the OCT scan with less intraretinal cystoid spaces and a reduction in excess retinal 
thickening. Patient 8 continued to have a reduction in excess retinal thickness throughout the course of 
the study. By month 7 (M7), which was the primary endpoint of the study, patient 8 had eliminated most 
of the excess retinal thickness. Like patient 8, patient 10 also showed substantial improvement at D7 
compared to baseline with resolution of several large cysts. At M4 and M6, 2 months after the third and 
fourth injections, respectively, the scan showed significant deterioration in patient 10. However, 1 month 
after injection at M4 and M6, there was marked improvement at M5 and M7, respectively.
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associated with more gradual improvements in visual acuity. Figure 5 shows the reduc-
tion in excess retinal thickness through 7 months of follow-up in the final 18 participants. 
Further studies are underway to investigate the correlation between visual acuity and 
retinal thickness as measured by OCT.

Intraocular injections of ranibizumab were tolerated well with no ocular inflamma-
tion or adverse events. There were no systemic adverse events; no thromboembolic 
events, cerebral vascular accidents, nor myocardial infarctions. Capillary nonperfusion 
was measured by image analysis on baseline and month 6 fluorescein angiograms with 
the investigator masked with respect to time point. The mean area of nonperfusion was 
0.19812 disc areas at baseline and 0.19525 at 6 months. Therefore, no significant 
change in capillary nonperfusion was seen throughout the study.

The READ-2 Study, a multi-center phase 2 randomized clinical trial investigating the 
bioactivity and safety of ranibizumab for DME is underway in the United States. The 
three treatment arms in the study include: (1) ranibizumab, (2) ranibizumab with focal 
laser photocoagulation, and (3) focal laser photocoagulation with deferred ranibizumab. 
Preliminary results are expected in 2008.

Fig. 4. Mean and median change in visual acuity from baseline at each study visit after intravitreal 
ranibizumab for diabetic macular edema. Mean change (squares) and median change (diamonds) in 
visual acuity were measured in the number of letters that were read on the Early Treatment Diabetic 
Retinopathy Study (ETDRS) visual acuity chart. The arrows show times of intraocular injection of 
0.5 mg of Ranibizumab. At the primary endpoint (7 months) there was an improvement of 10 letters 
in mean visual acuity and 10 letters in median visual acuity among the 18 participants.
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Another clinical trial investigating ranibizumab for diabetic retinopathy is also under
way, A double-masked, multicenter, phase II study assessing the safety and efficacy of 
ranibizumab (0.3 and 0.5 mg intravitreal injections) compared with non-treatment con-
trol (sham injection) for the treatment of DME is recruiting patients in the United States 
as well as in Europe, New Zealand and Asia.

The primary objective is to explore whether ranibizumab treatment is superior to 
non-treatment in reducing macular edema from baseline to Month 6 in patients diag-
nosed with DME. Results are expected in 2009.

Finally, the Diabetic Retinopathy Clinical Research Network (DRCR.net) is conduct-
ing a randomized, multicenter clinical trial investigating intravitreal ranibizumab or 
triamcinolone acetonide in combination with laser photocoagulation for diabetic macu-
lar edema. This study will involve subjects with DME involving the center of the macula 
(with OCT central subfield thickness greater than 250 µ) responsible for visual acuity 
of 20/32 or worse. The objective is to determine which is a better treatment approach 
for DME: laser alone, laser combined with intravitreal triamcinolone, laser combined 
with intravitreal ranibizumab, or intravitreal ranibizumab alone. Patient recruitment for 
this study began in March 2007. The primary efficacy outcome will be visual acuity at 
12 months adjusted for the baseline acuity, with secondary outcomes being the change 

Fig. 5. The mean excess foveal thickness at each study visit after ranibizumab for diabetic macular edema. 
Each bar represents the mean or median value for excess foveal thickness for all 18 patients at the desig-
nated study visit. The arrows show when intraocular injections of 0.5 mg of ranibizumab were adminis-
tered. Compared to baseline, foveal thickness was reduced by 241 µm at the primary endpoint of the study, 
constituting elimination of over 80% of the excess foveal thickness that had been present at baseline.
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in retinal thickening of central subfield and retinal volume (measured by OCT) as well 
as number of injections in the first year. Safety outcomes will include injection-related 
events, ocular drug-related events, and systemic drug-related events.

SUMMARY

Treatment of DME is complex and involves both systemic and ocular therapies. 
Although focal laser photocoagulation is considered the gold standard for the treatment 
of macular edema, novel therapies directed at decreasing vascular permeability at the 
molecular level with anti-VEGF agents have shown beneficial effects in early clinical 
trials. Results from phase 2 clinical studies should provide further information on the 
efficacy and safety of VEGF inhibitors in diabetic retinopathy. Inhibitors of VEGF are 
likely to play a therapeutic role for the treatment of both DME and proliferative diabetic 
retinopathy.
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Abstract

Protein kinase C (PKC) activation plays a key role in the development of microvascular 
complications in diabetes, including diabetic retinopathy. Vision loss in patients with diabetes 
stems from the development of ocular complications that include diabetic macular edema 
(DME), and proliferative diabetic retinopathy (PDR). Even with timely intervention, a large 
number of patients lose vision from diabetic eye disease each year, necessitating an ongoing 
effort toward exploring new and more effective approaches for the prevention and treatment of 
diabetic retinopathy (DR). Clinical trials of PKC inhibition for diabetic retinopathy have focused 
largely on the oral PKC-β inhibitor, ruboxistaurin (RBX). Preclinical studies of RBX in animal 
models demonstrated amelioration of diabetes-induced abnormalities in retinal circulation, vascular 
permeability, and leukocyte adhesion. Subsequent clinical studies, consisting of multiple 
multicenter, double-masked, randomized, placebo-controlled trials have consistently demonstrated 
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that RBX reduces long-term visual loss, increases visual gain, slows progression of diabetic 
macular edema, and reduces the need for initial macular laser photocoagulation in patients with 
advanced nonproliferative DR (NPDR). However, RBX does not halt the progression of diabetic 
retinopathy. RBX has been well-tolerated with a favorable safety profile. Additional studies with 
this drug are currently ongoing to provide additional supporting data on its beneficial effects in 
diabetic macular edema and vision loss.

Key Words: Diabetes; Diabetic retinopathy; Macular edema; Protein kinase c; LY333531; 
Ruboxistaurin; Clinical trials.

INTRODUCTION

Despite the proven efficacy of treatments such as laser photocoagulation in reducing 
visual loss and improving anatomic outcomes, diabetic retinopathy remains the leading 
cause of blindness in the working-age population (1). Vision loss primarily stems from 
the development of diabetic ocular complications including diabetic macular edema 
(DME) and proliferative diabetic retinopathy (PDR). Given appropriate treatment, a 
significant proportion of visual loss associated with diabetes can be prevented. However, 
even with timely intervention, a large number of patients lose vision from diabetic eye 
disease each year, necessitating ongoing efforts to explore new and more effective 
approaches for prevention and treatment of diabetic retinopathy (DR). Preclinical studies 
have demonstrated that protein kinase C (PKC) activation likely plays a key role in the 
development of diabetic microvascular complications. Human clinical trials have 
subsequently shown some degree of benefit of the oral PKC-beta inhibitor, ruboxistaurin 
in preventing vision loss, reducing progression of DME, and decreasing the need for 
macular focal/grid laser photocoagulation in patients with diabetes.

PROTEIN KINASE C-β
Multiple studies have demonstrated the association between poor glycemic control 

and development of severe diabetic ocular complications. The Diabetes Control and 
Complications Trial (DCCT) (2, 3) and the United Kingdom Prospective Diabetes Study 
(UKPDS) (4) in particular highlighted the importance of strict glycemic control in pre-
venting the development of DR in both Type 1 and Type 2 diabetic patients over time.

The hyperglycemia associated with diabetes causes an increase in advanced glyca-
tion end-products (AGE), as well as reactive oxygen species (5). Increases in these 
molecules in turn lead to formation of diacylglycerol (DAG), a physiologic activator 
of protein kinase c (PKC) (6). In addition, hyperglycemia leads to de novo synthesis of 
DAG (7, 8, 9). Increases in DAG result in activation of the PKC serine/threonine kinase 
family of enzymes, which alter the activity of key signaling proteins throughout the 
body by phosphorylation.

There are at least 12 isoforms of PKC that play roles in the signaling pathways of 
multiple growth factors, hormones, neurotransmitters, and cytokines (10, 11). Various 
isoforms are localized and activated differentially in various tissues within the body. 
Studies have shown that among the different isoforms, PKC-beta is the predominant one 
activated in diabetic vascular tissues (12–15). Chapter 8 includes a thorough discussion 
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of the molecular mechanisms involved in PKC’s actions on retinal blood flow, 
extracellular matrix, basement membrane, vascular permeability, and angiogenesis. 
Some of these mechanisms involve both upstream and downstream effects on vascular 
endothelial growth factor (VEGF) (16, 17), a molecule with a primary role in diabetes-
induced retinal neovascularization and vascular permeability.

PKC INHIBITION WITH RUBOXISTAURIN

Early nonselective inhibitors of PKC, such as H-7, GF109203X, chelerythrine, and 
staurosporine (18), were demonstrated to have wide-ranging toxicity that prevented 
their use in clinical trials. An orally administered kinase inhibitor PKC412 with nonse-
lective PKC inhibition activity was evaluated in subjects with DME (19). A randomized, 
multicenter, double-masked, parallel-group study evaluated 141 subjects with DME 
receiving placebo or one of three doses of PKC412 for up to three months. Fundus 
photographs (p = 0.032) and OCT (p = 0.039) demonstrated reduction in retinal thick-
ness after PKC412 treatment, as compared with placebo. There was also a small 
improvement in visual acuity at three months in the high-dose group. Further clinical 
development of this compound was not pursued due to gastrointestinal side effects 
(diarrhea, nausea, vomiting), altered glycemic control, and liver toxicity.

However, the identification of beta isoform of PKC as a key molecular target in 
diabetes-induced microvascular alterations led to a subsequent detailed investigation of 
LY333531, also called ruboxistaurin (RBX). RBX is a highly selective inhibitor of the 
beta isoform of PKC, with at least a fiftyfold higher affinity for PKC-beta than for other 
PKC isoforms (α, γ, δ, ε, η, and ζ) (20). The drug is readily orally bioavailable, and was 
shown in animal studies to ameliorate abnormalities in retinal circulation in diabetic rats 
(21, 22). In other preclinical rat studies, RBX reduced intraocular neovascularization in 
an ischemic model of retinopathy, reduced VEGF-associated retinal vascular permeability, 
and decreased leukocyte adhesion within the retinal vasculature (23, 24).

EARLY CLINICAL TRIALS WITH RBX

Phase 1 studies tested both single and multiple dosing regimens of RBX in multiple 
patient populations, including healthy volunteers, the elderly, and those with diabetes 
(25, 26). Initial pharmacokinetic data were obtained, and the drug was demonstrated to 
have a favorable safety profile in doses up to 32 mg per day or more for 30 days.

A double-masked, placebo-controlled, parallel, randomized, Phase 2 study examined 
the effect of treatment with RBX on retinal blood flow and retinal circulation time in 
diabetic subjects (27). Retinal hemodynamic parameters were assessed using fluores-
cein dye dilution technique and scanning laser ophthalmoscopy. This study enrolled 29 
patients with Type 1 or Type 2 diabetes, duration of diabetes < 10 years, and no to minimal 
DR. Subjects were treated with either RBX or placebo for 28 days. Treatment with 
16 mg RBX twice daily ameliorated diabetes-induced prolongation of retinal mean 
circulation time. Placebo treated subjects had an exacerbation of the mean retinal circu-
lation time abnormality during this period with a change of + 0.16 ± 0.80 s. In contrast, 
RBX-treated patients experienced normalization of mean retinal circulation time by 
−0.68 ± 0.73 s (p = 0.046) (Fig. 1). A similar, although not statistically significant, 
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beneficial effect of RBX treatment was observed regarding retinal blood flow. This 
study provided the first direct evidence that the oral drug, RBX was bioavailable to retinal 
blood vessels in the human and could also favorably impact diabetes-induced retinal vascular 
hemodynamic abnormalities.

RBX EFFECTS ON VISUAL OUTCOMES AND DIABETIC 
MACULAR EDEMA

Till date, results from three multicenter, double-masked, randomized, placebo-controlled 
trials have been published regarding the effects of RBX on visual outcomes and macular 
edema in patients with diabetes. The first two of these studies, the Protein Kinase C β 
Inhibitor Diabetic Retinopathy Study (PKC-DRS) and the Protein Kinase C β Inhibitor 
Diabetic Macular Edema Study (PKC-DMES) were initiated in 1998, and completed in 
2002 (28). Overall, individual studies as well as meta-analysis performed of combined 
data from these three trials support a modest beneficial effect of RBX on diabetes-
associated vision loss, reduced need for macular laser photocoagulation, and increased 
rates of visual gain. It appears that these benefits are likely mediated primarily through 
RBX’s effects on DME, although there is some evidence for a direct effect as well. 
In contrast, none of the trials show any reduction in the rate of retinopathy severity 
progression.

The PKC-DRS trial evaluated the safety and efficacy of three different doses (8 mg 
per day, 16 mg per day, and 32 mg per day) of RBX in 252 subjects with moderately 
severe to very severe NPDR (29). The primary end-point for the study was progression 
of DR over three years, but additional efficacy measures included moderate visual loss 
(MVL), defined as a doubling of the visual angle (equivalent to the loss of three or more 

Fig. 1. Pharmacodynamic effect of RBX on mean RCT (left) and retinal blood flow (right). Changes from 
baseline of measurements of mean retinal circulation time (A) and retinal blood flow (B) for each eye are 
indicated for each RBX dose. The mean value for each group is noted (+). AU arbitrary units. (From Fig. 1 
in (27). Reproduced with permission of Investigative Ophthalmology and Visual Science).
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lines on the ETDRS chart), and sustained MVL (SMVL), defined as MVL compared to 
baseline that was present at two consecutive visits at least six months apart. A beneficial 
effect of RBX was found with regard to the secondary study outcomes of MVL and 
SMVL. When compared with placebo, treatment with 32 mg per day of RBX resulted 
in a significantly lower rate of occurrence of MVL (p = 0.038) and a nonstatistically 
significant trend toward a reduced rate of SMVL. Subgroup analysis revealed that 
SMVL was reduced in RBX-treated (32 mg per day) vs. control subjects who had DME 
at baseline (p = 0.017) or more severe retinopathy (ETDRS level 53, p = 0.024). 
Multivariable Cox proportional hazard analysis confirmed that RBX (32 mg per day) 
treatment was independently associated with a reduction in risk of MVL as compared 
with placebo (hazard ratio 0.37 [95% CI 0.17−0.80], p = 0.012) (Fig. 2).

The PKC-DMES Trial evaluated the hypothesis that RBX treatment would delay 
the progression of DME and/or the use of macular focal/grid laser photocoagulation 
in patients with DME greater than 1/6 of a disc area at baseline located within 2 disc 
diameters, but farther than 300 µm from the center of the macula (30). Additional 
eligibility criteria included the presence of mild to moderately severe NPDR, visual 
acuity of 20/32 or better, and no history of prior laser photocoagulation treatment. 
The composite primary endpoint was defined as either: (1) progression to sight-
threatening DME (development of macular thickening or adjacent hard exudates 
within 100 µm of the fovea, or development of retinal thickening within 300 µm of the 
fovea if the distance of baseline DME from the fovea was 1,300 µm or farther) or (2) 
application of focal/grid laser photocoagulation for treatment of DME in the study eye. 

Nitrates (Y)

Gender (Male)

Baseline VA (<80)

Antibiotic use (Y)

DME (Severe)

Age (>55)

0.125 0.25 0.5

Hazard Ratio

1 2 4 8

0.007

0.025

0.049

0.012

0.021

0.018

0.018

Tobacco use (Y)

Treatment (32 mg RBX)

High LDL cholesterol
or triglycerides

ACEI /ARB use (Y)

Fig. 2. Cox proportional hazard model for MVL. Severe DME is defined as retinal thickening (or adjacent 
hard exudates) located at or within 100 µm of the center of the macula. Horizontal bars indicate 95% CIs, 
and P values are indicated to the right. (From Fig. 6 in (29). Reproduced with permission from The American 
Diabetes Association).
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Six hundred and eighty-six patients were randomized to placebo or RBX treatment (4, 16, 
or 32 mg per day) over 30 months. Both univariate analyses and multivariable Cox 
proportional hazards analysis revealed that there was no significant difference between 
treatment and placebo groups in terms of time to occurrence of the composite primary 
endpoint, or in the total percentage of patients who attained this endpoint. However, 
secondary analysis demonstrated that the risk of progression to sight-threatening 
DME was significantly reduced in the 32 mg per day RBX-treated group as compared 
with placebo when adjusted for covariates including body mass index, baseline visual 
acuity, mean arterial blood pressure, presence of clinically significant macular edema 
(CSME), type of DM, and hemoglobin A1c worse than 10% (hazard ratio 0.66 [95% 
CI 0.47−0.93], p = 0.02).

Based upon the PKC-DRS results showing a beneficial effect of RBX on visual acuity 
but no effect on retinopathy progression, the primary objective of a subsequent third 
study, the Protein Kinase C Diabetic Retinopathy Study 2 (PKC-DRS2), was amended 
prior to any data analysis or investigator/subject unmasking. Although the PKC-DRS2 
was originally designed to examine the effect of RBX treatment on progression of DR 
to PDR, the primary study endpoint was changed after consultation with the US Food 
and Drug Administration to assess differences in SMVL between diabetic patients on 
32 mg per day of RBX vs. those on placebo (31). This study enrolled 685 subjects who 
had at least 1 study eye with moderately severe to severe NPDR, no history of previous 
scatter photocoagulation, and best corrected visual acuity measuring at least 45 letters 
on the ETDRS chart (Snellen equivalent of 20/125 or better). Prior treatment for DME 
in the study eye was allowed by the eligibility criteria, as was the presence of any current 
level of DME. The PKC-DRS2 demonstrated a 40% risk reduction in SMVL in the 
RBX group compared with the placebo group. SMVL occurred in 5.5% of RBX-treated 
subjects and 9.1% of placebo-treated subjects (p = 0.034). Eye-level analysis revealed 
a similar risk reduction (45%, p = 0.011) when comparing the RBX and placebo 
groups. Furthermore, treatment with RBX vs. placebo was associated with improvement 
in several secondary outcomes, including a higher proportion of subjects whose visual 
acuity improved by three or more lines on the ETDRS chart from baseline to endpoint 
(4.9% vs. 2.4%, p = 0.027), a lower proportion of patients whose visual acuity was 
reduced by three or more lines from baseline to endpoint (6.7% vs. 9.9%, p = 0.044) 
(Fig. 3), a reduction in the number of patients where DME progressed from center-
threatening (CSME > 100 µm from the fovea) to center-involved (50% vs. 68%, P = 
0.003), and a reduction in the use of focal/grid laser photocoagulation in patients 
without prior history of laser at baseline (28.0% vs. 37.9%, p = 0.008) (31).

Subsequent meta-analysis of data from all three trials demonstrated a consistently 
modest beneficial effect of RBX on SMVL (32). Data combined from the PKC-DRS 
and PKC-DRS2 trials evaluating a total of 813 patients and 1,392 eyes showed that 
SMVL occurred significantly more often in placebo-treated subjects, compared with RBX-
treated patients (10.2% vs. 6.1%, respectively, p = 0.011). Compared with placebo-treated 
patients, RBX-treated patients were more likely to gain ≥ 15 letters (2.4% vs. 4.7%) and 
less likely to lose ≥ 15 letters (11.4% vs. 7.4%, respectively) in visual acuity on the 
ETDRS chart (p = 0.012). DME was the primary cause of SMVL in 60–100% of study 
eyes. Among eyes without prior history of focal/grid photocoagulation at baseline, 
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fewer RBX-treated eyes (26.7%) required subsequent macular laser than did placebo-
treated eyes (35.6%; p = 0.008). Meta-analysis of the three RBX trials in DR that 
included the PKC-DMES, PKC-DRS and PKC-DRS2 also found a beneficial effect of 
RBX on SMVL.

RBX AND PROGRESSION OF DIABETIC RETINOPATHY

Both the PKC-DRS and PKC-DRS2 demonstrated no significant effect of RBX on 
progression of DR. The primary endpoint of the PKC-DRS was a composite of progres-
sion of DR by three or more steps in the ETDRS retinopathy person severity scale for 
patients with two study eyes, progression of DR by two or more steps in the ETDRS 
retinopathy person severity scale for patients with only one study eye, or treatment with 
scatter laser photocoagulation for DR in a study eye (29). In this study, there was no 
significant difference between treatment groups in terms of time to DR progression as 
defined by the composite primary endpoint or in terms of cumulative percentage of 
patients who reached the primary endpoint (Fig. 4). There was also no significant dif-
ference between treatment groups when the components of the composite endpoint 
were analyzed individually, that is, separate analyses were performed for the progres-
sion of DR and application of laser photocoagulation. The PKC-DRS2 similarly showed 
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that RBX treatment had no demonstrable effect on DR progression to PDR or the 
application of scatter photocoagulation (31).

ONGOING TRIALS WITH RBX

There are currently three ongoing clinical trials assessing RBX as a treatment for 
diabetic ocular complications (33). One of these studies, entitled “The Effect of Ruboxistaurin 
on Clinically Significant Macular Edema”, is actively enrolling patients. This trial tests 
the hypothesis that treatment with RBX will reduce the baseline-to-endpoint change in 
retinal thickness as measured by OCT in patients with noncenter-involving CSME over 
the course of 18 months (34). Two other studies have finished patient recruitment and 
are in follow-up phase. Patients in the “Reduction in the Occurrence of Center-Threatening 
Diabetic Macular Edema Study” receive either placebo or 32 mg per day RBX for three 
years. The primary endpoint for this study is the development of center-threatening 
DME (i.e., DME that extends to within 100 µm of the macular center) (35). The third 
ongoing trial is an extension of the previous PKC-DRS2 study, in which patients who 
completed participation and who might benefit from further treatment with RBX are 
receiving open-label RBX (32 mg per day) for up to two additional years (36). The 
primary study objective is to evaluate the effect of RBX on the occurrence of SMVL. 
Secondary objectives are to evaluate the long-term effect of RBX treatment on SMVL 
using Visit 1 of the PKC-DRS2 as baseline, and to examine effect of withdrawing RBX 
on vision loss during the time period that elapsed between the end of the PKC-DRS2 
and the beginning of this study (approximately 18 months).

Fig. 4. Effect of RBX on time to progression of DR or to application of PRP. (From Fig. 2 in (29). 
Reproduced with permission from The American Diabetes Association).
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RBX AND OTHER, NONOCULAR COMPLICATIONS OF DIABETES

The role of RBX in preventing and/or treating diabetic microvascular complications 
other than DR has also been investigated. Several studies have evaluated the effect of 
PKC-β inhibition on nephropathy and neuropathy, but definitive conclusions regarding 
the role of PKC-β in these conditions are still pending.

Preclinical nephropathy studies in animal models of Type 1 and Type 2 diabetes have 
demonstrated efficacy of RBX in decreasing urinary albumin, normalizing the glomerular 
filtration rate (GFR), and preventing tubulointerstitial pathology, glomerulosclerosis, trans-
forming growth factor-β overexpression, mesangial expansion, and osteopontin expression 
(22, 37, 38, 39). Human clinical trials have also shown trends consistent with amelioration 
of diabetic nephropathy by PKC-β inhibition. A randomized, double-masked, placebo-
controlled clinical trial enrolled 123 subjects with Type 2 diabetes and baseline albuminuria 
(40). After one year of treatment of 32 mg per day RBX, urinary albumin/creatinine ratio 
(ACR) was reduced in the RBX-treated group compared with the placebo group (fall in 
ACR of 24 vs. 9%, respectively). The estimated GFR did not decline as significantly in the 
RBX group compared with the placebo group (−2.5 ± 1.9 mL min−1 per 1.73 m2 vs. −4.8 ± 
1.8 mL min−1 per 1.73 m2). However, this pilot trial was not powered sufficiently to demon-
strate a significant difference between the two treatment arms.

Another Phase 2 trial examined the effect of RBX on symptomatic diabetic peripheral 
neuropathy (41). This was a double-masked, placebo-controlled trial that randomized 
250 patients to 32 mg per day RBX, 64 mg per day RBX, or placebo for one year. No 
relationship was seen between RBX treatment and the primary endpoint of vibration 
detection threshold. However, in the 83 patients who had clinically significant neuro-
pathic symptoms at baseline, a statistically significant reduction was found in the 
Neuropathy Total Symptom Score-6 (NTSS-6) in the 64 mg per day group as compared 
to the placebo group (p = 0.025). RBX treatment appeared to be of benefit for the subgroup 
of patients with less severe symptomatic diabetic peripheral neuropathy by relieving 
sensory symptoms and improving nerve fiber function (p = 0.006). In a recent study of 
20 placebo and 20 RBX (32 mg d−1) treated patients with diabetic peripheral neuropathy, 
there was RBX benefit in NTSS-6 (p = 0.03) (42). To date, larger phase three trials have 
not been performed to replicate these findings.

SAFETY PROFILE OF RBX

Recently, safety data were reported from the combined outcome of 11 placebo-controlled, 
double-masked clinical trials with RBX (43). Overall, RBX appears well-tolerated with a 
favorable safety profile. Data evaluated 1,396 subjects treated with 32 mg per day RBX as 
compared to data from 1,408 subjects given placebo. The cumulative proportions of 
patients who experienced one or more serious adverse events were 20.8% in RBX and 
23.2% in the placebo group. No mortality event within the overall cohort was directly 
attributed to RBX. There were 21 deaths in the RBX-treated group and 30 in the placebo 
group. Common adverse drug reactions were dyspepsia (2.7% placebo, 4.3% RBX) and 
increased blood creatine phosphokinase (0.3% placebo, 1.0% RBX), although these levels 
did not exceed the normal range. The drug-discontinuation rate due to adverse events was 
equivalent between the treatment groups (4% placebo, 3% RBX).
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CLINICAL STATUS OF RBX

RBX continues to be investigated in Phase 3 clinical trials. It is not currently commer-
cially available for clinical use. In August, 2006, the US FDA issued an approvable letter 
regarding RBX, but required submission of further Phase 3 clinical data before proceeding 
with approval (44). An application by Eli Lilly and Company to the European Agency for 
the Evaluation of Medicinal Products (EMEA) for marketing authorization for RBX was 
withdrawn in March, 2007 (45). This withdrawal did not affect the status of ongoing clinical 
trials for the use of RBX in diabetic complications.

CONCLUSIONS

Clinical trials of PKC inhibition for DR have focused primarily on the oral PKC-β 
inhibitor, ruboxistaurin. Multiple multicenter, double-masked, randomized, placebo-
controlled trials have demonstrated a tendency toward a modest benefit in preventing 
long-term visual loss, increasing rates of visual gain, reducing progression of DME, and 
less need for initial macular laser photocoagulation in patients with advanced NPDR. 
However, RBX clearly does not appear to halt the progression of DR. RBX is well-tolerated 
with a favorable safety profile. Additional phase clinical 3 trials will be required for regu-
latory approval of the drug in the United States. Phase 3 clinical studies of RBX are 
currently ongoing to help clarify its role in the treatment of DME and the prevention of 
vision loss in patients with diabetes.
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19 The Role of Intravitreal Steroids in the 
Management of Diabetic Retinopathy

Mark C Gillies

ABSTRACT

The use of steroids for the treatment of diabetic macular edema has been a major recent 
breakthrough in the management of retinal diseases. First studied in animal models in the 
1980s, intravitreal triamcinolone acetonide (IVTA) was first used in human eyes at the Save 
Sight Institute in Sydney for exudative macular degeneration. When early observations sug-
gested that its effect on macular disease was more marked against exudation than neovascu-
larization, it was used for diabetic macular edema with remarkable effects, which could be 
appreciated particularly using optical coherence tomography. A placebo-controlled rand-
omized clinical trial reported a beneficial effect of IVTA treatment on best-corrected visual 
acuity and central macular thickness after 3 months that persisted out to 2 years. Glaucoma 
medication was required in 15/34 (44%) of IVTA-treated eyes, and removal of steroid-
induced posterior subcapsular cataract was required in 55%, mostly in the second year of 
the study. There was one case of infectious endophthalmitis which responded well to prompt 
treatment. IVTA can be considered, for example, in eyes with macular edema secondary to 
focal parafoveal or severe diffuse leak, prior to cataract surgery, or in eyes with macular 
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edema and high-risk proliferative diabetic retinopathy for which immediate pan-retinal pho-
tocoagulation is required. Further research is warranted to determine the safest and most 
efficacious dose of IVTA, and into how ocular steroid therapy can be combined with both 
retinal laser treatment and the new anti-vascular endothelial growth factor treatments for the 
safest and most efficacious outcomes for patients.

Key Words: Adverse events; Diabetic macular edema; Intravitreal therapy; Triamci-
nolone acetonide.

Diabetic macular edema (DME) is the main cause of vision impairment in people 
with diabetes (1). In the Wisconsin Epidemiologic Study of Diabetic Retinopathy, 
macular edema developed in 20% of people with type I diabetes over a 10-year period 
(2). Laser treatment has been proven effective in reducing the risk of visual loss from 
DME and is widely employed, but it is also inherently destructive. Progressive loss of 
vision occurred in up to 26% of patients with DME despite laser treatment in the Early 
Treatment of Diabetic Retinopathy Study (3). Thus an intervention that could reduce 
DME in patients who were failing laser treatment would prevent many cases of blind-
ness in people with diabetes.

There has been increased recognition lately that features of chronic inflammation, 
such as adhesion of leukocytes to the retinal vasculature and migration into the retina, 
may play a role in the pathogenesis of diabetic retinopathy (4). Glucocorticoids have 
also been widely used for the treatment of edema in the brain and the lung. Since the 
blood–brain barrier is similar to the blood–retinal barrier, the long-standing use of 
corticosteroids in the treatment of brain edema, which is possibly mediated through 
suppression of vascular endothelial growth factor secretion (5), suggests they should be 
evaluated for the treatment of macular edema. In asthma, which is also characterized by 
increased vascular leak, steroids have been found to reduce vascular leak (6) and to 
suppress the release of endothelial cell activators. However, long-term systemic admin-
istration of steroids in people with diabetes would cause problems with glycemic 
control and elevate the risk of other adverse events to unacceptable levels. Intraocular 
administration of steroids has the potential to give extended doses of a drug at high local 
concentrations with minimal risks of systemic complications. Local delivery of 
high-dose long-acting steroids by periocular and orbital injections has been standard 
treatment for various inflammatory conditions of the eye for many years (7,8).

Intravitreal therapy with triamcinolone acetonide was first proposed as a treatment 
for ocular angiogenesis in a series of animal studies mainly performed by Machemer’s 
group at Duke University in the 1980s (9). Triamcinolone acetonide was chosen because 
its unique crystalline nature resulted in slow release of the drug over several months, 
and its vehicle appeared safe when injected into animal eyes (10,11).

The first report of its use in humans was by Penfold et al. from the Save Sight 
Institute in Sydney, in which intravitreal triamcinolone acetonide (IVTA) was used to 
treat a group of patients with exudative age-related macular degeneration (AMD) (12). 
IVTA was a popular treatment for subfoveal neovascularization for a while, particularly 
since there were no other treatments at that time that might stabilize or improve vision 
in such eyes, but its use waned with the advent of photodynamic therapy with verteporfin, 
the safety and efficacy of which had been proven by a phase III randomized clinical 
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trial; at the same time, a randomized clinical trial of intravitreal triamcinolone detected 
no benefit for AMD with classic choroidal neovascularization (13). These studies did, 
however, establish that IVTA had a manageable, albeit significant, adverse event profile, 
thus providing a foundation for clinical trials of IVTA for other macular diseases.

Subsequent animal studies suggested that IVTA might be efficacious for macular 
edema. Detecting the leak of a gadolinium-based marker into the vitreous, Wilson et al. 
found that intravitreal, but not sub-Tenon’s, triamcinolone significantly attenuated 
blood–retinal barrier breakdown caused by argon-laser panretinal photocoagulation in 
the rabbit eye (14). Edelman et al. found that a single intravitreal 2 mg dose of IVTA 
completely blocked VEGF-induced retinal and iris leakage for 45 days after VEGF165 
was injected intravitreally in Dutch Belt rabbits, while indomethacin had no effect (15).

CLINICAL EFFICACY

The first report of the clinical use of IVTA for DME came from Jonas et al. in 2001 
(16). This was quickly confirmed by a number of short case series which were extremely 
useful at the time. Martidis et al. presented a series of 16 eyes with DME treated with 
4 mg IVTA with 1 month follow-up for 14 eyes and 6 months for 8. Snellen visual 
acuity improved in association with reduction of central macular thickness (17). 
Similarly, Jonas et al. reported improvement in Snellen visual acuity and fluorescein 
leakage in 26 eyes of 20 patients treated with 25 mg of triamcinolone in 0.2 ml with a 
mean follow-up of 6 months (16).

The subsequent explosion of short-term, uncontrolled studies of IVTA for practically 
every conceivable acquired macular condition has, however, added little more informa-
tion, particularly for DME. Once efficacy has been suggested in phase I/II studies, inter-
ventions need to be tested in randomized clinical trials. As experience with AMD 
demonstrated, the apparent initial efficacy of interventions for macular disease frequently 
does not stand up to the scrutiny of a formal, double-masked clinical trial in which 
primary end points are prospectively identified and measured by trained observers.

The Triamcinolone for Diabetic Macular Edema study (TDMO), also conducted at 
the Save Sight Institute, was the first randomized clinical trial that was adequately 
powered to test the hypothesis that an intravitreal injection of triamcinolone acetonide 
would be beneficial for DME that had failed laser treatment. It was also the first study 
published to follow patients for long enough (2 years) to provide a realistic estimation 
of the risks of treatment.

The TDMO study was a prospective, double-masked, placebo-controlled randomized 
clinical trial that enrolled 69 eyes of 43 patients, with 34 eyes receiving active treat-
ment and 35 placebo. The procedure was designed to be performed in the office under 
sterile conditions with topical and subconjunctival anesthesia. Triamcinolone aceto-
nide (0.1 ml of 40 mg ml−1) was injected through the pars plana using a 27G needle. 
Patients with persistent DME involving the central fovea persisting for 3 months or 
more after adequate laser treatment and best-corrected visual acuity in the affected 
eye(s) of 6/9 or worse were included. Eyes randomized to placebo received a subcon-
junctival injection of saline. The main outcome measures were improvement of 
best-corrected Log MAR visual acuity by five or more letters and incidence of moderate 
or severe adverse events. Retreatment was considered at each visit as long as treatments 
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were at least 6 months apart. Eyes with a reduction of visual acuity of at least five 
letters from previous peak value and persistent central macular thickness greater than 
250 µm received retreatment with study medication. If visual acuity had not improved 
significantly when measured 4 weeks later and macular thickening persisted, then fluo-
rescein angiography was performed and further laser treatment was applied if the 
investigator thought it would be beneficial.

The data were analyzed at 3 months to ensure that a single treatment was in fact effica-
cious in the short term (18). Vision improved by five or more letters in 18/33 (55%) eyes 
treated with IVTA that completed this visit compared with 5/32 (16%) eyes treated with 
placebo (P = 0.002) (Table 1). Central macular thickness decreased by a mean of 152 µm 
in the treated eyes compared with 36 µm in placebo-treated eyes. One IVTA-treated eye 
developed infectious endophthalmitis, which was promptly treated with persistent 
improvement of visual acuity compared with baseline throughout the study.

After 2 years, the beneficial effect of IVTA continued to hold up (19). Vision had 
improved by five or more letters in 19/34 (56%) IVTA-treated eyes compared with 9/35 
(26%) eyes treated with placebo (P = 0.006). Only 6/34 (18%) treated eyes lost five or 
more letters compared with 13/35 (37%) untreated eyes. The mean improvement in 
visual acuity was 5.7 (95% CI: 1.4–9.9) letters more in the IVTA-treated eyes than in 
those treated with placebo (Table 2). The mean number of injections received in the 
IVTA-treated group was 2.6 with a maximum of 5 possible (Table 3). Although some 
of the placebo-treated eyes had done well, emphasizing the importance of randomized 

Table 1
Effect of Triamcinolone on Change in Eye Outcomes 3 Months from Baselinea

Characteristic

Triamcinolone Placebo

(N = 33) (N = 32) P–value*

Visual acuity – no. (%) 0.001
Gain of 10 or more letters 8 (24) 3 (9)
Gain of 5–9 letters 10 (30) 2 (6)
No change (gain or loss < 5 letters) 14 (42) 20 (34)
Loss of 5–9 letters 0 4 (13)
Loss of 10 or more letters 1 (3) 3 (9)
Contact lens grading macula edema: no. (%) < 0.0001

1 (3) 0
Reduction by 3 grades 11 (33) 0
Reduction by 2 grades 13 (39) 5 (16)
Reduction by 1 grade 8 (24) 21 (66)
No change 0 6 (19)
Increase of 1 grade
Gain in visual acuity – letters 5.0 ± 1.2 −0.1 ± 1.5 0.008
Reduction in central retinal thickness – µm 152 ± 27 36 ± 17 < 0.0001

(N = 21) (N = 20)

(Reprinted from (18) with permission)
a Plus-minus values are means ± SE
* P-value using generalized estimating equations (GEE) to allow for correlations between paired eyes
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clinical trials for treatments for DME, IVTA treatment had roughly doubled the chance 
of improving vision and halved the risk of visual loss. The mean improvement in visual 
acuity was not especially large. However, many eyes in the study had 20/30 vision on 
entry. If only eyes with 20/40 visual acuity had been accepted, then improvements 
would likely have been greater. The study continues, with 5-year visits to be completed 
by March 2008.

It has been reported that repeated intravitreal injections may not be as effective as the 
initial treatment (20). However, we have yet to find any evidence of this. In the TDMO 
study, the mean number of injections was 2.4 over 2 years with a total potential of 5. 
We found that there was no difference in the reduction in central macular thickness and 

Table 3
Distribution of Number of Treatments Given by Treatment 

Group for Patients Completing 2-year Follow-up

Number of treatments

Triamcinolone Placebo

(N = 31) (N = 29)

1 6 (19%) 11 (38%)
2 9 (29%) 13 (45%)
3 10 (32%) 4 (14%)
4 4 (13%) 1 (3%)
5 2 (6%) 0
Mean 2.6 1.8
Median 3 2

Mantel–Haenszel trend test c
1

2 = 7.57, P = 0.006 (reprinted from (19) 
with permission)

Table 2
Effect of Triamcinolone on Change in Eye Outcomes 24 Months from Baseline

Characteristic

Triamcinolone Placebo

(N = 34) (N = 35) P-Value

Visual acuity – n (%) 0.013*
Gain of 15 or more letters 4 (12%) 1 (3%)
Gain of 10–14 letters 3 (9%) 3 (9%)
Gain of 5–9 letters 12 (35%) 5 (14%)
No change (gain or loss < 5 letters) 9 (26%) 13 (37%)
Loss of 5–9 letters 3 (9%) 4 (11%)
Loss of 10–14 letters 2 (6%) 5 (14%)
Loss of 15 or more letters 1 (3%) 4 (11%)
Gain in visual acuity – letters 3.1 −2.9 0.01**
Reduction in central retinal thickness – µma 125 71 0.009**

(Reprinted from (19) with permission)
aN = 21 for each group
*P-value from exact Mantel–Haenszel trend test
**P-value using generalized estimating equations (GEE) to allow for correlations between 
paired eyes
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improvement in visual acuity in eyes receiving 4–5 injections compared with the first 
injection (21). It is possible that the effect of steroids may wane over 3–5 years; this will 
be evident from the 5-year TDMO study data to be released in 2008.

SAFETY

IVTA treatment confers a high risk of cataract and elevated intraocular pressure (IOP), 
which increases as more injections are given. After one injection in eyes with exudative 
AMD, we found significant development or progression of posterior subcapsular cataract 
in 8/33 (25%) phakic IVTA-treated eyes compared with 0/22 placebo-treated eyes (22). 
Elevated IOP ≥ 5 mmHg was found in 32/75 (43%) IVTA-treated eyes compared with 
3/76 (4%) placebo-treated eyes, with glaucoma medication required in 21 (28%) treated 
vs. 1 (1%) untreated. No eyes required trabeculectomy. In the TDMO study, in which a 
mean of 2.6 IVTA injections were received by the treatment group, cataract surgery was 
required (exclusively for progressive posterior subcapsular opacification) in 15/28 
(54%) treated vs. 0/21 (0%) untreated eyes that were phakic at baseline. An increase of 
intraocular pressure of ≥ 5 mmHg was observed in 23/34 (68%) treated compared with 
3/30 (10%) untreated eyes, with glaucoma medication required in 15/34 (44%) treated 
vs. 1/30 (3%) untreated eyes. Two (6%) treated eyes required trabeculectomy. Cataracts 
did not become significant in most cases until over a year after treatment had started, 
indicating the critical importance of long-term studies of steroid treatment if an accurate 
indication of safety is to be obtained. Thus it appears that multiple injections are associ-
ated with an increased risk of developing at least visually significant cataract, and prob-
ably elevation of the intraocular pressure as well. It is worth noting, however, that 
interventions are already routinely employed by ophthalmologists that cause cataract, 
the removal of which is known to exacerbate the condition being treated. Pars plana 
vitrectomy, which is required, for example, for the removal of epiretinal membranes, 
results in the eventual formation of significant cataract in up to 67% of eyes (23).

We have studied the results of removal of the 15 triamcinolone-induced cataracts that 
developed in eyes of participants in the TDMO study (unpublished data). In all eyes, 
IVTA was given at the time of surgery. Mean visual acuity had improved after 6 months 
but mean central macular thickness remained the same. Two (15%) eyes undergoing 
cataract surgery suffered aggravation of macular edema and loss of >15 letters. Thus 
visual outcomes after removal of IVTA-induced cataract seem generally good; however, 
a small proportion of patients may do badly. We suspect that administering IVTA 4–6 
weeks prior to surgery in order to control the DME first might reduce the risk of poor 
outcomes. However, this warrants further research.

Other adverse events associated with IVTA are uncommon but still need to be 
considered. At the Sydney Eye Hospital, where we have administered approximately 
1,500 treatments with IVTA over the last 15 years, we have encountered “pseudo-
endophthalmitis” (13,18) in around 1:100 injections, and true infectious endophthalmi-
tis in around 1:500. We have had one case of retinal detachment and no cases of vitreous 
hemorrhage or damage to the lens. The nature of the cause of IVTA-related “pseudo-
endophthalmitis” remains obscure. Acute loss of vision is noticed by the patient in some 
cases immediately following the injection – in these, we suspect that there may be 
partial blocking of the drug in the barrel of the needle, resulting in a spraying of a 
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suspension of crystals throughout the vitreous. In other cases it may be indistinguishable 
from infectious endophthalmitis, except that pain and inflammation may be absent. 
Paracentesis for microscopy and culture as well as the injection of intravitreal antibiotics 
may be required in these cases. Vitreous opacification in some cases can occasionally 
take months to clear even if it is not infectious.

PHARMACOLOGY

The formulation of triamcinolone acetonide that we have used and is widely 
employed elsewhere was originally developed for use in skin and the musculoskeletal 
system rather than the eye. It is possible that the vehicle, the preservatives, or even the 
drug itself will have a toxic effect on the retina in the long term. We have not had any 
evidence of long-term ocular toxicity (apart from the conventional steroid-related 
events as described) in patients treated with IVTA over the last 15 years at the Sydney 
Eye Hospital, although systematic follow-up has not been for greater than 3 years. 
Whilst the present formulation appears to be relatively safe in human eyes, the devel-
opment and validation of a formulation specifically for use in the eye would be a 
significant advance.

PHARMACOKINETICS

Formal studies on the duration of action of intravitreal triamcinolone in the human 
eye are not available. The most commonly used dose of 4 mg appears to have been 
chosen because it is the amount of the highest concentration of the drug that is 
commercially available that can safely be injected into the eye (i.e., 0.1 ml of a 40 mg 
ml−1 solution). Since the crystalline nature of triamcinolone acetonide allows its 
extended release, it is likely that vitreous levels are about the same with different 
amounts injected, but larger doses might last longer. Audren et al. conducted a phase 
2 trial comparing 4 mg vs. 2 mg IVTA for diffuse DME with 16 patients per group 
(24). No significant difference was found with respect to central macular thickness, 
visual acuity, or intraocular pressure up to 24 weeks. Median time to recurrence of the 
DME was shorter for the 2 mg group at 16 weeks, compared with 20 weeks for the 
4 mg group (P = 0.11). A significant difference may have been found with larger 
numbers. This group also conducted pharmacokinetic modeling of a 4 mg intravitreal 
injection of triamcinolone using central macular thickness as the pharmacodynamic 
parameter. The mean estimated half-life of triamcinolone ± SD was 15.4 ± 1.9 days, 
and the mean maximum duration of its effect was 140 ± 17 days (24). We have found 
that a dose of 1 mg seems to have equivalent short-term efficacy compared with 4 mg, 
although it wears off much earlier (6–8 weeks compared with 4–6 months, unpub-
lished data). Lam et al. studied the response to 4, 6, and 8 mg IVTA (25). They felt 
that higher doses may have prolonged the duration of visual improvement and reduc-
tion in DME. Spandau et al. reached the same conclusions when they studied doses 
of 2, 5, and 13 mg, but numbers were small and the duration of follow-up was as short 
as 3 months in some eyes (26). Further studies are warranted to investigate the safest 
and most efficacious dose of IVTA for DME.
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ROUTE OF ADMINISTRATION

There are some data that suggest that triamcinolone given periocularly can also be 
efficacious. Tunc et al. randomized 60 eyes with DME to receive macular photocoagula-
tion alone or combined with a posterior sub-Tenon’s capsule injection of triamcinolone 
(27). The vision of both groups had improved 18 weeks later, but significantly more so 
in the eyes that received triamcinolone. Shimura et al. presented convincing evidence 
that posterior sub-Tenon’s capsule triamcinolone stabilized both vision and macular 
thickness in 20 patients requiring panretinal photocoagulation for proliferative diabetic 
retinopathy in both eyes who received triamcinolone therapy in just one eye (28). Bakri 
and Kaiser found in a retrospective uncontrolled analysis of 63 eyes of 50 patients with 
refractory DME that vision remained stable or improved over a 12-month period after 
posterior sub-Tenon’s capsule triamcinolone injections (29). By contrast, Bonini-Filho 
et al. studied 28 eyes randomized to receive either sub-Tenon’s capsule or intravitreal 
triamcinolone for DME and followed for 24 weeks. Both mean visual acuity and central 
macular improved in the intravitreal group, while neither improved in the sub-Tenon’s 
group. The mean elevation of IOP was the same for both groups. It appears that triam-
cinolone is somewhat more efficacious and longer lasting when injected intravitreally 
compared with sub-Tenon’s capsule. However, we do consider the latter route in eyes 
that have had their vitreous removed.

One potential advantage of periocular therapy is safety. Certainly the risk of infec-
tious endophthalmitis is greatly reduced, although steroid-related adverse events may 
not be much lower. Helm and Holland reported development of significant cataract in 
4/11 (36%) phakic eyes 10 months to 4 years after treatment with posterior sub Tenon’s 
capsule triamcinolone for uveitis, as well as significant elevation of the intraocular 
pressure in 6/20 (30%) eyes studied (30).

THE EFFECT OF VASCULAR ENDOTHELIAL GROWTH FACTOR 
INHIBITORS ON INTRAVITREAL STEROID THERAPY

Proof of principle that VEGF inhibitors may be efficacious in the management of 
DME was provided by a phase II, 36 week clinical trial in which patients receiving six 
weekly injections of pegaptanib sodium (0.3 mg) had better VA outcomes, were more 
likely to show reduction in central retinal thickness, and were deemed less likely to need 
additional therapy with photocoagulation at follow-up (31). Given the central role of 
VEGF in the pathogenesis of DME (32), similar results attesting to the short-term 
efficacy of VEGF inhibitors are anticipated in the near future from studies of ranibizumab 
and bevacizumab.

There are presently insufficient data to judge whether VEGF inhibitors will be 
superior to steroids for DME. Certainly they do not cause the high risk of steroid-related 
adverse events such as cataract and elevated IOP, but there is suspicion that they may 
be neurotoxic locally and also that they may confer an increased risk of systemic 
thromboembolic events (13,19,33). These risks have not been studied closely in the 
population with chronic DME, which is already known to have an increased mortality. 
The frequent injections (every 4–6 weeks) for a presumably extended period that may 
be required with the currently available anti-VEGF compounds confer an increased risk 
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of injection-related complications such as infectious endophthalmitis. It is possible that 
a low-dose combination of steroids with a VEGF inhibitor might be the safest and most 
efficacious treatment for DME, but this hypothesis is yet to be tested.

COMBINATION WITH LASER TREATMENT

With a number of different therapeutic options becoming available to clinicians, it is 
likely in the future that a combination of treatments will be used for macular disease. 
The first place to start with steroids will be laser treatment. As with any medical treat-
ment, DME tends to recur after triamcinolone wears off. Applying laser treatment a few 
weeks after IVTA allows less laser energy to be used if the edema has settled. It also 
means that the retinal capillaries are closer to the retinal pigmented epithelium, which 
is where laser has its poorly understood effect. These are, however, only theoretical 
considerations; whether there really is a benefit to combining laser with IVTA will need 
to be tested in clinical trials.

Results of studies combining laser treatment with IVTA so far are conflicting. 
Kang et al. randomized 86 eyes with DME to receive IVTA alone or with laser applied 
3 weeks after the injection. Both groups had improved vision and macular thickness 
after 3 weeks, but the laser-treated group did better after 3 and 6 months (34). This 
study randomized patients depending on whether the hospital identifying number was 
odd or even, so the investigator would have known which group the patient would 
enter before enrolling the patient. This may also have affected “masked” observers. 
The data are, however, consistent with those of Tunc et al. described above, who felt 
that sub-Tenon’s triamcinolone had been helpful for patients undergoing macular 
photocoagulation for DME (27). On the other hand, Avitabile et al. did not find any 
benefit in adding laser to IVTA in around 63 eyes randomized to receive laser, IVTA, 
or both and followed for 6–12 months, suggesting that IVTA could be used as primary 
treatment in patients with cystoid macular edema (35). This study included 15 eyes 
with retinal vein occlusion. While it allowed re-treatment with IVTA, it did not test 
the hypothesis that laser treatment might reduce the need for further treatment with 
IVTA. The Australian Retinal Collaboration is conducting a study in which 85 eyes 
have been randomized to receive IVTA vs. placebo followed by laser. This study will 
complete 1 year follow-up in early 2008.

CLINICAL GUIDELINES

How do these data translate into routine clinical practice? With its significant adverse 
event profile, IVTA is used only occasionally and exclusively for advanced cases of 
DME (Table 4). It would very uncommonly be used in eyes with normal vision. As a 
general rule, IVTA treatment is always a more attractive option in pseudophakic eyes 
because these eyes cannot develop cataract, which is the most significant associated 
adverse event.

Macular edema that has failed laser treatment. This is the commonest indication. In 
these eyes there is usually a history of multiple laser treatments over several years to 
the extent that the only untreated areas are in the parafoveal zone that is too close to the 
fovea to treat with photocoagulation.
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MACULAR EDEMA CAUSED BY FOCAL PARAFOVEAL LEAK 

Sometimes macular edema is caused by leak that is simply too close to the fovea to 
treat safely. If there is just one microaneurysm leaking in this location, a light burn on 
its anterior margin may suffice, but photocoagulation may not be safe if there are several 
leaking points. Even if one can successfully treat leakage close to the fovea with pho-
tocoagulation in the short term, there is a risk that the atrophy associated with the laser 
burn will expand into the fovea over years. This is an unpredictable response that varies 
from patient to patient.

WIDESPREAD HEAVY DIFFUSE LEAK

Severe diffuse macular edema (Fig. 1) often does not respond well to grid photoco-
agulation. Where visual acuity is markedly decreased to the extent that it is interfering 
with the patient’s ability to drive, read, or work, treatment with IVTA may be more 
likely to improve vision.

MACULAR EDEMA AND HIGH-RISK PROLIFERATIVE RETINOPATHY

Patients presenting with macular edema and preretinal haemorrhage cannot have 
panretinal photocoagulation deferred until the edema is controlled by macular laser 
treatment, even though the pan retinal treatment is likely to exacerbate the edema. 
Treatment with IVTA in these eyes when the panretinal treatment is commenced will 
settle the edema and improve vision in most cases while the proliferative disease is 
treated. Focal treatment of the macula should be considered if appropriate after the 
edema has settled based on a pre-IVTA angiogram.

MACULAR EDEMA PRIOR TO CATARACT SURGERY

Sometimes patients with diabetes will present with macular edema and cataract that 
is so dense that laser treatment to control the edema preoperatively is not possible. 
Cataract surgery in such cases often results in severe exacerbation of the maculopathy. 
Removal of the cataract in these eyes can usually be performed safely under cover of 
triamcinolone. We believe that it is better to control the edema with IVTA around 1 
month prior to surgery rather than to give the two treatments simultaneously.

Table 4
Conditions for which Intravitreal Triamcinolone Therapy 

may be Considered

Clinical situations in which intravitreal triamcinolone might 
be considered for the treatment of diabetic macular edema

– Failed laser treatment
– Focal parafoveal leak
– Widespread heavy diffuse leak
– Coexistent high-risk proliferative retinopathy
– Uncontrolled edema prior to cataract surgery
– Juxtafoveal hard exudate with heavy leak



Fig. 1. Early-phase fluorescein angiogram of a 48-year-old man with an 11-year history of type 2 
diabetes whose glycosylated hemoglobin had fallen from 14.8 to 7.8% over the preceding 6 months after 
being started on insulin treatment. Grid pattern photocoagulation is evident in the inferior macula. Visual 
acuity was 20/120. Late-phase angiogram (4 min 20 s) of the same eye showing heavy diffuse leak. Late-
phase angiogram (5 min 45 s) 3 months after an intravitreal injection of triamcinolone acetonide. Visual 
acuity improved to 20/25. This eye received 6 more injections of triamcinolone over 45 months. On each 
occasion, visual acuity had fallen to 20/50 or less, and after each injection it improved to 20/40 or better. 
The cataract was removed after the fourth injection. Treatment of elevated intraocular pressure was not 
required. The patient’s glycosylated hemoglobin has remained under 8%, blood pressure is consistently 
less than 140/90 mmHg, and renal function is normal. The other eye has a similar history. This man was 
able to return to work one week after treatment with intravitreal triamcinolone.
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JUXTAFOVEAL HARD EXUDATE WITH HEAVY LEAK

Laser treatment of heavy leakage may temporarily increase the amount of macular 
hard exudate; if this precipitates in the fovea, it can lead to subfoveal fibrosis and 
permanent damage (36). We used morphometric techniques developed for the grading 
of drusen to examine the effect of IVTA on hard exudate in the 42 eyes that had it at 
baseline in the TDMO study (37). In 21 triamcinolone-treated eyes the average 
amount of lipid had decreased significantly 3 months after the injection (although in 
two IVTA-treated eyes there was an increase in lipid deposition), whereas in the 
placebo-treated group it had increased slightly. We now consider IVTA when we 
believe that there is a high risk that laser treatment will lead to precipitation of lipid 
at the fovea.

CONTROL OF SYSTEMIC RISK FACTORS

IVTA lasts for an extended period, usually 6 months, but macular edema will return 
in most cases necessitating re-treatment. Systemic disease is poorly controlled in most 
patients receiving treatment. It is essential that risk factors are reviewed in detail with 
the patient, and that a letter is sent to the patient’s general practitioner warning of the 
risk of loss of vision. Consultation with an endocrinologist should be considered if it 
has not already taken place. Targets should be set to lower the glycosylated hemoglobin 
to less than 8%, and less than 7% if possible, and the blood pressure to less than 
140/90 mmHg even if three medications are required. Excessively high glycosylated 
hemoglobin levels (>10%) should be lowered gradually to avoid exacerbation of the 
retinopathy by “early worsening”. In many cases, the simple act of putting needles in 
their eyes is enough to finally make patients take their diabetes seriously.

THE FUTURE OF INTRAVITREAL STEROID THERAPY

New formulations of steroid for injection into the eye to control macular disease 
include a preservative-free form of triamcinolone acetonide and a slow-release formula-
tion of dexamethasone (Posurdex). Preservative-free triamcinolone is being tested in a 
phase III randomized clinical trial for DME conducted by the Diabetic Retinopathy 
Clinical Research network. It will also provide new information on whether a lower 
dose (1 mg) might be equally efficacious. An ongoing phase III study of Posurdex for 
DME will establish whether this preparation is efficacious and also whether it has a 
lower risk of steroid-related adverse events than triamcinolone.
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Abstract

Drugs targeting somatostatin (SST) receptors have been long recognized as having prom-
ise for treating proliferative diabetic retinopathy (PDR) by a systemic mechanism of action 
involving inhibition of the insulin-like growth factor-1 (IGF-1)–growth hormone (GH) 
axis. However, the clinical outcome has not been uniformly favorable, and it appears that 
these drugs may be most beneficial in patients with severely ischemic eyes. Many patients 
that received benefit, however, required high dosage regimens with doses well above those 
used for lowering systemic GH in acromegaly patients. Thus, local rather than systemic 
effects of SST analogs may be more important clinically. This is suggested from the data 
showing the presence of SST receptors (SSTR) in ocular targets such as vascular endothe-
lium and retinal pigment epithelium and demonstrating direct anti-angiogenic effects of 
SST analogs, particularly octreotide, in various endothelial cell types (including human 
retinal endothelial cells). For the SST analog octreotide, high doses may be required owing 
to inadequate penetration by this peptide drug through the blood–retinal barrier (BRB) after 
systemic administration, supporting the need to develop small-molecule SSTR agonists with 
better BRB penetration. High doses of octreotide may be needed because of the drug’s low 
affinity towards the other key anti-angiogenic SSTR subtype, SSTR-3. Thus, SSTR agonists 
have the potential to treat neovascular ocular diseases when given by a systemic as well as 
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an ocular route; however, a need remains to develop more potent and selective agents and 
to explore local ocular delivery of these agents and their combinations.

Key Words: Diabetes; Diabetic retinopathy; Growth hormone; Insulin-like growth factor 
1; Octreotide Somatostatin.

OVERVIEW

In this chapter, we will review the rationale for use of somatostatin (SST) analogs and 
provide a historical perspective on the role of growth hormone (GH) in diabetic 
retinopathy (DR). We will define the molecular pharmacology underlying the anti-
angiogenic effects of SSTR agonists and examine local versus systemic efficacy in 
ocular disease models as a basis for application of somatostatinergic therapy of neovas-
cular ocular disease. To this end, the expression of SSTR subtypes in various target 
tissues such as endothelium and retinal pigment epithelial (RPE) cells will be discussed. 
Current SST receptor (SSTR) peptide and small-molecule agonists will be considered, 
as will their receptor selectivity and functional anti-angiogenic activity. The potential 
advantage of using receptor agonists targeted to SSTRs of type 2 vs. type 3 will be 
debated. In vitro and in vivo animal studies comparing established vs. newest SST analogs 
will be discussed. Finally, an overview of all clinical trials will be presented. Particular 
attention will be given to the recent studies performed with long-acting release octreotide 
(Sandostatin LAR), and attempts will be made to explain why this agent so successfully 
treated some patients yet the study failed to achieve key end points required for FDA 
approval as a treatment for DR.

INTRODUCTION AND HISTORICAL PERSPECTIVE

Growth Hormone and Diabetic Retinopathy
One of the best-studied endocrine axes, the SST–growth hormone-releasing hormone 

(GHRH)–GH axis (typically referred to as the GH axis), provides the target for the use 
of SST analogs as therapeutic agents. The GH axis starts in the central nervous system, 
which secretes a series of neurotransmitters, catecholamines, and serotonergic and 
cholinergic substances that cause the hypothalamus to synthesize GHRH and SST. The 
anterior pituitary secretes GH, which results in the synthesis of insulin-like growth 
 factor -1 (IGF-1) mainly by the liver and fat but also by many other tissues (1). Serum GH 
mediates its proliferative effects by stimulating both systemic and local IGF-1 
production.

Considerable evidence supports a role for GH in the progression of DR (2, 3). 
Controlling excess GH can slow the progression of this disease (4). The initial observation 
by Poulsen in a patient whose severe proliferative diabetic retinopathy (PDR) regressed 
following pituitary infarction (5) led to the initiation of hypophysectomy, pituitary yttrium 
implantation, or α-particle pituitary radiation for treatment of PDR. Clinical trials indi-
cated that the greater the degree of GH decrease, the greater the degree of eye disease 
regression and preservation of vision. Merimee provided additional support for the role of 
GH in neovascularization by observing that GH-deficient dwarfs with diabetes were free 
of microvascular complications after being followed for more than 25 years (6).
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The IGF-1 System and Retinopathy
IGF-1 mediates the growth promoting effects of GH. The IGF system is complex 

and includes not only IGF-1, IGF-2, and their receptors (IGF-1R and IGF-2R), but also 
IGF binding proteins (IGFBPs) (7–9). IGF-1 can enhance cellular uptake of glucose in 
select tissues by acting like insulin. By increasing intracellular glucose, IGF-1 can act 
as a growth factor as well as a progression factor, being a key signal for cells going 
into the mitotic cycle (Fig. 1). The effects of IGF-1 are mediated by IGF-1R and modu-
lated by complex interactions with IGFBPs, which themselves are also regulated at 
multiple levels. Circulating IGF-1 is generated by the liver, fat, kidney, and other 
tissues under the control of GH and local factors (10). Six well-characterized IGFBPs 
function as transporter proteins and storage pools for IGF-1 in a tissue- and develop-
mental stage-specific manner. Phosphorylation, proteolysis, polymerization, and cell 
or matrix association regulate the functions of IGFBPs (11). IGFBPs have been shown 
to either stimulate or inhibit IGF-1 action, with IGFBP-1, -3, and -5 stimulating IGF-1 
action in some systems (11).

IGFBP-3 is the best-studied and most abundant IGFBP. It carries 75% or more of 
serum IGF-1 and IGF-2 in heterotrimeric complexes that also contain the acid-labile 
subunit (ALS) (11). ALS, IGFBP-3, and IGF-1 form the ternary complex that serves as 
the IGF storage pool in the plasma. Free or binary complexes (without ALS) are 
believed to exit the circulation rapidly, whereas ternary complexes appear to be confined 
to the vascular compartment. Besides these key endocrine effects, IGFBP-3 has 
autocrine and paracrine actions affecting cell mobility, adhesion, apoptosis, survival, 
and the cell cycle (12). Like the other IGFBPs, IGFBP-3 also has IGF-1-independent 
effects. IGFBP-3 is increased in hypoxic conditions; it can enhance angiogenesis in 
some systems and inhibit it in others (13, 14), thereby demonstrating potentially contra-
dictory effects on the vasculature. Recently we demonstrated that IGFBP-3 promotes 
endothelial precursor cell migration, differentiation, and capillary formation in vitro 
(13). Targeted overexpression of IGFBP-3 by hematopoietic precursors protected the 
vasculature from damage and promoted proper vascular repair after hyperoxic insult in 
the oxygen-induced retinopathy mouse model. IGFBP-3 expression may represent a 
physiological adaptation to ischemia, and potentially this protein may serve as a thera-
peutic for treatment of ischemic conditions. Lofqvist et al. recently showed a dose-
dependent increase in vessel survival and retinal vessel re-growth with increasing levels 
of IGFBP-3 (14). In premature infants, lower IGF-1 and IGFBP-3 correlated with more 
severe retinopathy of prematurity (ROP). These authors conclude, as we also have, that 
IGFBP-3 helps to prevent oxygen-induced vessel loss and promote vascular regrowth 
after vascular destruction in vivo, and that an increase in vessel survival prevents 
hypoxia-induced neovascularization and ROP. They also find that the IGFBP-3 effect is 
independent of IGF-1 (14). Whereas the effect of IGFBP-3 on the retinal vasculature of 
the diabetic individual is not known, IGF-1 has been strongly implicated in both health 
and disease of the retinal vasculature.

IGF-1 stimulates numerous events associated with both physiological and pathological 
neovascularization including endothelial cell proliferation, migration, and tube formation 
(15–18). IGF-1 is required for normal retinal vascular development since this process 
is arrested in its absence despite the presence of vascular endothelial growth factor 
(VEGF) (19). Development of ROP is associated with low levels of IGF-1, as the lack 
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Fig. 1. IGF receptor signaling. The IGF-1R plays an important signaling role in many tissues and 
cell types. IGF-1R, like the closely related insulin receptor, is a heterotetrameric receptor tyrosine 
kinase consisting of two extracellular α subunits and two transmembrane β subunits. The kinase 
catalytic domains are in the cytoplasmic regions of the β subunits. IGF-1R is activated by binding of 
the growth factor ligand IGF-1 (or the lower-affinity ligand IGF-2) to the extracellular domain of the 
receptor. Ligand binding promotes a conformational change in the β subunits, which stimulates the 
intrinsic tyrosine kinase activity of the receptor. A key step in the activation process is the autophos-
phorylation of three tyrosines in the activation loop, a flexible segment within the catalytic domain of 
the kinase. The activated IGF-1R kinase phosphorylates cellular substrates such as IRS-1 and IRS-2, 
initiating a number of signaling pathways, including the phosphatidylinositol 3-kinase (PI-3K)/Akt 
and Erk/MAPK pathways. Glucose transport is an essential physiological process that is characteris-
tic of all eukaryotic cells. The transport of glucose into cells occurs via specific proteins (GLUTs). 
A number of GLUT isoforms have been identified, and their cellular distribution appears related to 
the metabolic demands of the tissue including the retina. GLUT-4, which under basal conditions 
resides primarily in intracellular compartments, is recruited to the plasma membrane/t-tubules in 
response to physiological stimuli, such as insulin, IGF-1, exercise, and hypoxia. IGF-1 can mediate 
many of the metabolic effects of insulin.

of IGF-1 in early neonatal period leads to the development of avascular retina, which 
subsequently results in ROP (20); In diabetes, the action of IGF-1 in local repair of 
damaged vascular tissues is highly relevant (21). Unregulated IGF-1 expression can 
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lead to pathological neovascularization (17, 22) and IGF-1R antagonists are able to 
suppress retinal neovascularization in vivo by inhibiting VEGF signaling (23).

Numerous clinical reports support a role for IGF-1 in DR. Kohner and Daneman 
were the first to note that DR developed with improved diabetes control in young 
patients with initially poor control (24). In a case report, Chantelau observed a rise in 
serum IGF-1 preceding the acute progression of DR in a pre-pubertal patient with 
chronic insulin deficiency (25). Furthermore, adult diabetic patients on intense insulin 
therapy showed an improvement in hemoglobin A1C from >11 to <8% within 5 
months with a concomitant increase in serum IGF-1 levels of 70–220% and worsen-
ing of their retinopathy from mild to severe non-proliferative (25). Chantelau hypoth-
esized that adequate insulinization of the liver resulted in increased levels of IGF-1, 
which promotes retinal neovascularization (25, 26). This was also observed during the 
early years of the Early Treatment Diabetic Retinopathy Study (ETDRS) in the 
patients receiving intensive insulin therapy (27). Diabetic patients demonstrated 
increased IGF-1 levels, with the highest levels found in patients with PDR. In patients 
who had undergone vitrectomy after laser treatment, intravitreal VEGF levels were 
reduced but not the IGF-1 levels (28). Interestingly, however, diabetic animal studies 
suggest that increased IGF-1 and VEGF may represent an attempt by Müller cells to 
preserve retinal neural cells, which start getting lost early in diabetes (29).

The Role of SST in Diabetic Retinopathy
SST is a natural peptide hormone that affects the release of a number of other hor-

mones, such as GH, glucagon, insulin, and gastrin. In addition to inhibiting pituitary GH 
secretion and suppressing GHRH secretion, SST also inhibits secretion of the thyroid 
stimulating hormone (TSH). SST influences processes besides hormone secretion including 
neurotransmission, cell proliferation, smooth muscle contraction, nutrient absorption, and 
inflammation. SST is synthesized from a pro-hormone and is secreted by the paraventricular 
and arcuate nuclei in the hypothalamus into the portal vascular system at the median emi-
nence. SST is also synthesized by pancreatic delta cells in the islets of Langerhans, by gas-
trointestinal cells, and by the retina. SST is secreted in two forms. One is a peptide of 14 
amino acids and the other is a peptide of 28 amino acids. SST acts via five specific receptors 
(SSTR1–5). After binding SST, the SSTRs generate a transmembrane signal. This results in 
a reduction of the calcium concentration and activation of tyrosine phosphatases.

SST is a postreceptor antagonist of growth factors acting by inhibition of signal 
transduction (30). SST and SSTRs have been shown to be produced in the retina. SST 
also appears to have an effect on fluid transport from the RPE cells to the choroid, a 
process that is important in the development of diabetic macular edema. Thus one 
would predict that SST analogs can stabilize the BRB in patients with diabetic macular 
edema, which has been confirmed (30).

Rationale for the Clinical use of Octreotide
Previously, therapies for neovascular ocular disease relied exclusively on laser 

treatment, e.g., panretinal photocoagulation (PRP) for PDR. Whereas PRP remains the 
standard of care for PDR, angiogenic inhibitors are emerging as important therapies.
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The classical endocrine action of SST to inhibit pituitary GH release is mediated 
by both SSTR2 and SSTR5; however, the SSTRs present in the eye are SSTR1, 2, 
and 3. Octreotide, the most widely used SST analog, is a stable peptide analog 
drug, has high activity towards SSTR2, good activity towards SSTR5, moderate 
activity towards SSTR3, and is essentially inactive towards SSTR1 and SSTR4. 
Octreotide is currently the leading SST drug, which has been approved for treat-
ing acromegaly, a disease characterized by the hypersecretion of GH, and the 
symptomatic treatment of diverse hypersecretory (functional) neuroendocrine 
tumors. Octreotide inhibits the pituitary release of GH from the tumor and lowers 
IGF-1 plasma levels. As overproduction of GH and IGF-1 plays an important role 
in the pathogenesis of DR, octreotide has been under investigation for the treat-
ment of DR.

Octreotide acts via paracrine and autocrine effects on retinal endothelial cells 
(Fig. 2) (31). It binds to the SSTR and inhibits endothelial cell proliferation stimu-
lated by growth factors like VEGF and IGF-1. One source of VEGF is the RPE cells. 
These cells play a crucial role in the regulation of outer retinal homeostasis (32). 
Among its many functions are maintenance of the outer BRB and polarized secretion 
of growth factors. The RPE cells express both SST and functional SSTRs. There is 
general agreement from immunohistochemical staining of eye sections and cell cul-
ture analyses that the RPE cells express SSTR1 and SSTR2 (33–36), with one report 
suggesting that the human D407 RPE cell line also expresses SSTR5 (36). The spe-
cific SSTR2 subtype active in the RPE is open to some debate because both SSTR2A 
(35) and SSTR2B (36) have been identified. The secretion of SST together with the 
expression of active SSTRs suggests that SST plays an autocrine role in the regulation 
of RPE function in addition to RPE-derived SST acting as a paracrine effector for 
neighboring cells. An autocrine role is supported by the observations that (a) the SST 
analog octreotide inhibits RPE cell proliferation and migration at levels between 
10 nM and 10 µM (37, 38); (b) the SST and SSTR2 selective agonist MK678 increases 
NO production in cultured RPE cells whereas this is blocked by the SSTR2 antagonist 
CYN-154806 (36); (c) both SST and octreotide inhibit IGF-IR phosphorylation and 
decrease VEGF production in cultured human RPE cells (34); and (d) octreotide 
improves RPE BRB function and increases fluid flow across the RPE, which may 
suggest a role for octreotide in the treatment of diabetic macular edema (39). The 
paracrine role for SST is currently unclear, but it is likely to regulate retinal and 
choroidal endothelial cells by the mechanisms discussed in the previous sections. In 
addition, a recent study indicates that SST may modulate activated macrophages 
(40). Neutralization of SST in RPE-conditioned medium suppressed NO produc-
tion by activated macrophages suggesting that SST may play a role in damping down 
ocular conditions with an inflammatory component such as AMD as well as reducing 
the availability of angiogenic factors.

In preclinical studies, octreotide also directly inhibited endothelial cell proliferation 
indicating that it has additional mechanisms of antiangiogenic action, probably by 
direct SSTR-mediated inhibition (31).
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CLINICAL EVIDENCE FOR SST AS A THERAPEUTIC FOR PDR

In vitro and in vivo studies have confirmed that SST analogs are potent inhibitors of 
GH and IGF-1. Octreotide was found to reduce elevated levels of GH and IGF-1. 
Octreotide showed a positive effect on DR in several small, controlled trials and case 
reports.

In a study of 18 patients with persistent PDR with vitreous hemorrhage after laser 
treatment, a significantly reduced incidence of vitreous hemorrhages and number of 
vitrectomies was observed in the group treated with octreotide (41). The dose used was 
300 µg per day in three divided doses. In the treated group of nine patients, 78% showed 
an improvement in contrast to the control group. In the octreotide group visual acuity 
was stable, whereas it significantly decreased in the control group. Neovascularization 
decreased in 85% of the patients in the treated group and was stable in 15%, and in the 
control group neovascularization increased in 42% and was unchanged in 58%.

Fig. 2. SST analogs such as octreotide act via paracrine and autocrine effects on retinal endothelial 
cells and RPE cells. SST or an SST analog binds to the SSTR on endothelial cells and inhibits 
endothelial cell proliferation stimulated by growth factors like VEGF and IGF-1. RPE cells play a 
crucial role in the regulation of outer retinal homeostasis. Systemic IGF-1 can stimulate IGF-1 receptors 
present on RPE cells to express VEGF. VEGF then can stimulate retinal endothelial cells via VEGFR1 
or VEGFR2. SST or its analogs can block the activation of IGF-1 receptor in RPE cells resulting in 
a decrease in VEGF expression, which leads to less VEGF-induced endothelial proliferation. This is 
one of the mechanisms of SST analog inhibition of angiogenesis.
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We studied the effect of octreotide in type 1 and 2 diabetics with pre-proliferative and 
early proliferative DR. In the treated group, significantly fewer patients developed high 
risk characteristics. In only 1 of the 22 eyes was laser treatment required in contrast to 
9 of 24 eyes in the control group. An important limitation in our study was the use of 
the maximally tolerated dose of the drug. Moreover, patients were simultaneously 
treated with thyroid hormone. This was justified based on octreotide’s ability to 
suppress TSH with prolonged use and on the enhancement of SSTR expression by 
thyroid hormone (42).

Recently, two Phase III, multi-center, double-masked, placebo-controlled study 
trials that included both type 1 and 2 diabetic patients who were ETDRS stages 47–61 
were completed. The patients were treated with the long-acting octreotide (Sandostatin 
LAR, Novartis), which was injected intramuscularly once a month. The studies were 
initiated in 1999 and completed in 2006; when combined, these studies represent the 
largest investigation to date in moderate to severe NPDR to low-risk PDR patients. At 
completion, study 802 evaluated 585 patients at 61 European sites and study 804 evalu-
ated 313 patients at 36 sites in North America and Brazil. The patients received rand-
omized therapy for on average 4 years, with some patients being treated up to 6 years. 
For these studies, patients were randomized to receive either Sandostatin LAR at 20 or 
30 mg in study 802 and 30 mg or placebo in study 804. Ophthalmologic assessments 
included visual acuity measurements and semiquantitative, stereoscopic, seven-field, 
color, 30° ETDRS fundus photography. The Wisconsin Central Reading Center graded 
the fundus photographs according to ETDRS criteria. The primary outcome was DR 
progression (octreotide vs. placebo) as defined by the ETDRS retinopathy severity 
scale for one or two eyes. Key secondary outcomes included change in overall visual 
acuity, which was defined as time to loss of ≥15 letters on the ETDRS visual acuity 
scale between baseline and follow-up visits. Octreotide has shown efficacy as a 
treatment for refractory cystoid macular edema and therefore macular edema was an 
end point in the study (43). Thus macular edema (changes between baseline and 
follow-up visits) was a secondary outcome.

Similar mean age, gender ratios, body mass index (BMI), and blood pressure 
characteristics were observed in both the 802 and 804 studies but there was a greater 
proportion of Caucasians in the European study. In both studies, similar proportions 
(roughly 75%) of patients had Type 2 diabetes, similar percentage of patients had 
≥10-year duration of diabetes, and similar number of patients used insulin for gly-
cemic control. Approximately 60% of patients had DR of ≤ 5-year duration since 
detection, and almost 10% had nephropathy. Slightly lower proportion of patients in 
Europe had hypertension (56%) or neuropathy (21%) compared with those in study 
804 (69% and 42%, respectively). Similar distribution of retinopathy severity was 
seen in study 802 vs. 804 as defined by the ETDRS severity scale: 20–25% of patients 
were already at low-risk PDR at study entry. Similar distribution of ETDRS-rated 
visual acuity was observed. Most patients scored within or above 70–84 letters 
(almost 80% overall) and approximately 20% scored within or below 55–69 letters. 
The primary endpoint was to determine the efficacy of octreotide in delaying time to 
progression of retinopathy, and this was by ≥ 3 steps on the ETDRS severity scale or 
by ≥2 steps on the ETDRS severity scale for individual eyes. The secondary end 
points were to determine the efficacy of octreotide in delaying time to the development 
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or progression of edema or to the loss of ≥ 15 letters on the ETDRS visual acuity 
scale. In study 804, the patients received either octreotide 30 mg intramuscularly 
every 4 weeks or placebo every 4 weeks. In the 804 study, IGF-1 levels in the serum 
were significantly reduced, with the percent change from baseline being approximately 
20%, which remained consistent for the 160 weeks it was examined.

In the study 804, the time to progression of retinopathy was delayed with a p-value 
= 0.0430 over the 304 weeks of the study. There was no effect of octreotide on the time 
to development or progression of macular edema (p = 0.8751). Loss of ≥15 letters on 
the ETDRS visual acuity scale was delayed in the octreotide-treated patients but did not 
reach statistical significance (p = 0.1054). In contrast, the result of the study 802 was 
not as encouraging because the primary end point, being time to progression of retin-
opathy, was not achieved. Interestingly, however, IGF-1 levels were not suppressed 
during this study, suggesting that the systemic endocrine effects of octreotide may 
indeed be important to having this drug achieve the optimal results. In study 802, there 
was a trend for improvement in visual acuity; however, it did not achieve statistical 
significance.

From an endocrine perspective, octreotide treatment resulted in a reduction of the 
blood glucose level in patients treated with insulin and they required lower insulin 
doses. Typically, insulin doses have to be reduced by 25–50% in patients with octre-
otide treatment. Close daily monitoring of blood glucose levels is mandatory under 
octreotide treatment because of the risk of hypoglycemia. The side-effect profile was 
similar to that observed in other large, long-term studies. Diarrhea and tenesmus are 
common at the beginning of octreotide treatment but rapidly improve. Nausea and 
vomiting are less common. Hypothyroidism due to TSH suppression and gallstones 
are additional side effects.

POTENTIAL REASONS FOR MIXED SUCCESS IN CLINICAL TRIALS

The cumulative results suggest that the clinical therapeutic effect of octreotide in DR 
may be due to both an endocrine effect and a direct effect on SSTR in ocular target 
tissues. High doses of octreotide required for clinical efficacy in PDR and ultimately 
other neovascular ocular diseases are likely because of inadequate penetration of the 
BRB by this peptide drug after systemic administration. Activation of one or more of 
the other ocular tissue target SSTRs for which octreotide has much lower potency (such 
as SSTR3) may be as important as SSTR2 activation. The activation of native SSTR2 
receptors on endothelial cells inhibits growth factor-stimulated proliferation by a signaling 
mechanism that is fundamentally less efficient than in other cell types, resulting in 
higher concentrations being needed. In these antiproliferative studies, IC50 values are 
2–3 orders of magnitude greater than those observed with GH release from pituitary 
cells, typical target cells of SSTR analogs. Moreover, pharmacokinetic studies have not 
been conducted to determine the relative distribution of octreotide or other SST peptide 
analogs in the retina or other ocular tissue compartments after systemic administration.

The expression of SSTRs in diverse ocular cells and in endothelial cell types from 
various beds may differ, and studies have rarely been performed with rigorous quantita-
tion. To date, these studies have not been performed with human retinal endothelial cells 
(HRECs). Watson et al. reported that SSTR2 receptors were expressed at higher 
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levels in proliferating relative to quiescent human umbilical vascular endothelial cells 
(HUVEC). However, reverse transcriptase polymerase chain reaction (RT-PCR) studies 
were conducted only using probes for the SSTR2 subtype. Furthermore, the anti-
angiogenic effect has been attributed to SSTR2 activation based on the activity of octre-
otide as an SSTR2-selective agonist in the endothelial cells and in vitro vascular tissue 
model systems (44). Octreotide inhibits proliferation of HRECs (31), bovine choriocap-
illary endothelial cells (BCECs) (45), and HUVECs (44), and has antiangiogenic activity 
in the chick chorioallantoic membrane (CAM) (44) and human placental vein (HVPM) 
models (46). However, octreotide also has affinity for SSTR5 and SSTR3 with selectivity 
of 1 and 2 orders of magnitude higher, respectively, in cloned receptor binding studies 
(47). This is in sharp contrast with the nanomolar potency of octreotide both in SSTR2 
binding affinity and in SSTR2-mediated functional assay, such as the antisecretory 
effect (e.g., on GH release) in neuroendocrine cells both in vitro and in vivo. We have 
shown, using SSTR-selective agonists in HREC, that SSTR 3- and SSTR 2-selective 
agonists had dramatic antiproliferative effects (47). Furthermore, this is highly relevant, 
as human eye specimens showed expression of SSTR2 in CNV lesions (48).

In vivo studies proved that SST analogs are good therapies for proliferative conditions 
of the eye and are tolerated with little toxicity even when administered by intravitreal 
injection (47). Octreotide reproducibly inhibited neovascularization in vivo in many 
different systems (44, 49–51).

We showed using the oxygen-induced retinopathy (OIR) mouse model and the laser 
rupture of Bruch’s membrane CNV model that small non-peptide molecules mimic 
octreotide’s effects. These selective SSTR3 and SSTR2 agonists are less expensive to 
produce, have efficiencies comparable to octreotide, and are specific for SSTR2 or 3.

This work presents a rationale for further clinical studies of these drugs. Moreover, 
trials of DR therapies must pay close attention to both the progression and severity of 
DR, as well as appropriate targeting of stage(s) for intervention, assessment of relevant 
outcomes, observation over a sufficiently long time period, and adequate sample size.

FUTURE DIRECTION: SST ANALOGS IN COMBINATION THERAPY

There is a continued need to add new pharmacological treatment modalities in order 
to improve the management of neovascular diseases, both as novel monotherapies and 
combination therapies. In recent years, there has been a burst in relevant studies. The 
most interesting examples of new drugs against ocular neovascularization are anti-VEGF 
therapeutics, bevacizumab (Avastin), ranibizumab (Lucentis) (both from Genentech), 
and pegaptanib (Macugen) (OSI-Pfizer), for treatment of the wet form of AMD (52, 53). 
The success of these drugs for AMD may be related to the major role of VEGF in the 
development of neovascularization in this disorder. Avastin has been also tried for PDR; 
the most pronounced effect, however, was a decrease of neovascular leakage, again 
consistent with the role of VEGF (54, 55).

Currently, the major challenge in DR treatment is to be able to stop the progression 
to vision-threatening PDR; data to this effect on clinical use of octreotide have been 
discussed above. When PDR still develops, an effective anti-angiogenic therapy substi-
tuting or complementing panretinal photocoagulation is badly needed. It should be 
noted that PDR development could be dependent on more factors than just VEGF 
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(56–58). It was also shown that retinal endothelial cells respond much more strongly to 
growth factor combinations than any single factor (59, 60). In a complex, apparently 
multifactorial, disease as exemplified by DR and PDR, some potentially successful drug 
monotherapies may rely on targeting master regulators of the angiogenic process, such 
as HIF-1α or protein kinase CK2 (29).

Another powerful approach is to develop efficient drug combinations. This principle 
is the mainstream of drug therapy for cancer and AIDS (61–63), but until very recently 
it was not considered for PDR. In 2004, we pioneered this approach using a mouse OIR 
model of retinal neovascularization (57). This model is widely used to test anti-
angiogenic drugs because diabetic animal models, with very rare exceptions (64), fail 
to reproduce human PDR with preretinal neovascularization unless genetically manipu-
lated (65). In our experiments, protein kinase CK2 inhibitors, emodin or tetrabromoben-
zotriazole (TBB), were administered alone or in combination with octreotide. Each 
compound was able to significantly reduce preretinal neovascularization in mouse pups 
with systemic administration (57, 66). Combination therapy produced an additive effect. 
Moreover, using only 1 mg kg−1 per day octreotide in combination with a CK2 inhibitor, 
it was possible to achieve the same degree of inhibition of neovascularization as with 
5 mg kg−1 per day octreotide alone (Fig. 3). Since emodin is a component of some 
laxatives and is known to be essentially nontoxic, (57) these experiments pave the way 
to clinical trials using its combination with octreotide for inhibiting DR progression. 

Fig. 3. Combination therapy with octreotide. Counts of preretinal nuclei as a measure of neovascu-
larization in various groups of mice are shown. Intraperitoneal treatment with 30 mg kg−1 per day 
emodin reduced retinal neovascularization by about 57%, and with 30 mg kg−1 per day TBB, by 46%. 
Treatment with 5 mg kg−1 per day octreotide yielded about 67% reduction, and with 1 mg kg−1 per day 
octreotide, about 50% reduction. Emodin combined with 1 mg kg−1 per day octreotide reduced 
neovascularization by 69%, and TBB combined with 1 mg kg−1 per day octreotide, by 61%. Ten sections 
per eye from each mouse were counted. Five mice were used per each group in three independent 
experiments. Vehicle represents emodin solvent since octreotide solvent was just PBS. Bars = mean 
± SD. *p < 0.001 vs. vehicle; **p < 0.05 vs. single drug or vehicle. (Reprinted from (66) with permis-
sion from the American Society for Investigative Pathology.)
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Other recent studies also convincingly showed that a combination of several drugs 
produced a more potent inhibitory effect on retinal neovascularization than single-drug 
therapy (67–69). Future treatment of pathologic ocular neovascularization may well 
rely on combined drug therapy. In this respect, the promising anti-DR agent octreotide 
may emerge as a key player in such drug combinations.

CONCLUSION

The endogenous peptide SST was isolated from mammalian hypothalamus nearly 
three decades ago as a potent inhibitory factor of pituitary GH secretion. Now it is appre-
ciated that SST is widely distributed throughout diverse cell types and its actions affect 
a variety of biological processes such as hormone secretion, neurotransmission, cell pro-
liferation, and angiogenesis. These effects are mediated through five G-protein coupled 
receptor subtypes, SSTR 1–5. Systemic therapy with the SST peptide analog drug octre-
otide can result in regression of neovascularization and improve visual acuity in patients 
with advanced DR. However, the clinical results with octreotide have been variable and 
have been most favorable for patients receiving high dosage regimens that are well above 
effective doses required for lowering systemic GH in acromegaly patient. Moreover, the 
more ischemic the eye, the greater the likelihood of observing a beneficial effect. 
Therapeutic potential of SST analogs for DR and PDR treatment may be potentially 
increased if they are used in combination with other anti-angiogenic drugs. The combina-
tion therapy may become the mainstream of PDR treatment in the near future.
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INTRODUCTION

Diabetic retinopathy is the most common and specific complication of diabetes (1). 
Its adverse impact on vision is well known. The clinical significance of retinopathy 
signs beyond the eyes of diabetic individuals, however, is less clear. The routine oph-
thalmic examination to detect retinopathy signs presents ophthalmologists and physi-
cians with the unique opportunity to directly visualize and assess actual pathology of 
diabetic microvascular damage. New studies now show that early signs of retinopathy 
are associated with a wide range of systemic complications in persons with diabetes, 
including the development of stroke, coronary heart disease, heart failure, nephropathy, 
and peripheral vascular disease (2–8). Diabetic retinopathy signs therefore not only 
reflect microvascular dysfunction in the retina, but also may be markers of more widespread 
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deleterious effects of abnormal glucose metabolism on the systemic vasculature. This 
chapter will discuss the relationships of diabetic retinopathy with mortality and various 
systemic micro- and macrovascular morbidities.

DIABETIC RETINOPATHY AND MORTALITY

It has long been known that in persons with diabetes, the presence of retinopathy is 
associated with an increased risk of mortality (Table 1). Studies suggest this association 
is more consistently seen in patients with type 2 as compared to type 1 diabetes, reflecting 
older age and possibly the higher prevalence of cardiovascular risk factors in type 2 
diabetes.

In the Wisconsin Epidemiological Study of Diabetic Retinopathy (WESDR), a large 
population-based study in the United States, both nonproliferative (NPDR) and prolif-
erative (PDR) diabetic retinopathy were associated with a 34–89% excess risk of death 
in participants with type 2 diabetes after 16 years of follow-up (9). Importantly, this 
association was independent of age, sex, diabetes duration, glycemic control, and other 
survival-related risk factors. Consistent with this finding are data from other studies in 
Caucasians (10–14), Asians (15), and Mexicans (16).

While retinopathy also predicts poorer survival in persons with type 1 diabetes, some 
studies suggest that the association is largely explained by coexisting cardiovascular 
risk factors (9, 17, 18). Not all studies have found this association consistently. In the 
Early Treatment Diabetic Retinopathy Study, a large clinical trial with a relatively short 
follow-up, retinopathy was shown to have no association with mortality in type 1 dia-
betes (14). Some (19, 20), but not all (13), investigators believe that, besides the tradi-
tional cardiovascular risk factors, coexisting nephropathy (e.g., end-stage renal disease) 
is a major determinant for the poorer survival in patients with diabetic retinopathy.

The association of diabetic retinopathy with mortality is largely related to the 
increased risk of cardiovascular mortality in persons with retinopathy (Table 2). The 
World Health Organization Multinational Study of Vascular Disease in Diabetes (WHO-
MSVDD) consists of a large cohort of type 1 and 2 diabetic persons who were followed 
up for 12 years for incidence of fatal and nonfatal cardiovascular outcomes (21). In the 
WHO-MSVDD, the presence of diabetic retinopathy predicted higher risk of cardio-
vascular disease and mortality (21). This association was seen in persons with type 2, 
but not type 1, diabetes and was stronger in women than in men, and remained signifi-
cant even after adjusting for traditional cardiovascular risk factors (21). In addition, 
some studies show a “dose-dependent” association between diabetic retinopathy and 
cardiovascular disease risk, with increasing risk in eyes with more severe retinopathy 
(11, 12). These associations are supported by other studies, such as prospective data 
from the EURODIAB Study and cross-sectional data from the Cardiovascular Health 
Study (10, 13, 18, 22–24).

DIABETIC RETINOPATHY AND CEREBROVASCULAR DISEASE

Stroke and other cerebrovascular diseases (e.g., vascular dementia) are major sources 
of morbidity and mortality in people with diabetes. Over the past decade, despite the 
significant progress made in stroke prevention and treatment, most advances have been 
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confined to the management of strokes that are caused by large vessel disease (e.g., 
carotid atherosclerosis). However, up to one-third of symptomatic strokes can be attrib-
uted to the disease of the small arteries/arterioles in the cerebral circulation (25), espe-
cially in people with diabetes (26–28). Little is known about these small vessel 
pathologies due to the paucity of noninvasive methods to study the cerebral 
microcirculation.

Because the retinal and cerebral vasculatures share similar embryological origin, 
anatomical features, and physiological properties (29, 30), pathological lesions seen in 
eyes with diabetic retinopathy may actually indicate similar pathological disease proc-
esses in the cerebral microcirculation. In support of this theory is the strong and consist-
ent evidence that retinopathy signs are associated with both clinical and subclinical 
stroke, independent of cerebrovascular risk factors.

Since the 1970s, physicians have reported that the presence of retinopathy is associ-
ated with stroke, particularly in persons with hypertension (31–37). New population-
based studies, using standardized photographic evaluation of retinal images to ascertain 
retinopathy lesions, have confirmed these early observations (Table 3). In the WESDR, 
PDR was associated with incident stroke mortality in both type 1 and 2 diabetes, inde-
pendent of diabetes duration, glycemic control, and other risk factors (9, 17, 20). In type 
1 diabetes, retinopathy severity was also associated with higher stroke risk (20). These 
findings are in keeping with data from the WHO-MSVDD in both men and women with 
type 2 diabetes (21), although an association was not seen in type 1 diabetes.

More recently, the Atherosclerosis Risk in Communities (ARIC) study, a large pro-
spective cohort study of 1,617 middle-aged white and black Americans with type 2 
diabetes, showed that the presence of NPDR, even of the mildest phenotype (presence 
of microaneurysms and/or retinal hemorrhages only), was associated with a two- to 
threefold higher risk of ischemic stroke (38, 39). In a substudy of the ARIC cohort in 
which participants had cranial MRI scans, synergistic interaction between the presence 
of retinopathy and the presence of MRI-defined cerebral white matter lesions on subse-
quent risk of clinical stroke development was seen. Participants with both retinopathy 
and white matter lesions had nearly a 20 times higher stroke risk than those without 
either findings (relative risk 18.1, 95% confidence intervals, 5.9–55.4) (40). This con-
firms the theory that subclinical cerebrovascular pathology may be more severe or 
extensive in persons with both cerebral and retinal markers of microvascular disease. 
Findings from the ARIC study are further reinforced by cross-sectional data from the 
Cardiovascular Health Study of an older population (41) and other studies (37, 42). 
Finally, there is new evidence that retinopathy signs are associated with stroke risk even 
in persons without clinically defined diabetes (43) and in persons with impaired glucose 
tolerance (44).

Apart from stroke events, diabetic retinopathy signs have also been linked with other 
cerebrovascular disorders. For example, among the ARIC study participants without 
clinical stroke, retinopathy lesions were related to cognitive decline (45) and MRI-
detected cerebral atrophy (46). In the CHS and other studies, retinopathy was also 
modestly associated with cognitive dysfunction and dementia (47, 48).

The importance of the reported associations of retinopathy signs with stroke, white 
matter lesions, cerebral atrophy, and cognitive impairment is that it directly supports a 
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contribution of small vessel disease (evident in the retina) in the pathogenesis of a wide 
spectrum of cerebrovascular conditions in persons with diabetes. In addition, because 
diabetic retinopathy is usually the end result of a disruption in the blood–retinal barrier, 
it is possible to infer that these cerebral conditions may also be related to breakdown of 
the blood–brain barrier (49).

DIABETIC RETINOPATHY AND HEART DISEASE

Microvascular dysfunction is now recognized as an important pathogenic factor in 
the development of heart disease in persons with diabetes. However, similar to cerebral 
circulation, there are no simple and noninvasive techniques for the assessment of coro-
nary microcirculation (50), and studies that have traditionally evaluated the role of coro-
nary microvascular dysfunction in diabetic heart disease have been limited by small 
clinic-based samples using highly specialized methods (51–55).

More than two decades ago, the Framingham Heart and Eye Study proposed that 
retinopathy signs may reflect a generalized microangiopathic process that affects organs 
elsewhere in the body, such as the heart, in people with diabetes (56). This hypothesis 
is consistent with earlier clinical studies based on ophthalmoscopic examinations link-
ing retinopathy signs with ischemic T-wave changes on electrocardiogram (57, 58), 
severity of coronary artery stenosis on angiography (59), and more recently, with inci-
dent clinical coronary heart disease vents (60).

Recent population-based studies using standardized photographic grading of retin-
opathy have produced stronger evidence in support of these previous observations. It is 
now clear that diabetic retinopathy signs are associated with risk of coronary heart dis-
ease and congestive heart failure (Table 4). In the ARIC study, the presence of retino-
pathy was associated with twofold higher risk of incident coronary heart disease, 
threefold higher risk of fatal coronary heart disease, and fourfold higher risk of conges-
tive heart failure, independent of diabetes duration, glycemic control, smoking, lipid 
profile, and other risk factors (61, 62). The population-attributable risk of retinopathy to 
congestive heart failure has been estimated to be 30.5% (62). In addition, there is a 
graded, dose-dependent association of increasing diabetic retinopathy severity with 
increasing coronary heart disease risk (61). These findings are consistent with data from 
the WHO-MSVDD (21) and other studies showing associations of not only NPDR but 
also PDR with coronary heart disease (12, 63, 64).

As for associations with cardiovascular mortality and stroke, the association of retin-
opathy with coronary heart disease risk is not consistently present in younger persons 
with type 1 diabetes. In the WESDR type 1 diabetes cohort, while NPDR, PDR, and 
retinopathy severity were all associated with an excess risk of deaths from ischemic 
heart disease, ascertained from death certificates, these associations were not significant 
after adjusting for cardiovascular risk factors, including nephropathy (9, 17, 20). The 
authors have suggested that misclassification of cause of death could have limited their 
study (9). In the EURODIAB study of type 1 diabetes, retinopathy was also not signifi-
cantly associated with incident CHD after multivariate analysis (65).

Apart from epidemiological studies, there are clinical studies that suggest the pres-
ence of retinopathy can be used as an indicator of silent myocardial ischemia and help 
guide investigative approaches in diabetic patients with suspected heart disease (66–71). 
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Furthermore, retinopathy may also be a valuable prognostic predictor for diabetic 
patients undergoing cardiac revascularization procedures. For instance, studies show 
that compared with patients without diabetic retinopathy, patients with retinopathy are 
more likely to sustain major adverse cardiac events or complications (e.g., death, myo-
cardial infarction, heart failure, in-stent restenosis) after percutaneous coronary inter-
vention or coronary artery bypass surgery, even after factoring effects of age, gender, 
diabetes duration, insulin use, and other factors that may affect prognosis after these 
procedures (72–75). Thus, it may be useful to assess retinopathy status when making 
clinical decision regarding the need for revascularization in diabetic patients with estab-
lished coronary heart disease (76).

The associations of retinopathy with cardiac morbidity and mortality are consistent 
with other observations that diabetic retinopathy is associated with subclinical coro-
nary micro- and macrovascular pathology. Studies showed that persons with retinopa-
thy are more likely to have myocardial arteriolar abnormalities (51), coronary perfusion 
defects (71, 77, 78), poorer coronary flow reserve (79), and lower coronary collateral 
score (80), than those without retinopathy. The presence of retinopathy signs has also 
been associated with higher degrees of coronary artery calcification (unpublished data 
from the Multi-Ethnic Study of Atherosclerosis, Wong TY 2007) (81) and more dif-
fuse/severe coronary artery stenosis on angiograms (70), two robust measures of coro-
nary atherosclerotic burden. Nevertheless, the fundamental question of whether the 
association of retinopathy with heart disease is driven by micro- or macrovascular 
disease remains unclear but it is likely that a mixture of micro- and macrovascular 
disease processes, mediated by common pathogenic pathways, contributes to the 
observed associations.

DIABETIC RETINOPATHY, NEPHROPATHY, AND NEUROPATHY

Nephropathy is another well-known microvascular complication of diabetes. 
Experimental studies show a high correlation of pathological changes in the retinal 
vasculature with those that occur in the renal vasculature (82, 83). This is in keeping 
with epidemiological studies consistently demonstrating an association between dia-
betic retinopathy and nephropathy, independent of shared risk factors (Table 5). Studies 
of individuals with hypertension show that retinopathy signs are strongly related to 
microalbuminuria, a preclinical marker of renal dysfunction (84). More recent studies 
of clinical kidney disease support this observation. In the WESDR, more severe diabetic 
retinopathy was associated with an increased 4-year risk of nephropathy in persons with 
type 1 diabetes (17, 85). Moreover, the presence of specific retinopathy signs, such as 
retinal hemorrhages, microaneurysms, and cotton wool spots, was associated with 
higher risk of renal dysfunction, even in persons without clinical diabetes (86). Similarly, 
in the Cardiovascular Health Study, the presence of retinopathy was independently 
associated with prevalent gross protenuria (23) and an increased risk of progression of 
renal impairment (87). These findings suggest that retinopathy and nephropathy share 
pathogenic pathways (e.g., inflammation, endothelial dysfunction) and highlight the 
need to monitor renal function in diabetic persons with retinopathy.

There is also evidence that retinopathy may be related to risk of neuropathy in people 
with diabetes (88, 89) or abnormal glucose metabolism (90). In a longitudinal study of 
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264 diabetic individuals, the presence of more severe microvascular diseases, including 
retinopathy, was associated with more severe diabetic polyneuropathy. Recently, the 
Australian Diabetes Obesity and Lifestyle Study, a population-based study of Australian 
adults aged 25 years or more, reported a strong association between retinopathy and 
neuropathy in persons without clinical diabetes but with abnormal glucose metabolism 
(90). Furthermore, in the WESDR, participants with PDR had a higher risk of incident 
lower leg amputation, a complication of diabetic peripheral neuropathy, as compared to 
those with no or minimal retinopathy at baseline (17).

PATHOGENIC BASIS BETWEEN DIABETIC RETINOPATHY 
AND SYSTEMIC DISEASE

Although epidemiological and clinical studies have now clearly demonstrated asso-
ciations of diabetic retinopathy with a range of systemic complications, the exact under-
lying pathophysiological mechanisms remain unclear. In part, this is due to several 
unresolved issues regarding the basic pathogenesis of diabetic retinopathy (1).

Nonetheless, several mechanisms have been hypothesized. First, the excess risk of 
systemic complications in persons with diabetic retinopathy has been suggested to be 
due to the more adverse cardiovascular profile in diabetic individuals. However, most 
studies have accounted in statistical analyses for the potential confounding effects of 
cardiovascular risk factors.

Second, it is important to note that diabetic retinopathy is related not only to microv-
ascular complications (e.g., nephropathy), but also macrovascular diseases. For example, 
retinopathy has been associated with several direct measures of atherosclerosis, includ-
ing carotid artery intima-media thickness or carotid plaque, arterial stiffness (a measure 
of early atherosclerosis), coronary artery calcification, as well as atherosclerotic lesions 
detected on angiograms (23, 41, 70, 81, 91). This later observation raises the possibility 
that common pathophysiological processes may underlie the development of both micro- 
and macrovascular disease in diabetes. These common pathways may include inflamma-
tion, endothelial dysfunction, and advanced glycation end products (10, 61, 92).

Third, it has been suggested, based on the Steno hypothesis, that retinopathy may 
reflect generalized vascular dysfunction caused by endothelial dysfunction (93) and 
genetically determined alterations in the basement membrane metabolism (94) associ-
ated with hyperglycemia. These diabetic vascular insults increase arterial/arteriolar wall 
permeability and leakage. In small arteriolar/capillary beds, retinopathy and nephropa-
thy develop as a result. In large arterial wall, increased permeability facilitates entry and 
accumulation of lipids, thus promoting the pathogenic cascade of atherosclerosis forma-
tion. Such hypothesis, though attractive, remains to be further validated.

CLINICAL SIGNIFICANCE OF RETINOPATHY IN SYSTEMIC 
DISEASE SCREENING

The relationships of diabetic retinopathy with systemic vascular diseases are clini-
cally important to ophthalmologists and other healthcare providers who treat and coun-
sel patients with diabetes. Current cardiovascular risk prediction for diabetic populations 
is inaccurate (95–97). As a recent systematic review of data from more than 70,000 
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participants shows, the Framingham risk scores significantly underestimate the absolute 
risk of cardiovascular disease in diabetic populations (95). Clearly, there is need to 
search for more specific predictor for cardiovascular disease risk in people with diabe-
tes. There is now good evidence that retinopathy, reliably detectable from retinal pho-
tographs, is an early marker of subclinical vascular disease and a strong independent 
predictor of clinical cardiovascular events. Thus, incorporating retinopathy into the cur-
rently available risk prediction tools (98, 99) may refine cardiovascular disease predic-
tion in asymptomatic persons with diabetes. Retinopathy has already been proposed to 
be used in clinical settings to guide preoperative assessment and counseling of diabetic 
patients planning for elective cardiac revascularization procedures (72–76).

Apart from people with diabetes, there is emerging evidence that classical signs of 
early “diabetic” retinopathy (e.g., microaneurysms, retinal hemorrhages, and cotton 
wool spots) are relatively common even in people without clinically diagnosed diabetes 
(100, 101). Studies have reported high prevalence (up to 14%) and incidence (6–10%) 
rates of these retinopathy lesions in nondiabetic general populations (102, 103). 
Retinopathy signs in people without diabetes have also been associated with an 
increased risk of stroke (39, 43, 104), ischemic heart disease (105), congestive heart 
failure (62), and impaired renal function (86, 87); and may also indicate a greater risk 
of hypertension and an excess risk of future diabetes (106), particularly if there is a 
family history of diabetes (107, 108). These “nondiabetic” retinopathy signs may there-
fore reflect masked abnormalities in glucose metabolism, blood pressure regulation, and 
other processes. Additional research is needed to delineate further the pathogenic basis 
and clinical significance of retinopathy signs in nondiabetic individuals.

CONCLUSION

Diabetic retinopathy is a common microvascular complication in the eyes of diabetic 
individuals (109). Besides its serious threat to vision, the presence of retinopathy also 
signifies an excess risk of morbidity and mortality attributable to systemic micro- and 
macrovascular disease. It is increasingly clear that retinopathy may reflect diabetic vas-
cular injury not only in the eyes but also in the other organs such as the brain (stroke), 
heart (coronary heart disease, heart failure), and kidneys (renal dysfunction). Studying 
these retinopathy lesions provides a unique channel to further our understanding of the 
pathogenesis of various systemic diseases in diabetes, and early detection of retinopathy 
may also offer a means to implement therapeutic measures that can prevent the develop-
ment or halt the progression of these systemic complications. For ophthalmologists and 
other eye care providers, it is therefore important not to overlook the broader clinical 
implications of retinopathy beyond the eyes of their diabetic patients.
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