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Preface 

During the past few decades great progress has been made in our understanding of 
pathophysiology, management and treatment of diabetic retinopathy. However, 
diabetic retinopathy still remains the leading cause of blindness among working 
adults worldwide. The goal of the book is to provide an update on latest 
developments in the understanding of pathophysiology of the disease, diagnosis and 
recent treatments strategies for physicians, ophthalmologists, researchers and medical 
students. 

This book covers topics ranging from pathophysiology to clinical aspects of DR and 
emerging treatments and concepts in diabetic retinopathy. The first section serves as a 
description of current understanding of the cellular and molecular mechanism of 
pathophysiology of diabetic retinopathy, in order to develop possible therapeutic 
strategies. The second section describes general pathogenic concepts of inflammation 
and angiogenesis. The third section describes clinical aspects and modern diagnostic 
features. The fourth part discusses recent concepts and emerging treatment strategies 
relating to the management of diabetic retinopathy. The originality and style of the 
text by authors have been kept intact, although some aspects overlap in more than one 
chapter which is justified by their unique approach and interpretation. 

I am very grateful to all the contributors who have worked very hard to make this 
book a reality.  I would also like to thank staff at INTECH, especially Mr. Igor Babic, 
Publishing Manager and the technical team who did a great job working together on 
this book. I hope this book will provide a resource for advancing understanding, as 
well as improving diagnosis and treatment strategies in the effort to help numerous 
patients who suffer from DR and are threatened by visual loss. 

Mohammad Shamsul Ola 
Department of Ophthalmology, College of Medicine, King Saud University, Riyadh, 

Kingdom of Saudi Arabia 
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Cellular and Molecular Mechanism  
of Diabetic Retinopathy 

Mohammad Shamsul Ola and Mohd Imtiaz Nawaz 
Department of Ophthalmology, College of Medicine, King Saud University, Riyadh, 

 KSA 

1. Introduction 
Diabetic retinopathy (DR) is one of the most common complications of diabetes affecting 
millions of working adults worldwide, in which the retina, a part of the eye becomes 
progressively damaged, leading to vision loss and blindness. Tremendous efforts have been 
made to identify biochemical mechanisms which led to the recognition of hyperglycemia, 
hypertension and dyslipidemia as major risk factors in DR. Consequently, tight glycemic 
control, blood pressure control and lipid-lowering therapy have all shown proven benefits 
in reducing the incidence and progression of DR. However, despite tight glycemic control, 
blood pressure control and lipid-lowering therapy, the number of DR patients keeps 
growing and therapeutic approaches are limited [Ismail-Beigi F, 2010; Patel A, 2008]. For last 
several decades, laser photocoagulation and vitrectomy remain as the two conventional 
approaches for treating sight-threatening conditions such as macular edema and 
proliferative DR (PDR). 

The increased levels of metabolites in diabetic patients and in various animal models of 
the disease have been shown to induce several unrelated and interrelated biochemical 
pathways implicated in the progression of the DR. Disturbed level of several metabolites 
in addition to hyperglycemia and hormonal factors systemically and within diabetic 
retina change the production pattern of a number of mediators including growth factors, 
neurotrophic factors, cytokines/chemokines, vasoactive agents, inflammatory molecules, 
and adhesion molecules resulting in increased blood flow, increased capillary 
permeability, altered cell turnover (apoptosis) and finally in angiogenesis. In this chapter 
a major emphasis is given on diabetic induced metabolic changes in the retina which 
induces a range of molecules and pathways involved early in the pathophysiology of DR 
which are briefly discussed and those major cascades of events are shown in the schematic 
diagram as depicted in Fig.1. 

2. Hyperglycemia 
2.1 Advanced Glycation end products (AGEs) 

AGE’s are formed via non-enzymatic condensation reaction between reducing glucoses and 
amine residues of proteins, lipids or nucleic acids that undergo a series of complex reaction 
to give irreversible cross linked complex group of compounds termed as AGEs. Some of the 
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best chemically characterized AGEs in human are carboxymethyllysine (CML), 
carboxyethyllysine (CEL), and pentosidine which act a markers for formation and 
accumulation of AGE in hyperglycemia. CML and other AGEs have been localized to retinal 
blood vessels of diabetes patients and were found to correlate with the degree of 
retinopathy suggesting the pathophysiological role of AGE’s in diabetes [Stitt AW, 2001]. 
Increased AGEs formation and accumulation has been found in retinal vessels of diabetic 
animals, in human serum with type 2 diabetes and in vitreous cavity of people with diabetic 
retinopathy [Goh SY, 2008; Goldin A, 2006]. 

Retinal pericytes have been shown to accumulate AGEs during diabetes, implicating pericytes 
loss which can induce blood-retinal barrier dysfunction [Stitt AW, 2000]. In addition, AGE 
induces leukocyte adherence that leads to breakdown of blood-retinal barrier via increased 
leukocyte adhesion to cultured retinal microvascular endothelial cells (ECs) by inducing 
intracellular cell adhesion molecule-1 (ICAM-1) expression [Moore TC, 2003]. Also retinal 
vascular endothelial growth factor (VEGF) has been found to induce ICAM-1 expression, thus 
leading to leukostasis and breakdown of blood-retinal barrier, suggesting AGE-elicited pro-
inflammation, may be modulated by the blockage of VEGF [Joussen AM, 2002; Ishida S, 2003]. 
AGEs increases monocyte chemoattractant protein-1 (MCP-1) and ICAM-1 expression in 
microvascular ECs through intracellular reactive oxygen species (ROS) generation, thereby 
inducing T-cell adhesion to ECs [Yamagishi S, 2007; Inagaki Y, 2003].  

 
Fig. 1. General features for diabetes induced neurovascular damage in diabetic retinopathy 
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AGEs disturb retinal microvascular homeostasis by overproduction of VEGF through the 
interaction with receptor of advanced glycation end products (RAGE) [Yamagishi S, 2002] 
and the AGE-RAGE axis could be involved in the development and progression of DR by 
eliciting pericyte apoptosis and dysfunction [Yamagishi S, 2009]. AGEs induces the 
activation of nuclear factor-B (NF-κB), with simultaneous increase in the ratio of Bcl-2/Bax, 
and activity of caspase-3, a key enzyme in the execution of apoptosis of pericytes 
[Yamagishi S, 2002; Denis U, 2002]. 

Recently, potential therapeutic role of pigment epithelial growth factor (PEDF) as 
angiostatic, neurotrophic, neuroprotective, antioxidative, and anti-inammatory properties 
are widely being discussed and its potential therapeutic property could be exploited as a 
new option for the treatment of vascular complications in diabetic patients [Yamagishi S, 
2008]. Since PEDF levels are decreased in aqueous or vitreous humor in patients with PDR 
than control, suggesting that loss of PEDF in the eye may contribute to the pathogenesis of 
PDR [Tombran-Tink J, 2003; Yamagishi S, 2008]. PEDF inhibits the AGE-induced ROS 
generation and subsequently prevents apoptotic cell death [Yamagishi S, 2008] and also 
inhibits AGE-induced retinal vascular hyperpermeability in endothelial cells by suppressing 
nicotinamide adenine dinucleotide phosphate (NADPH)-oxidase mediated ROS generation 
and subsequently VEGF expression [Sheikpranbabu S, 2010 (a), 2010 (b)]. The work by 
Yamagishi and his group have shown that injection of AGEs to normal rats increase RAGE 
and ICAM-1 expression that induced retinal leukostasis and hyperpermeability, however 
the process was blocked by simultaneous treatment with PEDF that completely inhibited 
superoxide generation and NF-κB activation in AGE-exposed endothelial cells [Yamagishi S, 
2006, 2007]. There is also a signicant correlation between the vitreous AGE and VEGF 
levels and furthermore, both AGEs and VEGF levels (inversely) and PEDF (positively) are 
associated with the total anti-oxidant status in the vitreous uid [Yokoi M, 2005, 2007]. All 
these observations support the concept that PEDF is a potential anti-oxidative agent and 
anti-inammatory, that could block the AGE-VEGF axis, thereby may ameliorate the 
progression of PDR [Yamagishi S, 2009]. Many therapeutic drugs are also being used such as 
aminoguanidine, pyridoxamine and LR-90 that inhibit glycation reactions and or conversion of 
early products to AGEs [Abu El-Asrar AM, 2009]. However many such AGE formation 
inhibitors are still early in clinical trials.  

2.2 Protein Kinase C (PKC) 

Protein Kinase (PKCs) is a family of about 13 isoforms that are widely distributed in various 
mammalian tissues. In hyperglycemic state, some of the PKC isoforms are produced 
primarily from enhanced de novo synthesis of diacylglycerol (DAG) from glucose to glycerol 
3-phosphate, which act an upstream activator for various isoforms of PKCs, a family of 
serine/threonine kinases that mediates unique function [Inoguchi T, 1994]. The activities of 
the classic isoforms (PKC-α, -β1/2, and PKC-δ) are greatly enhanced by DAG and have been 
linked to vascular dysfunctions and pathogenesis of DR [Geraldes P, 2010]. Hyperglycemia 
primarily activates the β and δ isoforms of PKC in cultured vascular cells [Koya D, 1997]. 
Excessive PKC activation underlies microvascular ischaemia, leakage, and angiogenesis in 
DR. Some of the changes due to PKCs activation include: increase in blood ow, basement 
membrane thickening, extracellular matrix expansion, vascular permeability, angiogenesis, 
apoptosis, leukocyte adhesion, and cytokine activation [Aiello LP, 2006; Avignon A, 2006; 
Das Evcimen N, 2007; Geraldes P, 2010]. 
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In the diabetic retina, hyperglycemia not only activates protein kinase C but also mitogen-
activated protein kinase (MAPK) to increase the expression of a unknown targets of PKC 
signaling, like SHP-1 (Src homology-2 domain–containing phosphatase-1), a protein tyrosine 
phosphatase. This signaling cascade leads to platelet-derived growth factor (PDGF) 
receptor-β dephosphorylation and a reduction in downstream signaling from this receptor, 
resulting in pericyte apoptosis.[ Geraldes P, 2009]. 

PKC isoform selective inhibitors are likely new therapeutics, which can delay the onset or 
stop the progression of diabetic vascular disease. The highly selective PKCβ activation and 
its inhibition by ruboxistaurin mesylate have been most extensively studied [Davis MD, 
2009]. Clinical studies have shown that ruboxistaurin prevented loss of visual acuity in 
diabetic patients [Gálvez MI, 2009]. Thus, PKC activation involving several isoforms is likely 
to be responsible for some of the pathologies in diabetic retinopathy. 

2.3 Polyol pathway 

In diabetes, hyperglycemia activates polyol pathway, where a part of excess glucose are 
metabolized to sorbitol which is then converted to fructose [Lorenzi M, 2007]. Aldose 
reductase (AR) is the key and rate limiting enzyme in polyol pathway, and both galactose 
and glucose are substrates to this enzyme and compete with each other while being reduced 
to galactitol and sorbitol, respectively. Under physiological conditions glucose is poorly 
reduced by AR to sorbitol. By contrast, under diabetic condition the intracellular glucose 
levels are elevated, the polyol pathway of glucose metabolism becomes active and sorbitol is 
produced [Lorenzi M, 2007; Gabbay KH, 1973; Barba I, 2010]. AR, reduces glucose to sorbitol 
using NADPH as a cofactor, thereby reducing the NADPH level [B. Lass` egue, 2003] which 
results in less glutathione and increase in oxidative stress, a major factor in retinal damage 
[Chung SS, 2003; Brownlee M, 2002]. Retinas from diabetic patients with retinopathy 
showed high expression of AR protein in nerve fibers, ganglion cells and Müller cells than 
from nondiabetic individuals [Dagher Z, 2004]. Similarly excess accumulation of sorbitol has 
been found in various tissues including retina of diabetic animals and also in human retinas 
from nondiabetic eye donors exposed to high glucose similar to the level in nondiabetic rats 
retina incubated under identical conditions [Lorenzi M, 2007; Chung SS, 2005]. We also 
measured rate of polyols formation in ex vivo rat retinas that gave evidence of increased ux 
through the polyol pathway with increase in the duration of diabetes and with 
hyperglycemia [Ola MS, 2006]. The use of inhibitor of aldose reductase in many animal 
models has prevented the early activation of complement in the wall of retinal vessels, 
apoptosis of vascular pericytes and endothelial cells and the development of acellular 
capillaries [Dagher Z, 2004].  

Accumulated sorbitol within retina may cause osmotic stress and also the byproducts of 
polyol pathway, fructose-3-phosphtae and 3-deoxyglucosone are powerful glycosylating 
agents that enter in the formation of AGEs, which are an important factor for the 
pathogenecity of diabetic retinopathy. Biochemical consequences of polyol pathway 
activation as studied in the retina of experimentally diabetic rats show an increased 
nitrotyrosine [Obrosova IG, 2005], lipid peroxidation products and depletion of antioxidant 
enzymes [Obrosova IG, 2003].Thus, activation of the polyol pathway initiate and multiply 
several mechanisms of cellular damage by activation and interaction of aldose reductase and 
other pathogenetic factors such as formation of AGE, activation of oxidative-nitrosative 
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stress, PKC pathway and poly(ADP-ribose) polymerase that may further lead to initiation of 
inflammation and growth factor imbalances [Obrosova IG, 2011]. The use of fidarestat, an 
inhibitor of aldose reductase counteracts diabetes-associated retinal oxidative-nitrosative 
stress and poly (ADP-ribose) polymerase formation [Obrosova IG, 2005] supporting an 
important role for aldose reductase in diabetes and rationale for the development of aldose 
reductase inhibitors for counteraction of polyol pathway [Drel VR, 2008].  

2.4 Hexosamine pathway 

The hexosamine biosynthesis pathway is another hyperglycemic induced pathway which 
has been implicated in diabetic pathogenesis [Giacco F, 2010]. Increased expression of an 
enzyme called GFAT (glutamine: fructose-6 phosphate amidotransferase) causes the 
diversion of some of glycolytic metabolites such as fructose-6 phosphate to the hexosamine 
pathway producing UDP (uridine diphosphate)-N-acetylglucosamine which is a substrate 
used for the post-translational modication of intracellular factors including transcription 
factors [Nerlich AG, 1998; Brownlee M, 2005]. Du and coworkers have shown the role of 
hyperglycemia in activation of hexosamine pathway that increases the expression of 
plasminogen activator inhibitor-1 (PAI-1) and transforming growth factor-β1 (TGF-β1), 
which are deleterious for diabetic blood vessels and may contribute to the pathogenesis of 
diabetic complications [Du XL, 2000]. Hyperglycaemia results in increased glucosamines 
may cause insulin resistance in skeletal muscle and adipocytes and heamoglobin-A1c 
(HbA1c) which significantly correlates with basal GFAT activity in Type 2 diabetes [Yki-
Järvinen H, 1996; Buse MG, 2006]. Few studies suggest that hexosamine biosynthetic 
pathway may cause retinal neurodegeneration via either affecting the neuroprotective effect 
of insulin or through the induction of apoptosis possibly by altered glycosylation of proteins 
[Nakamura M, 2001].  

The ability of benfotiamine, a lipid soluble thiamine, to inhibit simultaneously the 
hexosamine pathway along with AGE formation and PKC pathways might be clinically 
useful in preventing the development and progression of diabetic pathogenesis arising due 
to hyperglycemia induced vascular damage [Hammes HP, 2003]. 

2.5.1 Poly (ADP-ribose) Polymerase (PARP) 

Poly (ADP-ribose) Polymerase (PARP) is a nuclear enzyme residing as an inactive form 
which gets activated after the cell receives the DNA damaging signals. Increased 
intracellular glucose generates increased ROS in the mitochondria, which induces DNA 
strand breaks, thereby activating PARP. Once activated, PARP depletes its substrate, NAD+ 

molecule, by breaking into nicotinic acid and ADP-ribose, slowing the rate of glycolysis and 
mitochondrial function. By inhibiting mitochondrial superoxide or ROS production with 
either MnSOD or UCP-1, prevented both modication of glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) by ADP-ribose and reduction of its activity by hyperglycemia [Du 
X, 2003]. PARP was found to decrease the GAPDH activity, activate the polyol and PKC 
pathways, increases intracellular AGE formation and activates hexosamine pathway ux 
which trigger the production of reactive oxygen and nitrogen species, playing a role in the 
pathogenesis of endothelial dysfunction and diabetic complications. PARP also potentiates 
NF-κB activation resulting in increase of the expression of NF-κB dependent genes such as 
ICAM-1, MCP-1 and TNF-α with increase in leukostasis and producing greater oxidative 
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In the diabetic retina, hyperglycemia not only activates protein kinase C but also mitogen-
activated protein kinase (MAPK) to increase the expression of a unknown targets of PKC 
signaling, like SHP-1 (Src homology-2 domain–containing phosphatase-1), a protein tyrosine 
phosphatase. This signaling cascade leads to platelet-derived growth factor (PDGF) 
receptor-β dephosphorylation and a reduction in downstream signaling from this receptor, 
resulting in pericyte apoptosis.[ Geraldes P, 2009]. 

PKC isoform selective inhibitors are likely new therapeutics, which can delay the onset or 
stop the progression of diabetic vascular disease. The highly selective PKCβ activation and 
its inhibition by ruboxistaurin mesylate have been most extensively studied [Davis MD, 
2009]. Clinical studies have shown that ruboxistaurin prevented loss of visual acuity in 
diabetic patients [Gálvez MI, 2009]. Thus, PKC activation involving several isoforms is likely 
to be responsible for some of the pathologies in diabetic retinopathy. 

2.3 Polyol pathway 

In diabetes, hyperglycemia activates polyol pathway, where a part of excess glucose are 
metabolized to sorbitol which is then converted to fructose [Lorenzi M, 2007]. Aldose 
reductase (AR) is the key and rate limiting enzyme in polyol pathway, and both galactose 
and glucose are substrates to this enzyme and compete with each other while being reduced 
to galactitol and sorbitol, respectively. Under physiological conditions glucose is poorly 
reduced by AR to sorbitol. By contrast, under diabetic condition the intracellular glucose 
levels are elevated, the polyol pathway of glucose metabolism becomes active and sorbitol is 
produced [Lorenzi M, 2007; Gabbay KH, 1973; Barba I, 2010]. AR, reduces glucose to sorbitol 
using NADPH as a cofactor, thereby reducing the NADPH level [B. Lass` egue, 2003] which 
results in less glutathione and increase in oxidative stress, a major factor in retinal damage 
[Chung SS, 2003; Brownlee M, 2002]. Retinas from diabetic patients with retinopathy 
showed high expression of AR protein in nerve fibers, ganglion cells and Müller cells than 
from nondiabetic individuals [Dagher Z, 2004]. Similarly excess accumulation of sorbitol has 
been found in various tissues including retina of diabetic animals and also in human retinas 
from nondiabetic eye donors exposed to high glucose similar to the level in nondiabetic rats 
retina incubated under identical conditions [Lorenzi M, 2007; Chung SS, 2005]. We also 
measured rate of polyols formation in ex vivo rat retinas that gave evidence of increased ux 
through the polyol pathway with increase in the duration of diabetes and with 
hyperglycemia [Ola MS, 2006]. The use of inhibitor of aldose reductase in many animal 
models has prevented the early activation of complement in the wall of retinal vessels, 
apoptosis of vascular pericytes and endothelial cells and the development of acellular 
capillaries [Dagher Z, 2004].  

Accumulated sorbitol within retina may cause osmotic stress and also the byproducts of 
polyol pathway, fructose-3-phosphtae and 3-deoxyglucosone are powerful glycosylating 
agents that enter in the formation of AGEs, which are an important factor for the 
pathogenecity of diabetic retinopathy. Biochemical consequences of polyol pathway 
activation as studied in the retina of experimentally diabetic rats show an increased 
nitrotyrosine [Obrosova IG, 2005], lipid peroxidation products and depletion of antioxidant 
enzymes [Obrosova IG, 2003].Thus, activation of the polyol pathway initiate and multiply 
several mechanisms of cellular damage by activation and interaction of aldose reductase and 
other pathogenetic factors such as formation of AGE, activation of oxidative-nitrosative 
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stress, PKC pathway and poly(ADP-ribose) polymerase that may further lead to initiation of 
inflammation and growth factor imbalances [Obrosova IG, 2011]. The use of fidarestat, an 
inhibitor of aldose reductase counteracts diabetes-associated retinal oxidative-nitrosative 
stress and poly (ADP-ribose) polymerase formation [Obrosova IG, 2005] supporting an 
important role for aldose reductase in diabetes and rationale for the development of aldose 
reductase inhibitors for counteraction of polyol pathway [Drel VR, 2008].  

2.4 Hexosamine pathway 

The hexosamine biosynthesis pathway is another hyperglycemic induced pathway which 
has been implicated in diabetic pathogenesis [Giacco F, 2010]. Increased expression of an 
enzyme called GFAT (glutamine: fructose-6 phosphate amidotransferase) causes the 
diversion of some of glycolytic metabolites such as fructose-6 phosphate to the hexosamine 
pathway producing UDP (uridine diphosphate)-N-acetylglucosamine which is a substrate 
used for the post-translational modication of intracellular factors including transcription 
factors [Nerlich AG, 1998; Brownlee M, 2005]. Du and coworkers have shown the role of 
hyperglycemia in activation of hexosamine pathway that increases the expression of 
plasminogen activator inhibitor-1 (PAI-1) and transforming growth factor-β1 (TGF-β1), 
which are deleterious for diabetic blood vessels and may contribute to the pathogenesis of 
diabetic complications [Du XL, 2000]. Hyperglycaemia results in increased glucosamines 
may cause insulin resistance in skeletal muscle and adipocytes and heamoglobin-A1c 
(HbA1c) which significantly correlates with basal GFAT activity in Type 2 diabetes [Yki-
Järvinen H, 1996; Buse MG, 2006]. Few studies suggest that hexosamine biosynthetic 
pathway may cause retinal neurodegeneration via either affecting the neuroprotective effect 
of insulin or through the induction of apoptosis possibly by altered glycosylation of proteins 
[Nakamura M, 2001].  

The ability of benfotiamine, a lipid soluble thiamine, to inhibit simultaneously the 
hexosamine pathway along with AGE formation and PKC pathways might be clinically 
useful in preventing the development and progression of diabetic pathogenesis arising due 
to hyperglycemia induced vascular damage [Hammes HP, 2003]. 

2.5.1 Poly (ADP-ribose) Polymerase (PARP) 

Poly (ADP-ribose) Polymerase (PARP) is a nuclear enzyme residing as an inactive form 
which gets activated after the cell receives the DNA damaging signals. Increased 
intracellular glucose generates increased ROS in the mitochondria, which induces DNA 
strand breaks, thereby activating PARP. Once activated, PARP depletes its substrate, NAD+ 

molecule, by breaking into nicotinic acid and ADP-ribose, slowing the rate of glycolysis and 
mitochondrial function. By inhibiting mitochondrial superoxide or ROS production with 
either MnSOD or UCP-1, prevented both modication of glyceraldehyde 3-phosphate 
dehydrogenase (GAPDH) by ADP-ribose and reduction of its activity by hyperglycemia [Du 
X, 2003]. PARP was found to decrease the GAPDH activity, activate the polyol and PKC 
pathways, increases intracellular AGE formation and activates hexosamine pathway ux 
which trigger the production of reactive oxygen and nitrogen species, playing a role in the 
pathogenesis of endothelial dysfunction and diabetic complications. PARP also potentiates 
NF-κB activation resulting in increase of the expression of NF-κB dependent genes such as 
ICAM-1, MCP-1 and TNF-α with increase in leukostasis and producing greater oxidative 
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stress. PARP inhibition suppresses NF-κB activation and expression of adhesion molecule in 
cultured endothelial cells under high glucose [Zheng L, 2004]. More recently, Drel et al., 
demonstrated an increase in PARP activity in streptozotocin induced diabetic rats and 
PARP inhibitors reduced retinal oxidative-nitrosative stress, glial activation, and cell death 
in palmitate exposed pericytes and endothelial cells [Drel VR, 2009]. 

2.5.2 Peroxisome Proliferator Activator Receptor-γ (PPAR- γ) 

PPAR-γ is a member of ligand-activated nuclear receptor superfamily, which plays an 
important role in carbohydrate metabolism, angiogenesis and inflammation [Malchiodi-
Albedi F, 2008; Yanagi Y, 2008]. PPAR-γ is highly expressed in retinal cells, macropahges 
and other cell types that influence inflammation such as microglial cells, a resident 
macrophage present both in brain and retina, indicating that PPAR-γ might modulate 
diabetes induced activation of these cells involved in inflammation and neurodegeneration 
[Bernardo A, 2006]. The recent work by Tawfik and group has shown the down regulation 
of PPAR-γ expression in oxygen induced retinopathy in an experimental model of diabetes 
[Tawfik A, 2009]. In streptozotocin induced diabetic mice deficient in PPAR-γ expression 
had increased leukostasis and leakage compared to wild type control mice, indicating that 
endogeneous PPAR-γ and its activation by specific ligands is critical for inhibiting 
leukostasis and leakage in diabetic mice [Muranaka K, 2006]. PPAR-γ also acts as agonist by 
inhibiting the VEGF-stimulated proliferation, migration and tube formation in PPAR-γ 
expressing retinal endothelial cells [Murata T, 2000]. In diabetic patients, PPAR-γ agonists 
have been shown to reduce several markers of inflammation such as serum levels of c-
reactive protein, interleukin-6 (IL-6), monocyte chemoattractant protein (MCP-1) and matrix 
metallo ptoteinase 9 (MMP-9) [Agarwal R, 2006]. In-vitro studies showed that PPAR-γ 
agonists suppress activated NF-κB and decrease ROS generation in blood mononuclear cells 
[Aljada A, 2001]. Many such studies suggest the use of PPAR-γ agonists in the treatment of 
diabetic retinopathy. 

2.6 Oxidative stress 

The retina is highly metabolic active tissue, making it susceptible to increased oxidative 
stress. Diabetes disturbs the cellular homeostasis in the normal retina by metabolic 
dysregulation of glucose, lipids, amino acids and other metabolites which causes oxidative 
stress, implicating in the in the pathogenesis of diabetic retinopathy. 

Oxidative stress is believed to play a pivotal role in the development of diabetic retinopathy 
by damaging retinal cells [Sato H, 2005]. However, the potential sources of ROS, is still 
unclear although a number of studies showed that high glucose and the diabetic state 
stimulate flux through the glycolytic pathway, increases cytosolic NADH, tissue lactate-to-
pyruvate ratios, and tricarboxylic acid cycle flux thereby producing excess level of ROS 
[Madsen-Bouterse SA, 2008; Ido Y, 1997; Obrosova IG, 2001]. ROS can be produced by 
activation of AGE, aldose reductase, hexosamine and PKC pathways induced by 
hyperglycemia, altered lipoprotein metabolism, excess level of excitatory amino acids and 
altered growth factor or cytokines/chemokines activities [Ola MS, 2006; Kanwar M, 2009]. 
Oxidative stress creates a vicious cycle of damage to macromolecules by amplifying the 
production of more ROS and activates other metabolic pathways that are detrimental to the 
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development of diabetic retinopathy. However, it is still unclear whether oxidative stress 
has a primary role in the pathogenesis of diabetic complication, occurs at an early stage in 
diabetes or it is a consequence of the tissue damage. Other sources of oxidative stress are the 
activation of NADPH oxidase which may increase superoxide, induction of xanthine 
oxidase, decreased tissue concentration of endogenous antioxidants such as glutathione and 
impaired activities of antioxidant defense enzymes such as superoxide dismutase (SOD) and 
catalase [Sonta T, 2004; Al-Shabrawey M, 2008; Madsen-Bouterse SA, 2008].  

To develop novel therapeutic strategies that specifically target ROS is actually desired for 
patients with PDR. The use of PEDF as a therapeutic option which has a anti-oxidative, anti-
angiogenic, neuroprotective and anti-inflammatory properties could be used to block 
pathways that leads the production of ROS [Yamagishi S, 2011]. Vitamin E has a protective 
role against lipid peroxidation, whereas its effects on protein and DNA oxidation are less 
pronounced [Pazdro R, 2010]. 

3. Hyperlipidaemia 
Increased level of plasma lipid has been found to be involved in the pathogenesis of 
microvascular disease [Ansquer JC, 2009]. High content of lipid in diabetic patients increases 
the risk of diabetic retinopathy and particularly diabetic macular edema [van Leiden HA, 
2002]. Still it is unclear how altered lipids level affect the onset and progression of diabetic 
retinopathy, may be through alterations in metabolic processes that alters concentration of 
serum compounds such as ketone bodies, acylcarnitine and oxidized fatty acids [Adibhatla 
RM, 2007]. There is a growing body of evidence suggest that serum lipid/fatty acid 
composition, concentration and tissue distribution contribute to the development and 
severity of this disease [Berry EM, 1997; Kowluru RA, 2007; Nagao K, 2008]. The 
contribution of lipids/fatty acid may be particularly important in the context of type I 
diabetes, where hypoglycemia and hyperglycemia co-exist. 

The major sources of fatty acids/lipids are from the modern diets (Western in particular) that 
have a high fat content [Hu FB, 2001]. Not only these diets have high caloric content, but also 
have high levels of saturated and trans-fatty acids (SFA), rather than the generally beneficial 
cis-monounsaturated or polyunsaturated fatty acids. Thus understanding the details of 
metabolic response of diabetic mice to Western diets may aid in understanding, how dietary 
lipid/fatty acids contribute to the complication of diabetes. The sensitivity of retina to fatty 
acid is well documented and thus understanding how diet affects the levels of these key 
metabolites will provide important new information about their role in DR [Giovanni JP, 
2005; Adibhatla RM, 2007]. Very long chain unsaturated fatty acids such as docosahexaenoic 
acids (DHA) are essential for retinal development and function, and free fatty acids in this 
class have been shown to be protective against age related macular degeneration in a mouse 
model [Connor KM, 2007]. Diet high in SFA and deficient in the precursors of important 
retinal fatty acids may adversely affect retinal function or increase the pathology. In the 
context of type I diabetes, a high fat diet may also increase oxidative stress [Kowluru RA, 2007] 
and contributes to the inflammatory response [Fox TE, 2006] as well as alter metabolism and 
metabolite pools in the retina [Antonetti DA, 2006]. 

ETDR (early treatment of diabetic retinopathy) study demonstrated that elevated serum 
lipid levels are associated with an increased risk of retinal hard exudates, accompanying 
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stress. PARP inhibition suppresses NF-κB activation and expression of adhesion molecule in 
cultured endothelial cells under high glucose [Zheng L, 2004]. More recently, Drel et al., 
demonstrated an increase in PARP activity in streptozotocin induced diabetic rats and 
PARP inhibitors reduced retinal oxidative-nitrosative stress, glial activation, and cell death 
in palmitate exposed pericytes and endothelial cells [Drel VR, 2009]. 

2.5.2 Peroxisome Proliferator Activator Receptor-γ (PPAR- γ) 

PPAR-γ is a member of ligand-activated nuclear receptor superfamily, which plays an 
important role in carbohydrate metabolism, angiogenesis and inflammation [Malchiodi-
Albedi F, 2008; Yanagi Y, 2008]. PPAR-γ is highly expressed in retinal cells, macropahges 
and other cell types that influence inflammation such as microglial cells, a resident 
macrophage present both in brain and retina, indicating that PPAR-γ might modulate 
diabetes induced activation of these cells involved in inflammation and neurodegeneration 
[Bernardo A, 2006]. The recent work by Tawfik and group has shown the down regulation 
of PPAR-γ expression in oxygen induced retinopathy in an experimental model of diabetes 
[Tawfik A, 2009]. In streptozotocin induced diabetic mice deficient in PPAR-γ expression 
had increased leukostasis and leakage compared to wild type control mice, indicating that 
endogeneous PPAR-γ and its activation by specific ligands is critical for inhibiting 
leukostasis and leakage in diabetic mice [Muranaka K, 2006]. PPAR-γ also acts as agonist by 
inhibiting the VEGF-stimulated proliferation, migration and tube formation in PPAR-γ 
expressing retinal endothelial cells [Murata T, 2000]. In diabetic patients, PPAR-γ agonists 
have been shown to reduce several markers of inflammation such as serum levels of c-
reactive protein, interleukin-6 (IL-6), monocyte chemoattractant protein (MCP-1) and matrix 
metallo ptoteinase 9 (MMP-9) [Agarwal R, 2006]. In-vitro studies showed that PPAR-γ 
agonists suppress activated NF-κB and decrease ROS generation in blood mononuclear cells 
[Aljada A, 2001]. Many such studies suggest the use of PPAR-γ agonists in the treatment of 
diabetic retinopathy. 

2.6 Oxidative stress 

The retina is highly metabolic active tissue, making it susceptible to increased oxidative 
stress. Diabetes disturbs the cellular homeostasis in the normal retina by metabolic 
dysregulation of glucose, lipids, amino acids and other metabolites which causes oxidative 
stress, implicating in the in the pathogenesis of diabetic retinopathy. 

Oxidative stress is believed to play a pivotal role in the development of diabetic retinopathy 
by damaging retinal cells [Sato H, 2005]. However, the potential sources of ROS, is still 
unclear although a number of studies showed that high glucose and the diabetic state 
stimulate flux through the glycolytic pathway, increases cytosolic NADH, tissue lactate-to-
pyruvate ratios, and tricarboxylic acid cycle flux thereby producing excess level of ROS 
[Madsen-Bouterse SA, 2008; Ido Y, 1997; Obrosova IG, 2001]. ROS can be produced by 
activation of AGE, aldose reductase, hexosamine and PKC pathways induced by 
hyperglycemia, altered lipoprotein metabolism, excess level of excitatory amino acids and 
altered growth factor or cytokines/chemokines activities [Ola MS, 2006; Kanwar M, 2009]. 
Oxidative stress creates a vicious cycle of damage to macromolecules by amplifying the 
production of more ROS and activates other metabolic pathways that are detrimental to the 
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development of diabetic retinopathy. However, it is still unclear whether oxidative stress 
has a primary role in the pathogenesis of diabetic complication, occurs at an early stage in 
diabetes or it is a consequence of the tissue damage. Other sources of oxidative stress are the 
activation of NADPH oxidase which may increase superoxide, induction of xanthine 
oxidase, decreased tissue concentration of endogenous antioxidants such as glutathione and 
impaired activities of antioxidant defense enzymes such as superoxide dismutase (SOD) and 
catalase [Sonta T, 2004; Al-Shabrawey M, 2008; Madsen-Bouterse SA, 2008].  

To develop novel therapeutic strategies that specifically target ROS is actually desired for 
patients with PDR. The use of PEDF as a therapeutic option which has a anti-oxidative, anti-
angiogenic, neuroprotective and anti-inflammatory properties could be used to block 
pathways that leads the production of ROS [Yamagishi S, 2011]. Vitamin E has a protective 
role against lipid peroxidation, whereas its effects on protein and DNA oxidation are less 
pronounced [Pazdro R, 2010]. 

3. Hyperlipidaemia 
Increased level of plasma lipid has been found to be involved in the pathogenesis of 
microvascular disease [Ansquer JC, 2009]. High content of lipid in diabetic patients increases 
the risk of diabetic retinopathy and particularly diabetic macular edema [van Leiden HA, 
2002]. Still it is unclear how altered lipids level affect the onset and progression of diabetic 
retinopathy, may be through alterations in metabolic processes that alters concentration of 
serum compounds such as ketone bodies, acylcarnitine and oxidized fatty acids [Adibhatla 
RM, 2007]. There is a growing body of evidence suggest that serum lipid/fatty acid 
composition, concentration and tissue distribution contribute to the development and 
severity of this disease [Berry EM, 1997; Kowluru RA, 2007; Nagao K, 2008]. The 
contribution of lipids/fatty acid may be particularly important in the context of type I 
diabetes, where hypoglycemia and hyperglycemia co-exist. 

The major sources of fatty acids/lipids are from the modern diets (Western in particular) that 
have a high fat content [Hu FB, 2001]. Not only these diets have high caloric content, but also 
have high levels of saturated and trans-fatty acids (SFA), rather than the generally beneficial 
cis-monounsaturated or polyunsaturated fatty acids. Thus understanding the details of 
metabolic response of diabetic mice to Western diets may aid in understanding, how dietary 
lipid/fatty acids contribute to the complication of diabetes. The sensitivity of retina to fatty 
acid is well documented and thus understanding how diet affects the levels of these key 
metabolites will provide important new information about their role in DR [Giovanni JP, 
2005; Adibhatla RM, 2007]. Very long chain unsaturated fatty acids such as docosahexaenoic 
acids (DHA) are essential for retinal development and function, and free fatty acids in this 
class have been shown to be protective against age related macular degeneration in a mouse 
model [Connor KM, 2007]. Diet high in SFA and deficient in the precursors of important 
retinal fatty acids may adversely affect retinal function or increase the pathology. In the 
context of type I diabetes, a high fat diet may also increase oxidative stress [Kowluru RA, 2007] 
and contributes to the inflammatory response [Fox TE, 2006] as well as alter metabolism and 
metabolite pools in the retina [Antonetti DA, 2006]. 

ETDR (early treatment of diabetic retinopathy) study demonstrated that elevated serum 
lipid levels are associated with an increased risk of retinal hard exudates, accompanying 
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diabetic macular edema with an increased risk of visual impairment. The presence of hard 
exudates in diabetic retinopathy patients has been shown to be associated with increased 
serum cholesterol levels [Li J, 2009; Rodriguez-Fontal M, 2009]. The therapeutic use of lipid 
lowering drugs such as fibrates and cholesterol lowering drug, statins, may have great 
potential in the treatment of diabetic retinopathy. 

4. Renin Angiotensin System (RAS) 
Hypertension has been identified as a major risk factor of microvascular complications 
leading to small vessel dysfunction, manifesting the state of diabetic retinopathy. In patients 
with diabetic retinopathy, tight control of blood pressure delays the progression of the 
disease and growing evidence suggests that RAS plays an important role in the regulation of 
blood pressure. The RAS is an enzymatic cascade in which angiotensinogen is the precursor 
of the angiotensin peptides. The cascade begins with the conversion of the inactive form of 
renin, prorenin, to active renin [Satofuka S, 2009]. Renin converts angiotensinogen to 
angiotensin-1 (Ang I) which is further cleaved by angiotensin converting enzyme (ACE) to 
angiotensin-II (Ang II). Ang II is the main effector peptide of the RAS, acting primarily on 
two receptors, the angiotensin type I (AT-1) and angiotensin type 2 (AT22). Ang II is known 
to cause systemic and, local blood pressure via its constrictor effect by upregulation of 
angiotensin II type 1 receptor.  

A number of investigators studied components of retinal RAS (Ang I, Ang II, renin, ACE, 
AT-1, AT-2) in the retina and increased levels of prorenin, rennin and angiotensin II have 
been reported in the vitreous of patients with PDR and diabetic macular edema (DME) 
suggesting the involvement of RAS in pathogenesis of diabetic retinopathy [Noma H, 2009; 
Nagai N, 2005]. Ang II is also a growth factor, promoting differentiation, apoptosis and the 
deposition of extracellular matrix [Otani A, 2001; Suzuki Y, 2003]. Ang II potentiates 
deleterious effect of AGEs by inducing RAGE expression in hypertensive eye and can be 
blocked by telmisartan, an inhibitor of ACE, indicating a link between AGE-RAGE and the 
RAS which may be involved in the pathogenesis of diabetic retinopathy. 

Angiotensin induce cell growth, proliferation and the deposition of extracellular matrix 
proteins via stimulation of growth factors such as transforming growth factor (TGF-β), 
platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and 
connective tissue growth factor (CTGF) [Ruperez M, 2003]. There is evidence that the AT-2 
receptor also influences pathological angiogenesis in rats with oxygen induced retinopathy 
and blockade of the AT-2 receptor was shown to reduce retinal angiogenesis and expression 
of VEGF, VEGFR-2 and angiopoietin-2. In diabetic rats both AT-1 and AT-2 receptor 
blockade attenuate the rise in retinal VEGF expression [Zhang X, 2004]. Blockade of the RAS 
at the level of ACE inhibition or angiotensin reduces the rise in retinal VEGF and VEGFR-2 
that occurs in diabetic rats and transgenic rats with OIR and attenuates vascular pathology 
including vascular leakage, proliferation of endothelial cells, angiogenesis [Kim JH, 2009], 
leukostasis [Chen P, 2006] and inflammation [Egami K, 2003]. Recently, Nagai et al. studied 
the involvement of RAS and NF-kB pathway in diabetic induced retinal inflammation by 
upregulation of ICAM-1, MCP-1 and VEGF which are attenuated by AT-1 receptor blocker 
[Nagai N, 2007]. Therefore, RAS plays an important role in the pathogenesis of diabetic 
retinopathy and this has led a major interest in RAS inhibitors to prevent retinopathy. 
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5. Hormones 
Several hormones such as insulin, aldosterone, adrenomesdulin, growth hormone (GH) and 
endothelin have been found to be implicated in diabetic retinopathy [Wilkinson-Berka JL, 
2008]. Insulin stimulates anabolic functions and prevents the breakdown of skeletal muscle 
tissue. In diabetes, the loss of insulin signaling profoundly alters carbohydrate, lipids, amino 
acids and protein metabolism in a range of tissues including retina, altering nutrients pool 
and resulting in metabolic dysregulation that ultimately induces tissue damage. Also, the 
loss of insulin action in diabetic patients causes muscle loss [Serrarbassa PD, 2008]. 
Numerous studies towards understanding whether the role of insulin concise to its effect on 
blood level only or extend its role in maintaining retinal homoeostasis reveals the 
neurotrophic action of insulin [Meyer-Franke A, 1995] pointing to the possibilities that 
exogenous insulin have a role in the treatment of DR via its neurotrophic actions [Reiter CE, 
2006]. Few studies also describe the role of insulin in inflammatory processes [Fort PE, 
2009]. Data and research from the Diabetes Control and Complications Trial (DCCT, 
Diabetes, 1995), as a study by Barber et al. demonsonstrated that administration of 
exogenous insulin reduces the risk and progression of retinopathy [Barber AJ, 1998]. Use of 
several implantable hydrogels with degradable and thermoresponsive properties are widely 
being tested for slow and sustained local release of insulin to the retina [Misra GP, 2009; 
Kang Derwent JJ, 2008]. However further investigations of both efficiency and potency of 
such locally administered insulin needs a more indepth studies and research.  

Growth factors (GH) have been recently found in vitreous uid of human, in which they 
regulate retinal function and provide markers of ocular dysfunction. The presence of GH in 
the human vitreous suggests that vitreous GH may be involved in the pathogenesis of 
various forms of ocular diseases including PDR [Harvey S, 2009; Malhotra C, 2010]. It has 
been shown that the low GH concentrations in the vitreous of diabetic patients may 
correlate with retinal neurodegeneration making it a marker to follow progression of 
diabetes [Ziaei M, 2009]. Systemic inhibition of GH or insulin like growth factor (IGF-1) or 
both, may have therapeutic potential in preventing some forms of retinopathy [Smith LE, 
1997]. Thus growth hormone may play a major role in the progression of diabetic 
retinopathy in combination with IGF-I and VEGF.  

6. Inflammation and diabetic retinopathy 
Many of the molecular and functional changes that are characteristic of inflammation have 
been detected in retinas from diabetic animals or humans, and in retinal cells under diabetic 
conditions which support the potential role of proinflammatory cytokines, chemokines 
and other inflammatory markers in DR [Adamis AP, 2008]. Joussen et al, have shown that 
CD18-/- and ICAM-1-/- mice have significantly fewer adherent leukocytes which is 
associated with fewer damaged endothelial cells and lesser vascular leakage [Joussen AM, 
2004]. Leukostasis is a condition that is characterized by abnormal intravascular leukocyte 
aggregation and clumping which play a major role in inflammatory process in patient 
with DR [Tamura H, 2005; Tadayoni R, 2003]. Leukostatsis has been shown to be 
increased in retinas of diabetic animals and contributes to the capillary nonperfusion and 
also suggests that increased leukocyte-endothelial cell adhesion and retinal leukostasis as 
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diabetic macular edema with an increased risk of visual impairment. The presence of hard 
exudates in diabetic retinopathy patients has been shown to be associated with increased 
serum cholesterol levels [Li J, 2009; Rodriguez-Fontal M, 2009]. The therapeutic use of lipid 
lowering drugs such as fibrates and cholesterol lowering drug, statins, may have great 
potential in the treatment of diabetic retinopathy. 

4. Renin Angiotensin System (RAS) 
Hypertension has been identified as a major risk factor of microvascular complications 
leading to small vessel dysfunction, manifesting the state of diabetic retinopathy. In patients 
with diabetic retinopathy, tight control of blood pressure delays the progression of the 
disease and growing evidence suggests that RAS plays an important role in the regulation of 
blood pressure. The RAS is an enzymatic cascade in which angiotensinogen is the precursor 
of the angiotensin peptides. The cascade begins with the conversion of the inactive form of 
renin, prorenin, to active renin [Satofuka S, 2009]. Renin converts angiotensinogen to 
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to cause systemic and, local blood pressure via its constrictor effect by upregulation of 
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AT-1, AT-2) in the retina and increased levels of prorenin, rennin and angiotensin II have 
been reported in the vitreous of patients with PDR and diabetic macular edema (DME) 
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deleterious effect of AGEs by inducing RAGE expression in hypertensive eye and can be 
blocked by telmisartan, an inhibitor of ACE, indicating a link between AGE-RAGE and the 
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Angiotensin induce cell growth, proliferation and the deposition of extracellular matrix 
proteins via stimulation of growth factors such as transforming growth factor (TGF-β), 
platelet-derived growth factor (PDGF), vascular endothelial growth factor (VEGF), and 
connective tissue growth factor (CTGF) [Ruperez M, 2003]. There is evidence that the AT-2 
receptor also influences pathological angiogenesis in rats with oxygen induced retinopathy 
and blockade of the AT-2 receptor was shown to reduce retinal angiogenesis and expression 
of VEGF, VEGFR-2 and angiopoietin-2. In diabetic rats both AT-1 and AT-2 receptor 
blockade attenuate the rise in retinal VEGF expression [Zhang X, 2004]. Blockade of the RAS 
at the level of ACE inhibition or angiotensin reduces the rise in retinal VEGF and VEGFR-2 
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leukostasis [Chen P, 2006] and inflammation [Egami K, 2003]. Recently, Nagai et al. studied 
the involvement of RAS and NF-kB pathway in diabetic induced retinal inflammation by 
upregulation of ICAM-1, MCP-1 and VEGF which are attenuated by AT-1 receptor blocker 
[Nagai N, 2007]. Therefore, RAS plays an important role in the pathogenesis of diabetic 
retinopathy and this has led a major interest in RAS inhibitors to prevent retinopathy. 
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5. Hormones 
Several hormones such as insulin, aldosterone, adrenomesdulin, growth hormone (GH) and 
endothelin have been found to be implicated in diabetic retinopathy [Wilkinson-Berka JL, 
2008]. Insulin stimulates anabolic functions and prevents the breakdown of skeletal muscle 
tissue. In diabetes, the loss of insulin signaling profoundly alters carbohydrate, lipids, amino 
acids and protein metabolism in a range of tissues including retina, altering nutrients pool 
and resulting in metabolic dysregulation that ultimately induces tissue damage. Also, the 
loss of insulin action in diabetic patients causes muscle loss [Serrarbassa PD, 2008]. 
Numerous studies towards understanding whether the role of insulin concise to its effect on 
blood level only or extend its role in maintaining retinal homoeostasis reveals the 
neurotrophic action of insulin [Meyer-Franke A, 1995] pointing to the possibilities that 
exogenous insulin have a role in the treatment of DR via its neurotrophic actions [Reiter CE, 
2006]. Few studies also describe the role of insulin in inflammatory processes [Fort PE, 
2009]. Data and research from the Diabetes Control and Complications Trial (DCCT, 
Diabetes, 1995), as a study by Barber et al. demonsonstrated that administration of 
exogenous insulin reduces the risk and progression of retinopathy [Barber AJ, 1998]. Use of 
several implantable hydrogels with degradable and thermoresponsive properties are widely 
being tested for slow and sustained local release of insulin to the retina [Misra GP, 2009; 
Kang Derwent JJ, 2008]. However further investigations of both efficiency and potency of 
such locally administered insulin needs a more indepth studies and research.  

Growth factors (GH) have been recently found in vitreous uid of human, in which they 
regulate retinal function and provide markers of ocular dysfunction. The presence of GH in 
the human vitreous suggests that vitreous GH may be involved in the pathogenesis of 
various forms of ocular diseases including PDR [Harvey S, 2009; Malhotra C, 2010]. It has 
been shown that the low GH concentrations in the vitreous of diabetic patients may 
correlate with retinal neurodegeneration making it a marker to follow progression of 
diabetes [Ziaei M, 2009]. Systemic inhibition of GH or insulin like growth factor (IGF-1) or 
both, may have therapeutic potential in preventing some forms of retinopathy [Smith LE, 
1997]. Thus growth hormone may play a major role in the progression of diabetic 
retinopathy in combination with IGF-I and VEGF.  

6. Inflammation and diabetic retinopathy 
Many of the molecular and functional changes that are characteristic of inflammation have 
been detected in retinas from diabetic animals or humans, and in retinal cells under diabetic 
conditions which support the potential role of proinflammatory cytokines, chemokines 
and other inflammatory markers in DR [Adamis AP, 2008]. Joussen et al, have shown that 
CD18-/- and ICAM-1-/- mice have significantly fewer adherent leukocytes which is 
associated with fewer damaged endothelial cells and lesser vascular leakage [Joussen AM, 
2004]. Leukostasis is a condition that is characterized by abnormal intravascular leukocyte 
aggregation and clumping which play a major role in inflammatory process in patient 
with DR [Tamura H, 2005; Tadayoni R, 2003]. Leukostatsis has been shown to be 
increased in retinas of diabetic animals and contributes to the capillary nonperfusion and 
also suggests that increased leukocyte-endothelial cell adhesion and retinal leukostasis as 
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an early event associated with areas of vascular non-perfusion that leads to the 
development of diabetic retinopathy [Chibber R, 2007; Kern TS, 2007; Joussen AM, 2004; 
Ishida S, 2003].  

The role of proinammatory transcription factors that are responsible for inammatory 
process includes the production of proinammatory mediators such as NF-κB, specicity 
protein 1 (Sp1), activator protein 1 (AP-1), PPARs and other members of the nuclear receptor 
superfamily [Rahman I, 2002; Yang SR, 2006 ]. A variety of diabetes induced metabolic 
factors including AGEs, PKC, polyols and oxidative stress may activate NF-κB and thereby 
release proinflammatory cytokines, chemokines and other inflammatory mediator proteins 
[Gao X, 2008 (a)]. 

Proinflammatory cytokines such as Interleukin-1β (IL-1β), Tumor necrosis Factor-α (TNF-α) 
and IL-6 were found to be significantly higher in vitreous of PDR than in control patient and 
their role in retinal pathogenesis leading to PDR have been characterized. Increased levels of 
IL-1β, is detected in vitreous fluid of the patients with PDR [Demircan N, 2006; Sato T, 2009] 
and in the retina from diabetic rats [Vincent JA, 2007] suggesting that IL-1β might have an 
important role in the pathogenesis of diabetic retinopathy. Using the IL-1 receptor 
antagonist (IL-1Ra) which causes a blockade of IL-1 activity reduces tissue inflammation in 
the type 2 diabetic rat [Ehses JA, 2009]. TNF-α is a potent proinflammatory cytokine that is 
involved in various immunologic and pathologic reactions including upregulation of 
proliferation, differentiation and cell death [Gao X, 2007, 2008 (b)]. The data provides the 
evidence of the activation of the local synthesis of TNF-α along with other cytokines such as 
Endothelin-1 (ET-1) and IL-6 in PDR [Adamiec-Mroczek J, 2010]. Furthermore, the role of 
several cell adhesion molecules such as soluble vascular cell adhesion protein-1 (sVCAM) 
and soluble ICAM have been shown to correlate with the vitreous VCAM-1 and TNF-α 
concentration [Adamiec-Mroczek J, 2009; Adamiec-Mroczek J, 2008]. In addition, increased 
level of TNF-α in diabetic plasma has been shown to induce leukocyte cell adhesion [Ben-
Mahmud BM, 2004]. The role TNFα is critical for the later complications and progression of 
blood retinal barrier (BRB) breakdown. In diabetes induced TNF-α knockout mice the BRB 
breakdown was completely suppressed showing that TNFα is essential for progression BRB 
breakdown and would be a good therapeutic target to prevent BRB breakdown, retinal 
leukostasis, and apoptosis associated with DR [Huang H, 2011]. Increased level of IL-6 is 
detected in vitreous fluid of the patients with PDR and DME [Noma H, 2009; Murugeswari 
P, 2008]. Serum level of IL-6 in patients with both type 1 and type 2 diabetes were also found 
to be increased [Myśliwiec M, 2008; Bertoni AG, 2010]. Levels of soluble IL-6 receptor in the 
vitreous and serum of patients with PDR was found to be significantly higher than control 
[Kawashima M, 2007]. Increased level of IL-6 was found to be related to retinal vascular 
permeability and the severity of DME [Noma H, 2009; Noma H, 2010]. Up-regulation of IL-6 
increase leukocyte-endothelial interaction which contributes to breakdown of BRB in 
diabetes [Adamis AP, 2008]. 

Chemokines such as MCP-1, IP-10, IL-8 and stromal derived factor-1 (SDF-1) have been also 
found to play a potential role in pathogenesis of diabetic retinopathy [Murugeswari P, 2008; 
Yoshimura T, 2009]. MCP-1 which is a strong activator of macrophages and monocytes, 
have been shown to be involved in the pathogenesis of DR where vitreous MCP-1 levels are 
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increased in PDR compared with those in controls [Maier R, 2008; Hernández C, 2005]. The 
angiogenic effect of MCP-1 was completely inhibited by a VEGF inhibitor, suggesting that 
MCP-1 induced angiogenesis is mediated through pathways involving VEGF [Hong KH, 
2004].The increased MCP-1 expression contributes to the development of neovascularization 
and fibrosis in proliferative vitreoretinal disorders [Yoshida S, 2003]. Abu El-Asrar and 
others have found increased levels of IP-10 in the vitreous humor samples from eyes with 
PVR and PDR patients [Abu El-Asrar AM, 2006;Maier R, 2008] and IP-10 expression under 
both in vitro and in vivo conditions has been shown to be induced by VEGF, indicating a 
potent angiogenesis factor in PDR [Maier R, 2008]. VEGF induced augmentation of IP-10 
expression is a major mechanism underlying its proinflammatory function. In age-related 
macular degeneration, IP-10 is also marked as early biomarkers to understand the 
regulation and neovascular response [Mo FM, 2010]. The work by Liu shows that diabetic 
tears exhibited elevated levels of pro-angiogenic cytokines such as IP-10 and MCP-1 than 
anti-angiogenic cytokines [Liu J, 2010]. IL-8 is angiogenic and inflammatory mediator which 
is elevated in vitreous of patients with PDR in comparison to control subjects [Murugeswari 
P, 2008; Petrovic MG, 2007]. It has been shown that IL-8 is produced by endothelial and glial 
cells in the retina with ischemic angiogenesis [Yoshida A, 1998] where it could act as a 
marker of ischaemic inflammatory reaction, and play a role in deteriorating visual acuity by 
DR progression [Petrovič MG, 2010]. 

In humans, vitreous SDF-1 concentration increases as proliferative diabetic retinopathy 
progresses [Butler JM, 2005; Sonmez K, 2008]. Abu El-Asrar and coworkers have shown that 
expression of SDF-1 and its receoptor CXCR4 in PDR epiretinal membranes [Abu El-Asrar 
AM, 2006; Abu El-Asrar AM, 2011]. SDF-1 is upregulated in ischemic tissue establishing an 
SDF-1 gradient favoring recruitment of EPCs from peripheral blood to sites of ischemia, 
thereby accelerating neovascularization. The intravitreal injection of bevacizumab and 
triamcinolone in patient with PDR potentially diminishes the level of SDF-1 that in turn 
eliminate diffuse macular edema, and cause regression of active aberrant neovascularization 
(NV) suggesting the possible role of SDF-1 in the pathogenesis of the adverse visual 
consequences of DR [Arimura N, 2009; Brooks HL Jr, 2004]. 

The role of various growth factors such as epidermal growth factor (EGF), VEGF, basic 
FGF, granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) in the retinal pathogenesis have been evaluated. 
Schallenberg and his group have shown that the hematopoietic cytokine, GM-CSF and its 
receptor are expressed within rat and human retina where GM-CSF reduced apoptosis 
and protected injured retinal ganglion cells by activating the ERK1/2 pathway 
[Schallenberg M, 2009].  

7. Neuronal damage in diabetic retinopathy 
7.1 Neurodegeneration 

A pathogenic mechanism of nerve damage in diabetic retinopathy begins shortly after the 
onset of diabetes. Several clinical tools such as multifocal electroretinography (ERG), flash 
ERG, contrast sensitivity, color vision, and short-wavelength automated perimetry, all 
detect neuronal dysfunction at early stages of diabetes [Han Y, 2004; Bearse MA, 2004; 
Fletcher EL, 2007]. Occurrence of many functional changes in the retina can be identified 
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an early event associated with areas of vascular non-perfusion that leads to the 
development of diabetic retinopathy [Chibber R, 2007; Kern TS, 2007; Joussen AM, 2004; 
Ishida S, 2003].  
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protein 1 (Sp1), activator protein 1 (AP-1), PPARs and other members of the nuclear receptor 
superfamily [Rahman I, 2002; Yang SR, 2006 ]. A variety of diabetes induced metabolic 
factors including AGEs, PKC, polyols and oxidative stress may activate NF-κB and thereby 
release proinflammatory cytokines, chemokines and other inflammatory mediator proteins 
[Gao X, 2008 (a)]. 

Proinflammatory cytokines such as Interleukin-1β (IL-1β), Tumor necrosis Factor-α (TNF-α) 
and IL-6 were found to be significantly higher in vitreous of PDR than in control patient and 
their role in retinal pathogenesis leading to PDR have been characterized. Increased levels of 
IL-1β, is detected in vitreous fluid of the patients with PDR [Demircan N, 2006; Sato T, 2009] 
and in the retina from diabetic rats [Vincent JA, 2007] suggesting that IL-1β might have an 
important role in the pathogenesis of diabetic retinopathy. Using the IL-1 receptor 
antagonist (IL-1Ra) which causes a blockade of IL-1 activity reduces tissue inflammation in 
the type 2 diabetic rat [Ehses JA, 2009]. TNF-α is a potent proinflammatory cytokine that is 
involved in various immunologic and pathologic reactions including upregulation of 
proliferation, differentiation and cell death [Gao X, 2007, 2008 (b)]. The data provides the 
evidence of the activation of the local synthesis of TNF-α along with other cytokines such as 
Endothelin-1 (ET-1) and IL-6 in PDR [Adamiec-Mroczek J, 2010]. Furthermore, the role of 
several cell adhesion molecules such as soluble vascular cell adhesion protein-1 (sVCAM) 
and soluble ICAM have been shown to correlate with the vitreous VCAM-1 and TNF-α 
concentration [Adamiec-Mroczek J, 2009; Adamiec-Mroczek J, 2008]. In addition, increased 
level of TNF-α in diabetic plasma has been shown to induce leukocyte cell adhesion [Ben-
Mahmud BM, 2004]. The role TNFα is critical for the later complications and progression of 
blood retinal barrier (BRB) breakdown. In diabetes induced TNF-α knockout mice the BRB 
breakdown was completely suppressed showing that TNFα is essential for progression BRB 
breakdown and would be a good therapeutic target to prevent BRB breakdown, retinal 
leukostasis, and apoptosis associated with DR [Huang H, 2011]. Increased level of IL-6 is 
detected in vitreous fluid of the patients with PDR and DME [Noma H, 2009; Murugeswari 
P, 2008]. Serum level of IL-6 in patients with both type 1 and type 2 diabetes were also found 
to be increased [Myśliwiec M, 2008; Bertoni AG, 2010]. Levels of soluble IL-6 receptor in the 
vitreous and serum of patients with PDR was found to be significantly higher than control 
[Kawashima M, 2007]. Increased level of IL-6 was found to be related to retinal vascular 
permeability and the severity of DME [Noma H, 2009; Noma H, 2010]. Up-regulation of IL-6 
increase leukocyte-endothelial interaction which contributes to breakdown of BRB in 
diabetes [Adamis AP, 2008]. 

Chemokines such as MCP-1, IP-10, IL-8 and stromal derived factor-1 (SDF-1) have been also 
found to play a potential role in pathogenesis of diabetic retinopathy [Murugeswari P, 2008; 
Yoshimura T, 2009]. MCP-1 which is a strong activator of macrophages and monocytes, 
have been shown to be involved in the pathogenesis of DR where vitreous MCP-1 levels are 
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increased in PDR compared with those in controls [Maier R, 2008; Hernández C, 2005]. The 
angiogenic effect of MCP-1 was completely inhibited by a VEGF inhibitor, suggesting that 
MCP-1 induced angiogenesis is mediated through pathways involving VEGF [Hong KH, 
2004].The increased MCP-1 expression contributes to the development of neovascularization 
and fibrosis in proliferative vitreoretinal disorders [Yoshida S, 2003]. Abu El-Asrar and 
others have found increased levels of IP-10 in the vitreous humor samples from eyes with 
PVR and PDR patients [Abu El-Asrar AM, 2006;Maier R, 2008] and IP-10 expression under 
both in vitro and in vivo conditions has been shown to be induced by VEGF, indicating a 
potent angiogenesis factor in PDR [Maier R, 2008]. VEGF induced augmentation of IP-10 
expression is a major mechanism underlying its proinflammatory function. In age-related 
macular degeneration, IP-10 is also marked as early biomarkers to understand the 
regulation and neovascular response [Mo FM, 2010]. The work by Liu shows that diabetic 
tears exhibited elevated levels of pro-angiogenic cytokines such as IP-10 and MCP-1 than 
anti-angiogenic cytokines [Liu J, 2010]. IL-8 is angiogenic and inflammatory mediator which 
is elevated in vitreous of patients with PDR in comparison to control subjects [Murugeswari 
P, 2008; Petrovic MG, 2007]. It has been shown that IL-8 is produced by endothelial and glial 
cells in the retina with ischemic angiogenesis [Yoshida A, 1998] where it could act as a 
marker of ischaemic inflammatory reaction, and play a role in deteriorating visual acuity by 
DR progression [Petrovič MG, 2010]. 

In humans, vitreous SDF-1 concentration increases as proliferative diabetic retinopathy 
progresses [Butler JM, 2005; Sonmez K, 2008]. Abu El-Asrar and coworkers have shown that 
expression of SDF-1 and its receoptor CXCR4 in PDR epiretinal membranes [Abu El-Asrar 
AM, 2006; Abu El-Asrar AM, 2011]. SDF-1 is upregulated in ischemic tissue establishing an 
SDF-1 gradient favoring recruitment of EPCs from peripheral blood to sites of ischemia, 
thereby accelerating neovascularization. The intravitreal injection of bevacizumab and 
triamcinolone in patient with PDR potentially diminishes the level of SDF-1 that in turn 
eliminate diffuse macular edema, and cause regression of active aberrant neovascularization 
(NV) suggesting the possible role of SDF-1 in the pathogenesis of the adverse visual 
consequences of DR [Arimura N, 2009; Brooks HL Jr, 2004]. 

The role of various growth factors such as epidermal growth factor (EGF), VEGF, basic 
FGF, granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage colony-
stimulating factor (GM-CSF) in the retinal pathogenesis have been evaluated. 
Schallenberg and his group have shown that the hematopoietic cytokine, GM-CSF and its 
receptor are expressed within rat and human retina where GM-CSF reduced apoptosis 
and protected injured retinal ganglion cells by activating the ERK1/2 pathway 
[Schallenberg M, 2009].  

7. Neuronal damage in diabetic retinopathy 
7.1 Neurodegeneration 

A pathogenic mechanism of nerve damage in diabetic retinopathy begins shortly after the 
onset of diabetes. Several clinical tools such as multifocal electroretinography (ERG), flash 
ERG, contrast sensitivity, color vision, and short-wavelength automated perimetry, all 
detect neuronal dysfunction at early stages of diabetes [Han Y, 2004; Bearse MA, 2004; 
Fletcher EL, 2007]. Occurrence of many functional changes in the retina can be identified 
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before the development of vascular pathology, suggesting that they result from a direct 
effect of diabetes on the neural retina [Lieth E, 2004]. Diabetic mice develop capillary lesion 
that are characteristic of the early stages of DR and cause pathologic progression resulting 
due to neuronal loss or upregulation of glial fibrillary acidic protein (GFAP) in retinal glial 
cells [Feit-Leichman RA, 2005]. Van Dijk and his group has shown the gradual and selective 
thinning of mean ganglion cell/inner plexiform retinal layer in type 1 diabetic patients [van 
Dijk HW, 2009] which further supports the concept that early DR includes a 
neurodegenerative sign [van Dijk HW, 2010; Peng PH, 2009]. Retinal glial cells that play 
important roles in maintaining the normal function of the retina, after the onset of diabetes 
the normal function of these cells are altered and compromised. They are known to become 
gliotic displaying altered potassium siphoning, GABA uptake, glutamate excitoxicity and 
are also known to express several modulators of angiogenic factors. In addition to metabolic 
stress, there are many growth factors involved in process of neuronal death in DR 
suggesting further investigation into the mechanism of neurodegenaration [Whitmire W, 
2011]. 

7.2 Apoptosis  

Even before the emergence of the concept of programmed cell death (PCD)/apoptosis in 
diabetes, studies have identified a pyknotic bodies in histological sections of the retina of 
people with diabetes [Bloodworth JM Jr, 1962; Wolter JR, 1962]. Diabetes causes chronic loss 
of inner retinal neurons by increasing the frequency of apoptosis as studied in 
streptozotocin-induced diabetic mice [Martin PM, 2004]. Many findings suggest that the 
visual loss associated with DR could be associated not only to an early phase of 
photoreceptor loss but also to later microangiopathy [Park SH, 2003], so both retinal 
neurodegeneration and retinal microangiopathy should be considered as sign and onset of 
DR [Ning X, 2004]. Caspases, the enzymes involved in apoptosis are also elevated in retinas 
of diabetic rats thus making them as markers for apoptosis [Mohr S, 2002]. The role of pro-
inflammatory cytokine (IL-1β) and caspase-1 in diabetes-induced mice have shown that 
caspase-1/IL-1β signaling pathways play an important role in degeneration of retinal 
capillaries [Vincent JA, 2007] and its inhibition might represent a new strategy to inhibit 
capillary degeneration in diabetic retinopathy [Mohr S, 2008]. The increased expression of 
apoptotic mediators, Bcl-2 in the vascular endothelium inhibits the diabetes-induced 
degeneration of retinal capillaries and superoxide generation [Kern TS, 2010; Susnow N, 
2009]. 

Several studies also demonstrate that the expression of Bax (Bcl-2 associate X protein), pro-
apoptotic protein is associated with degenerative diseases and are increased in retinas of 
diabetic rats, confirming the increase in apoptosis within the inner retina as a component of 
DR [Podesta F, 2000]. Involvement of TNF-α and AGE, in retinal pericyte apoptosis through 
activation of the pro-apoptotic transcription factor Forkhead box O1 (FOXO1) establishes the 
possible mechanism of apoptosis in DR [Alikhani M, 2010]. 

7.3 Glutamate excitotoxicity 

Glutamate is the excitatory neurotransmitter in the retina, but it is neurotoxic when 
present in excessive amounts. Crucial role in the disruption of glutamate homeostasis in 
diabetic retina is due to decrease in the ability of Müller cells to remove the excess amount 
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of glutamate from the extracellular space causing excitotoxicity leading to 
neurodegeneration [Li Q, 2002; Diederen RM, 2006]. Extracellular glutamate is transported 
into Müller cells by glutamate transporters (GLAST) and amidated by glutamine 
synthetase (GS) to the non-toxic amino acid, glutamine. Yu XH and coworkers have shown 
a linear correlation between time-dependent reduction in GS expression and the time 
course of diabetic retinopathy, making GS as a possible biomarker for evaluating the 
severity of diabetic retinopathy [Yu XH, 2009]. At postsynaptic neurons, two major classes 
of receptors referred to as amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
receptors and N-methyl-D-aspartate (NMDA) are activated by excess glutamate. The 
major causes for cell death following activation of NMDA receptors are the influx of 
calcium and sodium into cells, the generation of free radicals linked to the formation of 
AGEs and/or advanced lipoxidation endproducts (ALEs) as well as defects in the 
mitochondrial respiratory chain. Thus, glutamate may play an important role in the 
progression of disease and treatment by glutamate inhibitors may decrease neurotoxicity 
[Ola MS, 2011].  

7.4 Role of neurotrophic factors 

Neurotrophic factors play important roles in regulating growth, maintenance and survival 
of neurons [Mattson MP, 2004]. The role of brain derived neurotrophic factors (BDNF) in 
metabolism is supported by studies on BDNF-deficient mice which develop obesity and 
hyperphagia in early adulthood [Kernie SG, 2000] whereas, when it administered to normal 
mice or rats, it has no effect on blood glucose levels, indicating that BDNF exerts its effects 
by enhancing insulin sensitivity [Ono M, 1997] and activates several signaling pathways 
including phosphatidylinositol-3 kinase/Akt [Cotman CW, 2005]. Plasma levels of BDNF 
were decreased in humans with type 2 diabetes accompany impaired glucose metabolism 
[Krabbe KS, 2007] and act like a biomarkers of insulin resistance [Fujinami A, 2008]. 
Recently to understand the mechanism of action of BDNF under normal and hypoxic 
condition in Müller cells, BDNF treated cells increased glutamate uptake and also up 
regulated glutamine synthetase (GS) during hypoxia which may underlie neuroprotective 
effects of BDNF [Min D, 2011]. The therapeutic merit of BDNF was also evaluated by 
injecting it in diabetic mice, which not only ameliorated glucose metabolism [Yamanaka M, 
2008 (a)] but also prevented the development of diabetes in pre-diabetic mice [Yamanaka M, 
2008 (b)]. Treatment with ciliary neurotrophic factor (CNTF) in combination with brain 
derived neurotrophic factor (BDNF) is shown to rescue photoreceptors in retinal explants, 
conveying its neuroprotective effects [Azadi S, 2007]. 

Several studies have shown an elevated level of Nerve Growth Factor (NGF), another potent 
neurotrophic factor, which contributes to neurogenic inflammation [Barhwal K, 2008]. NGF 
level was significantly elevated in the PDR samples as compared to controls, indicating that 
NGF might be a potent angiogenic factor in the pathogenesis of PDR [Chalam KV, 2003]. 

Another neurotrophic includes Basic Fibroblast Growth Factor (bFGF), which is important 
for survival and maturation of both glial cells and neurons and play an important role in 
regeneration after neural injury [Bikfalvi A, 1997; Molteni R, 2001]. Study found an increase 
in bFGF concentration in vitreous samples from patients with PDR [Sivalingam A, 1990] 
revealing that bFGF is a potent angiogenic factor playing an important role in the 
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of glutamate from the extracellular space causing excitotoxicity leading to 
neurodegeneration [Li Q, 2002; Diederen RM, 2006]. Extracellular glutamate is transported 
into Müller cells by glutamate transporters (GLAST) and amidated by glutamine 
synthetase (GS) to the non-toxic amino acid, glutamine. Yu XH and coworkers have shown 
a linear correlation between time-dependent reduction in GS expression and the time 
course of diabetic retinopathy, making GS as a possible biomarker for evaluating the 
severity of diabetic retinopathy [Yu XH, 2009]. At postsynaptic neurons, two major classes 
of receptors referred to as amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 
receptors and N-methyl-D-aspartate (NMDA) are activated by excess glutamate. The 
major causes for cell death following activation of NMDA receptors are the influx of 
calcium and sodium into cells, the generation of free radicals linked to the formation of 
AGEs and/or advanced lipoxidation endproducts (ALEs) as well as defects in the 
mitochondrial respiratory chain. Thus, glutamate may play an important role in the 
progression of disease and treatment by glutamate inhibitors may decrease neurotoxicity 
[Ola MS, 2011].  

7.4 Role of neurotrophic factors 

Neurotrophic factors play important roles in regulating growth, maintenance and survival 
of neurons [Mattson MP, 2004]. The role of brain derived neurotrophic factors (BDNF) in 
metabolism is supported by studies on BDNF-deficient mice which develop obesity and 
hyperphagia in early adulthood [Kernie SG, 2000] whereas, when it administered to normal 
mice or rats, it has no effect on blood glucose levels, indicating that BDNF exerts its effects 
by enhancing insulin sensitivity [Ono M, 1997] and activates several signaling pathways 
including phosphatidylinositol-3 kinase/Akt [Cotman CW, 2005]. Plasma levels of BDNF 
were decreased in humans with type 2 diabetes accompany impaired glucose metabolism 
[Krabbe KS, 2007] and act like a biomarkers of insulin resistance [Fujinami A, 2008]. 
Recently to understand the mechanism of action of BDNF under normal and hypoxic 
condition in Müller cells, BDNF treated cells increased glutamate uptake and also up 
regulated glutamine synthetase (GS) during hypoxia which may underlie neuroprotective 
effects of BDNF [Min D, 2011]. The therapeutic merit of BDNF was also evaluated by 
injecting it in diabetic mice, which not only ameliorated glucose metabolism [Yamanaka M, 
2008 (a)] but also prevented the development of diabetes in pre-diabetic mice [Yamanaka M, 
2008 (b)]. Treatment with ciliary neurotrophic factor (CNTF) in combination with brain 
derived neurotrophic factor (BDNF) is shown to rescue photoreceptors in retinal explants, 
conveying its neuroprotective effects [Azadi S, 2007]. 

Several studies have shown an elevated level of Nerve Growth Factor (NGF), another potent 
neurotrophic factor, which contributes to neurogenic inflammation [Barhwal K, 2008]. NGF 
level was significantly elevated in the PDR samples as compared to controls, indicating that 
NGF might be a potent angiogenic factor in the pathogenesis of PDR [Chalam KV, 2003]. 

Another neurotrophic includes Basic Fibroblast Growth Factor (bFGF), which is important 
for survival and maturation of both glial cells and neurons and play an important role in 
regeneration after neural injury [Bikfalvi A, 1997; Molteni R, 2001]. Study found an increase 
in bFGF concentration in vitreous samples from patients with PDR [Sivalingam A, 1990] 
revealing that bFGF is a potent angiogenic factor playing an important role in the 
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pathogenesis of neovascularization in DR [Wong CG, 2001]. Studies also suggest that bFGF 
have a therapeutic value for diabetic neuropathy when injected with cross-linked gelatin 
hydrogel in streptozotocin-induced diabetic rats [Nakae M, 2006].  

Glial cell line-derived neurotrophic factor (GDNF) is a member of the transforming growth 
factor-β (TGF-β)-related neurotrophic factor family. GDNF promotes photoreceptor survival 
during retinal degeneration mediated by interaction of the neurotrophic factors via 
receptors in Müller glial cells that in turn release secondary factors that act directly to rescue 
photoreceptors [Harada C, 2003].  

8. Conclusions 
As described in this chapter, extensive research progress has been made in investigating 
the pathophysiology of the disease, however, due to non availability of human retinal 
samples and also due to lack of proper animal model of DR, the exact molecular 
mechanism has not been elucidated, making therapeutic a difficult task. Therefore, 
research using large diabetic animal models which develop clinical signs of retinopathy 
are needed which may provide a correlation of the systemic metabolic profiles and retinal 
pathology with human studies to better understand the exact molecules and pathway(s) 
involved in DR. In addition, neurodegeneration and loss of neuronal functions as early 
signs of DR have been detected which may implicate later in vascular pathology. Precise 
molecular studies are required towards understanding the neurovascular damage in DR. 
These insights would be helpful in better understanding of the biochemical and molecular 
changes especially early in the diabetic retina for effective therapies towards prevention 
and amelioration of DR.  
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receptors in Müller glial cells that in turn release secondary factors that act directly to rescue 
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samples and also due to lack of proper animal model of DR, the exact molecular 
mechanism has not been elucidated, making therapeutic a difficult task. Therefore, 
research using large diabetic animal models which develop clinical signs of retinopathy 
are needed which may provide a correlation of the systemic metabolic profiles and retinal 
pathology with human studies to better understand the exact molecules and pathway(s) 
involved in DR. In addition, neurodegeneration and loss of neuronal functions as early 
signs of DR have been detected which may implicate later in vascular pathology. Precise 
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1. Introduction 
Diabetes mellitus a chronic slow progressing catastrophe and is a major medical problem 
throughout the world. Diabetes causes an array of long-term systemic complications that 
have considerable impact on patient as well as society, as the disease typically affects 
individuals in their most productive years (Federman et al., 1994; Bhavsar et al., 2010). In 
addition, this increase appears to be greater among certain ethnic groups and in developing 
countries. Diabetic retinopathy is one of the main causes of diabetic complications. It causes 
visual impairment and finally blindness, a result of long-term accumulated damage to the 
small blood vessels in the retina. The proportion of blindness due to diabetic retinopathy 
ranges from close to 0% in most of Africa, to 3–7% in much of South-East Asia and the 
Western Pacific, to 15–17% in the wealthier regions of the Americas, Europe and the 
Western Pacific (Resnikoff et al. 2004; Zhang et al., 2010). According to the WHO fact sheet 
Aug. 2011, 346 million people worldwide have diabetes (World Health Organization 
[WHO], 2011). About 50% of persons with diabetes are unaware that they have the 
condition, although about 2 million deaths every year are attributable to complications of 
diabetes. After 15 years, about 2% of persons with diabetes become blind, and about 10% 
develop severe visual loss (WHO 2011). After 20 years, more than 75% of patients will have 
some form of diabetic retinopathy (Barcelo et al., 2003). 

Post onset diabetes with increasing age, there is a higher risk of developing diabetic 
retinopathy and its complications, including diabetic macular oedema or proliferative 
diabetic retinopathy increases. The exact mechanism by which diabetes causes retinopathy 
remains unclear, but several theories have been postulated to explain the typical course and 
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ranges from close to 0% in most of Africa, to 3–7% in much of South-East Asia and the 
Western Pacific, to 15–17% in the wealthier regions of the Americas, Europe and the 
Western Pacific (Resnikoff et al. 2004; Zhang et al., 2010). According to the WHO fact sheet 
Aug. 2011, 346 million people worldwide have diabetes (World Health Organization 
[WHO], 2011). About 50% of persons with diabetes are unaware that they have the 
condition, although about 2 million deaths every year are attributable to complications of 
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history of the disease (Crawford et al. 2009). Chronic hyperglycemia exerts protein gluco-
oxidation, a process involving the non-enzymatic modification of tissue proteins by 
physiologic sugars in vivo, appears to play a central role in the pathogenesis of diabetic 
complications. One mechanism linking uncontrolled hyperglycaemia with tissue damage such 
as that in diabetic retinopathy is the formation and accumulation of advanced glycation end-
products (AGE) (Hammes et al, 1996). Ex vivo and in vivo studies have indicated that AGE 
induce irreversible cross-links in long-living extracellular matrix (Brownlee et al., 1988; Fu et 
al., 1992; Sell et al., 1992; Sell et al., 1993) and, upon binding to specific cellular proteins, change 
the local concentrations of cytokines, growth factors and other bioactive molecules  (Schleicher 
& Nerlich 1996; Vlassara et al, 1985). Accumulation of AGEs depends on both sugar 
concentration and the rate of protein turnover. Thus, some proteins that reach critical levels of 
AGE modification in sites where diabetic complications occur may turnover too quickly for 
normal levels of blood glucose to cause functional alterations, while proteins with a longer 
half-life would continue to be modified over a longer period of time (Brownlee 1995). 

The relation between diabetes mellitus and oxidative stress is well known. With the onset of 
diabetes, persistent and chronic hyperglycemias causes increased production of free radicals 
through auto-oxidation of glucose, via nonenzymatic protein glycation and enhanced flux of 
glucose through the polyol pathway (Giugliano et al., 1996). The generation of reactive 
oxygen species and protein glycation are strictly interconnected (Palm et al, 2003). Levels of 
serum AGE are increased in diabetes mellitus before they have developed microvascular 
complications (Berg et al., 1997). These increased serum levels of AGE can predict changes 
in microvascular morphology in patients with diabetic retinopathy. Proteins containing 
AGE are highly immunogenic (Reddy et al., 1995) and anti-AGE antibodies were found in 
the sera of patients with diabetes (Shibayama et al, 1999; Baydanoff et al., 1996). Our 
research team has hypothesized that increase in the titre of anti-AGE antibodies has a direct 
role in the pathogenesis of diabetes microvascular complications especially diabetic 
retinopathy. Detection and characterization of antibodies against gluco-oxidative modified 
proteins could help in understanding the exact aetiology of gluco-oxidation of protein and 
diabetic retinopathy. Anti-gluco-oxidative modified proteins antibodies may potentially 
help in the prediction and /or prognosis of diabetes retinopathy. However the exact 
pathophysiology is yet to be ascertained. 

2. Glycation 

Reducing sugars such as glucose (or other reducing sugars as fructose, pentoses, galactose, 
mannose, ascorbate, xylulose) reacts nonenzymatically with free ε-amino groups in protein, 
lipids and nucleic acids through a series of reactions forming Schiff’s bases and Amadori 
products to produce AGEs; and this process, also known as the Milliard reactions. In theory, 
every protein can be modified by glycation. Indeed, many protein-AGE adducts have been 
identified, e.g. glycated fibrinogen, collagen, albumin, herpes simplex glycoprotein B, 
hemoglobin, β2-microglobulin, and low density lipoprotein (Raj et al., 2000; Cribbs et al., 
2000). Albumin is the most abundant protein in human serum, about 35-50 g/liter, and it is 
prone to glycation (Carter & Ho 1994). Non-enzymatic glycation of albumin occurs at 
multiple sites; glucose can attach to Lys199, Lys281, Lys439, and Lys525 as well as some 
other lysine and arginine residues and also at the N-terminal residues of polypeptides (Iberg 
& Fluckiger 1986). In fact, only a small number of factors are known to result in the variation 
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of serum albumin. The alteration in the structure of albumin due to uncontrolled 
hyperglycemia causes vascular complications (Bourdon et al., 1999). 

Glycation is a classical covalent reaction in which, by means of N-glycoside bonding, the 
sugar-protein complex is formed through a series of chemical reactions described for the 
first time by a chemist Louis Camille Maillard in 1912 (Sing et al., 2001). Maillard reactions 
are complex, multilayered, and can be analyzed in three steps. (i) The sugar-protein complex 
is formed first (Amadori rearrangement), an early product of non-enzymatic glycation 
leading to intermediary products which are precursors of all later compounds. (ii) 
Formation of numerous intermediary products, some of which are very reactive and 
continue the glycation reaction. (iii) Final phase consists of polymerization reaction of the 
complex products formed in the second step, whereby heterogeneous structures named 
advanced glycation end products (AGE) are formed (Fig. 1). 

 
Fig. 1. Schematic presentation of potential pathway leading to AGE formation. The 
abbreviations given above are represented as, GLO=glyoxal; MG=methylglyoxal; 3-DG=3-
deoxyglucosone; CML=carboxymethyl-lysine (Turk, 2001). 

AGE constitute a heterogenous group of molecules (Peppa & Vlassara 2005) and its 
formation takes place continuously within the body during ageing, however it is extremely 
accelerated in diabetes (Vlassara & Palace 2002; Fu et al., 1996; Thorpe & Baynes 1996; Peppa 
et al., 2004). Some of the major AGEs are carboxymethyl lysine (CML) and pentosidine and 
also include many reactive intermediates or AGE-precursors such as 1- or 3-
deoxyglucosone, methylglyoxal (MG) and their derivatives. AGE can cause tissue damage 
by two main pathways: they either form cross-links that disrupts the structure and function 
of short and long-lived proteins and lipids or they bind with specific and nonspecific cell 
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history of the disease (Crawford et al. 2009). Chronic hyperglycemia exerts protein gluco-
oxidation, a process involving the non-enzymatic modification of tissue proteins by 
physiologic sugars in vivo, appears to play a central role in the pathogenesis of diabetic 
complications. One mechanism linking uncontrolled hyperglycaemia with tissue damage such 
as that in diabetic retinopathy is the formation and accumulation of advanced glycation end-
products (AGE) (Hammes et al, 1996). Ex vivo and in vivo studies have indicated that AGE 
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al., 1992; Sell et al., 1992; Sell et al., 1993) and, upon binding to specific cellular proteins, change 
the local concentrations of cytokines, growth factors and other bioactive molecules  (Schleicher 
& Nerlich 1996; Vlassara et al, 1985). Accumulation of AGEs depends on both sugar 
concentration and the rate of protein turnover. Thus, some proteins that reach critical levels of 
AGE modification in sites where diabetic complications occur may turnover too quickly for 
normal levels of blood glucose to cause functional alterations, while proteins with a longer 
half-life would continue to be modified over a longer period of time (Brownlee 1995). 

The relation between diabetes mellitus and oxidative stress is well known. With the onset of 
diabetes, persistent and chronic hyperglycemias causes increased production of free radicals 
through auto-oxidation of glucose, via nonenzymatic protein glycation and enhanced flux of 
glucose through the polyol pathway (Giugliano et al., 1996). The generation of reactive 
oxygen species and protein glycation are strictly interconnected (Palm et al, 2003). Levels of 
serum AGE are increased in diabetes mellitus before they have developed microvascular 
complications (Berg et al., 1997). These increased serum levels of AGE can predict changes 
in microvascular morphology in patients with diabetic retinopathy. Proteins containing 
AGE are highly immunogenic (Reddy et al., 1995) and anti-AGE antibodies were found in 
the sera of patients with diabetes (Shibayama et al, 1999; Baydanoff et al., 1996). Our 
research team has hypothesized that increase in the titre of anti-AGE antibodies has a direct 
role in the pathogenesis of diabetes microvascular complications especially diabetic 
retinopathy. Detection and characterization of antibodies against gluco-oxidative modified 
proteins could help in understanding the exact aetiology of gluco-oxidation of protein and 
diabetic retinopathy. Anti-gluco-oxidative modified proteins antibodies may potentially 
help in the prediction and /or prognosis of diabetes retinopathy. However the exact 
pathophysiology is yet to be ascertained. 

2. Glycation 

Reducing sugars such as glucose (or other reducing sugars as fructose, pentoses, galactose, 
mannose, ascorbate, xylulose) reacts nonenzymatically with free ε-amino groups in protein, 
lipids and nucleic acids through a series of reactions forming Schiff’s bases and Amadori 
products to produce AGEs; and this process, also known as the Milliard reactions. In theory, 
every protein can be modified by glycation. Indeed, many protein-AGE adducts have been 
identified, e.g. glycated fibrinogen, collagen, albumin, herpes simplex glycoprotein B, 
hemoglobin, β2-microglobulin, and low density lipoprotein (Raj et al., 2000; Cribbs et al., 
2000). Albumin is the most abundant protein in human serum, about 35-50 g/liter, and it is 
prone to glycation (Carter & Ho 1994). Non-enzymatic glycation of albumin occurs at 
multiple sites; glucose can attach to Lys199, Lys281, Lys439, and Lys525 as well as some 
other lysine and arginine residues and also at the N-terminal residues of polypeptides (Iberg 
& Fluckiger 1986). In fact, only a small number of factors are known to result in the variation 
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of serum albumin. The alteration in the structure of albumin due to uncontrolled 
hyperglycemia causes vascular complications (Bourdon et al., 1999). 

Glycation is a classical covalent reaction in which, by means of N-glycoside bonding, the 
sugar-protein complex is formed through a series of chemical reactions described for the 
first time by a chemist Louis Camille Maillard in 1912 (Sing et al., 2001). Maillard reactions 
are complex, multilayered, and can be analyzed in three steps. (i) The sugar-protein complex 
is formed first (Amadori rearrangement), an early product of non-enzymatic glycation 
leading to intermediary products which are precursors of all later compounds. (ii) 
Formation of numerous intermediary products, some of which are very reactive and 
continue the glycation reaction. (iii) Final phase consists of polymerization reaction of the 
complex products formed in the second step, whereby heterogeneous structures named 
advanced glycation end products (AGE) are formed (Fig. 1). 

 
Fig. 1. Schematic presentation of potential pathway leading to AGE formation. The 
abbreviations given above are represented as, GLO=glyoxal; MG=methylglyoxal; 3-DG=3-
deoxyglucosone; CML=carboxymethyl-lysine (Turk, 2001). 

AGE constitute a heterogenous group of molecules (Peppa & Vlassara 2005) and its 
formation takes place continuously within the body during ageing, however it is extremely 
accelerated in diabetes (Vlassara & Palace 2002; Fu et al., 1996; Thorpe & Baynes 1996; Peppa 
et al., 2004). Some of the major AGEs are carboxymethyl lysine (CML) and pentosidine and 
also include many reactive intermediates or AGE-precursors such as 1- or 3-
deoxyglucosone, methylglyoxal (MG) and their derivatives. AGE can cause tissue damage 
by two main pathways: they either form cross-links that disrupts the structure and function 
of short and long-lived proteins and lipids or they bind with specific and nonspecific cell 
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surface receptors inducing deleterious consequences, leading to altered intracellular events 
that induce oxidative stress and inflammation (Vlassara & Palace 2002; Peppa et al., 2002; 
Peppa et al., 2004; Vlassara 2001). AGE induced pathogenesis of diabetic retinopathy occurs 
via alteration of small vessel wall integrity and structure, by inducing cytokines, growth 
factors and increased oxidative stress (Sheetz & King 2002; Vlassara & Palace 2002; Peppa et 
al., 2002; Peppa et al., 2004; Vlassara 2001; Stitt et al., 1997; Stitt 2001; Yamagishi et al., 2002). 
Ex vivo, retinal endothelial cells exposed to AGE overproduce vascular endothelial growth 
factor (VEGF) through oxidative stress induction, protein kinase-C pathway activation and 
abnormal endothelial nitric oxide synthase (eNOS) expression (Mamputu & Renier 2002; 
Chakravarthy et al., 1998). Retinal organ cultures show an increased glyoxal induced CML 
formation in association with increased apoptosis and cell death, restored by anti-AGE 
agents and antioxidants (Mamputu & Renier 2002). Increased AGE accumulation was found 
in the retinal pericytes of diabetic rats after 8 months of diabetes (Stitt et al., 1997). In 
addition, exogenous AGE-albumin administration in non-diabetic animals accumulated 
around and within the pericytes, colocalized with AGE receptors inducing retinal vessel 
wall thickening and loss of retinal pericytes (Xu et al., 2003; Clements et al., 1998). In 
humans, it has been found that with the increasing severity of retinopathy there is a 
proportional increase in AGE accumulation around retinal blood vessels (koya et al., 
2002). Glycation of vitreous collagen was also observed in human donor eyeballs 
(Sulochana et al, 2003). In addition, studies using anti-AGE agents further support the role 
of AGE in diabetic retinopathy (Yamagishi et al., 2002; Chappey etal., 1997; Reber et al., 
2003). AGE have also been linked to the changes associated with diabetic keratopathy 
through their effect in reducing corneal epithelial cell adhesion (Matsumoto et al., 1997). 
Furthermore, glycation of the vitreal collagen fibrils leading to dissociation from 
hyaluronan and resultant destabilization of the gel structure has been associated with 
vitreous liquefaction and posterior vitreous detachment in diabetes (Stevens 1998; Sebag 
et al., 1992; Stitt et al., 1998). 

3. Pathophysiological mechanism of AGEs formation in diabetic retinopathy 
The knowledge of gluco-oxidation of proteins and AGEs has considerably expanded over the 
years, and a large body of evidence has documented their implication in diabetes-related 
complications (Singh et al., 2001; Turk et al., 2001; Brownlee 2001; Monnier et al., 2005; 
Huebschmann et al., 2006). In the process of glycation, AGE peptides that are released as 
degradation products, which partly occur through proteolysis of the matrix component are 
commonly named as glycotoxins. Glycated proteins are toxic for neuronal cells, retinal 
capillary cells, leukocytes, pericytes, and endothelial cells (Takeuchi et al., 2000; Yamagishi et 
al., 2002; Lyons et al., 2000). Toxicity of glycated polypeptides may be due to the AGE 
modification or due to the aggregation state of the polypeptides. Glycotoxins are very reactive 
on entering blood circulation. Non elimination of these proteins through the kidneys leads to 
recirculating AGE peptides which can generate new AGE products that react with other 
plasma or tissue components. At this stage, glycation becomes an autonomic process, which 
significantly accelerates the progress of the complication (Turk 2001). 

Immunoglobins are glycated differently according to their class. The glycation of 
immunoglobulin-M is twofold greater than that of immunoglobulin G, and can be related to 
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the difference in amino acid composition. Albumin can be glycated at multiple sites. In 
diabetic patients, excessive glycation of fibrinogen and fibrin has been reported (Chappey et 
al., 1997). Hemoglobin is glycated at two sites: on the valine residue of the N-terminal β-
chains at the ε-amino group of the α and β-chains, and at the N-termini of the α-chains 
(McDonald et al., 1978). Other intracellular and membrane proteins of red blood cells (RBC) 
are also glycated, for example Spectrin, a major RBC membrane protein, band 3 
transmembrane protein, and band 4-1 (Retnaikes et al., 1987; Bryszewska & Szosland 1988). 
Hence glycation results in RBC deformability and an increased adherence to endothelium. 
Membrane proteins of platelets can also be glycated.  Increased binding of fibrinogen and 
platelet aggregation observed in diabetic patients can be related to the glycation of 
adenosine diphosfate receptors. Lipids can also contribute to the modifications of platelet 
functions in diabetes (Chappey et al., 1997). Hyperglycemia can also induce protein 
aggregation which is associated with diabetes and its complications. Gluco-oxidation of 
proteins induces refolding of globular proteins, accompanied by the formation of cross β-
structure (Bouma et al., 2003).  

Gluco-oxidation of proteins forms complex and irreversible molecules, which accumulate in 
the retinal vasculature of patients with diabetes and streptozotocin-induced diabetic rats 
(Hammes et al., 1999; Stitt et al., 1997) and have been implicated in the development of 
diabetic retinopathy (Boehm et al., 2004 Genuth et al., 2005). Chronic exposure of the 
endothelium to AGEs has been shown to increase retinal vascular permeability in vivo (Stitt 
et al., 2000) and ex vivo (Leto et al., 2001). AGEs, however, have also been shown to increase 
capillary permeability acutely (Sampietro et al., 1987). Activation of AGE recepter (RAGE) 
and production of oxygen free radicals have been shown to mediate cellular responses to 
AGEs; however, the signalling pathways involved in the early permeability response are 
unknown (Kislinger et al., 1999; Bonnardel-Phu et al., 1999). 

It has been suggested that, in diabetes, oxidative stress plays a key role in the pathogenesis of 
vascular complications, both microvascular and macrovascular, and an early marker of such 
damage is the development of an endothelial dysfunction (Giugliano et al., 1996; Cai & 
Harrison 2000). Evidence implicates hyperglycemia-derived oxygen free radicals as mediators 
of diabetic complications. Recently recognized relationship between α-oxoaldehydes and 
biologically important macromolecules highlights the intermediate step of advanced glycation 
cascade (Beisswenger et al., 2003a; Beisswenger et al., 2003b; Thornalley 2005). Diabetic 
individuals may exhibit elevated levels of iron and free copper ions (Cutler 1978; Mateo et al., 
1978), which in the presence of glycated proteins ex vitro have been shown to generate free 
radicals (Hunt 1994). The accumulation of glycated material in tissues that contain free copper 
ion contribute to the generation of free radical mediated damage. These highly reactive species 
are capable of causing oxidative degradation of protein ex vivo (Hunt 1994). The formation of 
α-dicarbonyl compounds is known to be an essential step for the cross-linking of proteins and 
subsequent free radical generation (Rahbar & Figarola 2003). Methylglyoxal is increased 5-6 
fold; in adult onset, non-insulin dependent diabetes mellitus as compared to healthy 
individuals. In the presence of oxidative stress, glycation of proteins by methylglyoxal is 
enhanced. This may underlie the link of glycation and oxidative stress with diabetic 
complications, and may also contribute to pathological processes of ageing.   

Structural and functional modification of host-protein is a common feature of all AGEs 
irrespective of their generating precursors. Through their effects on the functional properties 
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surface receptors inducing deleterious consequences, leading to altered intracellular events 
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Furthermore, glycation of the vitreal collagen fibrils leading to dissociation from 
hyaluronan and resultant destabilization of the gel structure has been associated with 
vitreous liquefaction and posterior vitreous detachment in diabetes (Stevens 1998; Sebag 
et al., 1992; Stitt et al., 1998). 

3. Pathophysiological mechanism of AGEs formation in diabetic retinopathy 
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years, and a large body of evidence has documented their implication in diabetes-related 
complications (Singh et al., 2001; Turk et al., 2001; Brownlee 2001; Monnier et al., 2005; 
Huebschmann et al., 2006). In the process of glycation, AGE peptides that are released as 
degradation products, which partly occur through proteolysis of the matrix component are 
commonly named as glycotoxins. Glycated proteins are toxic for neuronal cells, retinal 
capillary cells, leukocytes, pericytes, and endothelial cells (Takeuchi et al., 2000; Yamagishi et 
al., 2002; Lyons et al., 2000). Toxicity of glycated polypeptides may be due to the AGE 
modification or due to the aggregation state of the polypeptides. Glycotoxins are very reactive 
on entering blood circulation. Non elimination of these proteins through the kidneys leads to 
recirculating AGE peptides which can generate new AGE products that react with other 
plasma or tissue components. At this stage, glycation becomes an autonomic process, which 
significantly accelerates the progress of the complication (Turk 2001). 
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immunoglobulin-M is twofold greater than that of immunoglobulin G, and can be related to 

 
Gluco-Oxidation of Proteins in Etiology of Diabetic Retinopathy 

 

35 

the difference in amino acid composition. Albumin can be glycated at multiple sites. In 
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chains at the ε-amino group of the α and β-chains, and at the N-termini of the α-chains 
(McDonald et al., 1978). Other intracellular and membrane proteins of red blood cells (RBC) 
are also glycated, for example Spectrin, a major RBC membrane protein, band 3 
transmembrane protein, and band 4-1 (Retnaikes et al., 1987; Bryszewska & Szosland 1988). 
Hence glycation results in RBC deformability and an increased adherence to endothelium. 
Membrane proteins of platelets can also be glycated.  Increased binding of fibrinogen and 
platelet aggregation observed in diabetic patients can be related to the glycation of 
adenosine diphosfate receptors. Lipids can also contribute to the modifications of platelet 
functions in diabetes (Chappey et al., 1997). Hyperglycemia can also induce protein 
aggregation which is associated with diabetes and its complications. Gluco-oxidation of 
proteins induces refolding of globular proteins, accompanied by the formation of cross β-
structure (Bouma et al., 2003).  

Gluco-oxidation of proteins forms complex and irreversible molecules, which accumulate in 
the retinal vasculature of patients with diabetes and streptozotocin-induced diabetic rats 
(Hammes et al., 1999; Stitt et al., 1997) and have been implicated in the development of 
diabetic retinopathy (Boehm et al., 2004 Genuth et al., 2005). Chronic exposure of the 
endothelium to AGEs has been shown to increase retinal vascular permeability in vivo (Stitt 
et al., 2000) and ex vivo (Leto et al., 2001). AGEs, however, have also been shown to increase 
capillary permeability acutely (Sampietro et al., 1987). Activation of AGE recepter (RAGE) 
and production of oxygen free radicals have been shown to mediate cellular responses to 
AGEs; however, the signalling pathways involved in the early permeability response are 
unknown (Kislinger et al., 1999; Bonnardel-Phu et al., 1999). 

It has been suggested that, in diabetes, oxidative stress plays a key role in the pathogenesis of 
vascular complications, both microvascular and macrovascular, and an early marker of such 
damage is the development of an endothelial dysfunction (Giugliano et al., 1996; Cai & 
Harrison 2000). Evidence implicates hyperglycemia-derived oxygen free radicals as mediators 
of diabetic complications. Recently recognized relationship between α-oxoaldehydes and 
biologically important macromolecules highlights the intermediate step of advanced glycation 
cascade (Beisswenger et al., 2003a; Beisswenger et al., 2003b; Thornalley 2005). Diabetic 
individuals may exhibit elevated levels of iron and free copper ions (Cutler 1978; Mateo et al., 
1978), which in the presence of glycated proteins ex vitro have been shown to generate free 
radicals (Hunt 1994). The accumulation of glycated material in tissues that contain free copper 
ion contribute to the generation of free radical mediated damage. These highly reactive species 
are capable of causing oxidative degradation of protein ex vivo (Hunt 1994). The formation of 
α-dicarbonyl compounds is known to be an essential step for the cross-linking of proteins and 
subsequent free radical generation (Rahbar & Figarola 2003). Methylglyoxal is increased 5-6 
fold; in adult onset, non-insulin dependent diabetes mellitus as compared to healthy 
individuals. In the presence of oxidative stress, glycation of proteins by methylglyoxal is 
enhanced. This may underlie the link of glycation and oxidative stress with diabetic 
complications, and may also contribute to pathological processes of ageing.   

Structural and functional modification of host-protein is a common feature of all AGEs 
irrespective of their generating precursors. Through their effects on the functional properties 
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of extracellular matrix, intracellular signal transduction and protein function, AGEs may 
contribute to the pathogenesis of diabetic retinopathy (Poukupec et al., 2003). A mechanism 
by which AGE-modified proteins may exert their effect is binding to RAGE identified on a 
variety of cells including endothelial and smooth muscle cells, and by internalization and 
degradation via monocyte/macrophage AGE-receptors. Using radiolabeled AGE proteins it 
has been shown that several cells, such as human and mouse monocyte, macro-phage and 
lymphocyte, bind these types of glycated compounds in a relatively selective way (Gilcrease 
& Hoover 1990; Imani et al., 1993). Gluco-oxidative modified proteins bind to these cells in a 
saturable manner with a dissociation constant in the range of 50–200 mmol/l-1. The putative 
receptors for AGE have been isolated from cell membranes and purified, and were reported 
to have different molecular weights: 30–50 KD for renal tissue, 36–83 KD for a macrophage 
cell line, 60–90 KD for liver cells (Yang et al., 1991; Skolnik et al., 1991). A carbohydrate-
binding protein of 35 KD named Galectin 3 is present on lymphocytes, macrophages, 
endothelial, mesangial, smooth muscle cells, and fibroblasts, and binds AGE with a higher 
affinity than other carbohydrates (Vlassara et al., 1995). 

Increased hyperglycemia caused protein gluco-oxidation and/or glucose auto-oxidation 
enhanced formation of AGEs, stimulate the expression of RAGE and hence NADPH oxidase 
activation. Activation of NADPH oxidase increased the production of free reactive oxygen 
radicals can up-regulate vascular endothelial growth factor (VEGF) in retinal cells via 
nuclear transcription factors (eg. NF-kappaB) potentially promoting retinal 
neovascularisation and increasing permeability to proteins across the retinal barrier. 
Increased RAGE expression has been found on endothelial cells, vascular smooth muscle 
cells and cardiac myocytes of diabetic patients (Schmidt et al., 1999). It has been reported 
that ligation of AGE with RAGE causes activation of intracellular signaling, gene expression, 
and production of proinflammatory cytokines and free radicals, thus playing an important 
role in the development and progression of diabetic micro- and macroangiopathy (Kim et 
al., 2005). 

4. Oxidative stress and diabetic retinopathy 
Diabetic retinopathy pathogenesis is multifactorial, and the precise mechanisms are unclear. 
Several mechanisms have been proposed, including enhanced free radical production ROS 
(Brownlee et al., 1998; Koya & King 1998).  Oxidative stress is increased in the retina in 
diabetes, and it is considered to play an important role in the development of retinopathy 
(Manikanth et al., 2010; Armstrong et al., 1998). It has been already proved that oxidative stress 
and hyperglycemia are central to chronic pathogenesis of diabetic retinopathy (Turk 2010). 
Increased levels of free radicals have a direct effect on in vivo protein. Oxidative stress induced 
modification of proteins is initiated mainly by reactions with hydroxyl radical; however, the 
course of the oxidation process is determined by the availability of oxygen and superoxide 
radical or its protonated form (HO2). Collectively, these ROS can lead to oxidation of amino 
acid residue side chains, cross-linking of soluble and/or membrane-bound proteins, oxidation 
of the protein backbone resulting in protein damage and yielding larger aggregates  
fragmentation. In the meantime, it has been shown that other forms of ROS may yield similar 
products and that transition metal ions can substitute for hydroxyl and superoxide radicals in 
some of the reactions (Berlett & Stadtman 1997). Even peptide bonds are subject to oxidative 
modification by ROS (Adams et al., 1999; Dhalla et al., 2000; Schoonover 2001). 
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Animal studies have demonstrated that oxidative stress contributes not only to the 
development of diabetic retinopathy but also to the resistance of retinopathy to reverse after 
good glycemic control is reinstituted—the metabolic memory phenomenon (Berg et al., 
1997). Various mechanisms have been suggested to contribute to the formation of these 
reactive oxygen-free radicals. Glucose auto-oxidation is one of the major sources of ROS that 
is generated by oxidative pathways of glycation. Glucose exists in equilibrium with its 
enediol, which can undergo auto-oxidation to form an enediol radical. This radical reduces 
molecular oxygen to generate the superoxide radical and becomes oxidized itself to a 
dicarbonyl ketoaldehyde that reacts with protein amino groups forming a ketoamine, Fig. 2 
(Wolff and Dean 1987a). Ketoamine are similar to, although more reactive, than Amadori 
products and participate in AGE formation (Ahmed et al., 2005). The superoxide anion 
radicals undergo dismutation to hydrogen peroxide, which if not degraded by catalase or 
glutathione peroxidase, and in the presence of transition metals, can lead to production of 
extremely reactive hydroxyl radicals (Wolff and Dean 1987; Jiang et al., 1990).  

 
Fig. 2. Role of glucose auto-oxidation in the formation of reactive oxygen species induced 
protein damage (Wolff and Dean 1987a). 

In hyperglycemic conditions, most of the carbonyl compounds generated by glycation need 
oxidative steps in their formation. The protein dicarbonyl compounds can participate in 
AGE formation and are referred to as glyco-oxidative products (Liggins & Furth 1997). 
Studies in diabetic rats showed elevated levels of superoxide in retinal cells with high 
glucose levels (Du et al., 2003; Cui et al., 2006), as well as increased levels of hydrogen 
peroxide (Ellis et al., 2000). Normally retinal blood vessels have tight junctions that protect 
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of extracellular matrix, intracellular signal transduction and protein function, AGEs may 
contribute to the pathogenesis of diabetic retinopathy (Poukupec et al., 2003). A mechanism 
by which AGE-modified proteins may exert their effect is binding to RAGE identified on a 
variety of cells including endothelial and smooth muscle cells, and by internalization and 
degradation via monocyte/macrophage AGE-receptors. Using radiolabeled AGE proteins it 
has been shown that several cells, such as human and mouse monocyte, macro-phage and 
lymphocyte, bind these types of glycated compounds in a relatively selective way (Gilcrease 
& Hoover 1990; Imani et al., 1993). Gluco-oxidative modified proteins bind to these cells in a 
saturable manner with a dissociation constant in the range of 50–200 mmol/l-1. The putative 
receptors for AGE have been isolated from cell membranes and purified, and were reported 
to have different molecular weights: 30–50 KD for renal tissue, 36–83 KD for a macrophage 
cell line, 60–90 KD for liver cells (Yang et al., 1991; Skolnik et al., 1991). A carbohydrate-
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endothelial, mesangial, smooth muscle cells, and fibroblasts, and binds AGE with a higher 
affinity than other carbohydrates (Vlassara et al., 1995). 
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activation. Activation of NADPH oxidase increased the production of free reactive oxygen 
radicals can up-regulate vascular endothelial growth factor (VEGF) in retinal cells via 
nuclear transcription factors (eg. NF-kappaB) potentially promoting retinal 
neovascularisation and increasing permeability to proteins across the retinal barrier. 
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that ligation of AGE with RAGE causes activation of intracellular signaling, gene expression, 
and production of proinflammatory cytokines and free radicals, thus playing an important 
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4. Oxidative stress and diabetic retinopathy 
Diabetic retinopathy pathogenesis is multifactorial, and the precise mechanisms are unclear. 
Several mechanisms have been proposed, including enhanced free radical production ROS 
(Brownlee et al., 1998; Koya & King 1998).  Oxidative stress is increased in the retina in 
diabetes, and it is considered to play an important role in the development of retinopathy 
(Manikanth et al., 2010; Armstrong et al., 1998). It has been already proved that oxidative stress 
and hyperglycemia are central to chronic pathogenesis of diabetic retinopathy (Turk 2010). 
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modification of proteins is initiated mainly by reactions with hydroxyl radical; however, the 
course of the oxidation process is determined by the availability of oxygen and superoxide 
radical or its protonated form (HO2). Collectively, these ROS can lead to oxidation of amino 
acid residue side chains, cross-linking of soluble and/or membrane-bound proteins, oxidation 
of the protein backbone resulting in protein damage and yielding larger aggregates  
fragmentation. In the meantime, it has been shown that other forms of ROS may yield similar 
products and that transition metal ions can substitute for hydroxyl and superoxide radicals in 
some of the reactions (Berlett & Stadtman 1997). Even peptide bonds are subject to oxidative 
modification by ROS (Adams et al., 1999; Dhalla et al., 2000; Schoonover 2001). 
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them from leaking. Prolonged hyperglycemia damages the tight junctions by oxidative 
stress and the vessels become leaky allowing fluid or blood to seep into the retina, thus 
resulting in the swelling of the retina (Harhaj & Antonetti 2004). Recently the etiology 
behind the production of superoxide in endothelial cells in diabetic complications has been 
elucidated (Brownlee 2001).  There are four pathways suggested to be involved in the 
pathogenesis of diabetic complications due to increased production of free radical (increased 
polyol pathway flux, increased advanced glycosylation end product formation, activation of 
protein kinase C, and increased hexosamine pathway flux (Nishikawa et al., 2000; Du et al., 
2002). In diabetes, the activities of antioxidant defense enzymes responsible for scavenging 
free radicals and maintaining redox homeostasis such as SOD, glutathione reductase, 
glutathione peroxidase, and catalase are diminished in the retina (Kowluru et al., 2001; 
Haskins et al., 2003). The intracellular antioxidant GSH is probably the most important 
antioxidant in the cell and acts as an ROS scavenger and modulates intracellular redox state 
(Meister 1988). The levels of this intracellular antioxidant are decreased in the retina in 
diabetes (Kern et al., 1994), and enzymes responsible for its metabolism are compromised 
(Lou 2003). Some nonenzymic antioxidants such as vitamin C, vitamin E, and β-carotene are 
also depressed during hyperglycemia induced oxidative stress (Ford et al., 2003). 

5. Autoantibodies in diabetes complications 
The lack of an immune response to self when responses to environmental antigens are retained 
is due to immunological tolerance. The role of tolerance, or lack of tolerance, is important to 
the understanding of autoimmune diseases and transplantation immunobiology (Mackay 
2000). A loss of natural tolerance (to self) underlies all autoimmune diseases. Many more 
individuals develop autoimmune phenomena than autoimmune disease. Immune-mediated 
(Type I) diabetes results from an organ-specific autoimmune-mediated loss of insulin-secreting 
β cells. This chronic destruction process involves both cellular and hormonal components 
detectable in the peripheral blood, months or even years, before the onset of clinical diabetes 
(Kukreja & Maclaren 1999).  In order to elicit an immune response, a molecule must be 
recognized as non-self by the biological system.  

Proteins containing AGE are highly immunogenic and anti-AGE antibodies have been 
found in the sera of patients with diabetes (Reddy et al., 1995; Shibayama et al, 1999; 
Baydanoff et al., 1996). Several AGE structures have been identified including pyrraline, 
pentosidine (Sell & Monnier 1989), (carboxymethyl)lysine (Ahmed et al., 1986), and 
crosslines (Nakamura et al., 1992). Immunological studies using antibodies specific for these 
compounds have confirmed their presence in vivo (Ienaga et al., 1995). However, it is still 
not known whether one of these compounds contributes, as a major AGE structure, to the 
pathogenesis of these diseases, or whether other structures may involve in this process. 
Immunological approaches have been attempted to determine the major AGE structures 
expressed in vivo. Using AGE-BSA as an antigen, researchers prepared a monoclonal anti-
AGE antibody (6D12) in mice as well as a polyclonal anti-AGE antibody in rabbits (Hoeiuchi 
et al., 1986). Immunoreactivity studies of these antibodies have demonstrated an interesting 
observation: both antibodies react with AGE samples obtained from proteins, peptides, 
lysine derivatives, and monoaminocarboxylic acids, suggesting the presence of a common 
AGE structures in these AGE preparations. Immunologic studies using 6D12 monoclonal 
antibodies have disclosed the presence of AGE in several tissues and their potential 
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involvement in disease processes. Anti-AGE antibodies use as a potential biomarker of AGE 
depositions during diabetes and its associated secondary complications. 

There is increasing evidence of the presence of anti-AGE antibodies in diabetes and its 
complications. The role of these antibodies and specifically which particular anti-AGE 
antibodies are involved in the aetiology of diabetic micro- and macrovascular complications 
is, however, yet to be established. The possibility of effective therapeutic intervention 
stresses the importance of detecting anti-AGE antibodies, and advancements in measuring 
anti-AGE antibodies using reliable methods will help determine the role they have in the 
pathogenesis of many diseases, especially diabetes and its complications. 

Antibodies against AGE structures led to the discovery that only a minor proportion of 
AGE are detectable by autoflourescence and they form to a greater extent in 
intracellularly than extracellularly because several glucose fragmentation products which 
occur during the metabolism of glucose in the cell are more reactive than glucose itself 
(Giardino et al., 1994). It was also found that the non-flourescent CML is the major epitope 
against which AGE-antibodies are directed (Reddy et al., 1996). Some AGE-antibodies 
used so far have not been characterized at all. To circumvent this problem researchers 
applied antibodies directed against the proteins that are abundantly available in blood 
and more exposed to blood glucose levels in diabetes mellitus as representative markers 
for the gluco-oxidative pathway. Anti-HSA antibodies have been observed in diabetes 
(Eilat et al., 1981), a fivefold greater occurrence than in nondiabetic persons (Gregor et al., 
1986). Proteins containing AGEs are highly immunogenic and CML is one of the major 
epitopes recognised by anti-AGE antibodies (Reddy et al., 1995; Ikeda et al., 1996). The 
presence of AGE-antibodies in the serum of streptozotocin-diabetic rats as well as in a 
small number of diabetic patients have been reported (Shibayama et al., 1999) AGE can 
exert their immunogenicity, demonstrate that presence of AGEs-immune complexes 
(AGE-IC) in the diabetic patients that may play a role in the artherogenesis (Turk et al., 
2001). Interactions of AGE autoantibodies with AGEs as a continuously produced antigen 
result in the formation of AGE-ICs that may play role in diabetic complications (Jakus and 
Rietbrock, 2004). The analysis of the frequency distribution profile shows that 14% of the 
diabetic subjects display significant antibody binding to AGE-HSA than the control 
subjects (Vay et al., 2000).  

6. Autoantibodies against gluco-oxidative modified proteins in diabetic 
retinopathy 
The autoantibodies have always been important for clinical interest due to their potential 
role in screening, diagnosis, monitoring treatment of effectiveness and prognosis. Non-
enzymatic glycation of proteins can lead to the formation of reactive AGEs, which are 
thought to be implicated in the formation of micro- and macrovascular complications in 
diabetes mellitus. Proteins such as serum albumin, collagen, elastin, lens crystalline, are 
particularly susceptible to glucose modification (Festa et al., 1998). Elevated serum levels of 
these glycated proteins were detected in diabetic subjects moreover, higher levels of 
glycated form of proteins or AGEs were found in diabetic patients with secondary 
complications such as retinopathy, nephropathy and artherosclerosis (Nicoloff et al., 2000; 
Nicoloff 2001; Ahmed 2005). Previous studies showed reactive AGE can directly alter the 
physical and structural properties of the extracellular matrix, for instance, by inducing 
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collagen cross-linking, basement membrane thickening, and covalent trapping of plasma 
proteins such as LDL and IgG (Bouma et al., 2003). Ex vivo HSA was incubated with glucose 
at the concentration of 50 mM for 5 weeks at 37°C under aerobic conditions (Khan et al., 
2007). Biochemical, spectral, electrophoretic, circular dichroism spectropolarimetric, and 
thermodynamic analyses confirmed that the structure and stability of HSA is significantly 
affected by glucose induced modification. Recently we showed that gluco-oxidation of 
proteins alter the structural complexity of the molecule and make them highly immunogenic 
(Khan et al., 2010). Ex vivo designed gluco-oxidative modified human serum albumin (RG-
HSA) were used as an antigen and the titres of antibodies against (RG-HSA-Abs) it were 
screened in both types of diabetic patients, as well as screening was also done in diabetic 
patients with complications like retinopathy, nephropathy and artherosclerosis (Table 1). 
Interestingly, diabetic patients with associated complications (retinopathy, nephropathy and 
atherosclerosis) generated higher autoantibodies against gluco-oxidative modified HSA 
than controls and diabetic subjects without secondary complications. This above contention 
supports that gluco-oxidative proteins are toxic and highly immunogenic. From overall 
cohort of diabetic patients, the highest recognition of RG-HSA as an antigen by circulatory 
autoantibodies from diabetic retinopathy as compared to diabetic nephropathy and 
atherosclerosis (Table 1).  
 

Groups Sera positive for 
RG-HSA1 

Sera positive 
for N-HSA2 

Sera positive for both 
antigens 

Carbonyl content 
(nmol/mg protein) 

Type 1 diabetes 
(n = 30) 

21 (52 ± 5.5) - 1 (43 ± 4.71; 51 ± 5.22) 2.9 ± 0.35 

Type 2 diabetes 
(n = 30) 

16 (48 ± 4.7) - 2 (47 ± 4.71; 43 ± 5.22, 
45 ± 3.31; 41 ± 4.72) 

2.8 ± 0.4 

Diabetes retinopathy
(n = 12) 

8 (76 ± 4.5) - - 3.9 ± 0.5 

Diabetes 
nephropathy 

(n = 12) 

7 (69 ± 3.1) 1 (41 ± 4.7) - 3.5 ± 0.35 

Diabetes 
atherosclerosis 

(n = 14) 

9 (67 ± 4.0) - 1 (55 ± 4.11; 55 ± 2.82) 3.3 ± 0.55 

Controls NH 
(n = 60) 

- - - 2.3 ± 0.42 

Table 1. Detection of N-HSA-Abs and RG-HSA-Abs and the estimation of carbonyl contents 
as oxidative stress in the sera of various diabetic groups and control. ELISA plate coated 
with the respective antigen (20 µg/ml). Sera positive means serum samples which gave 
inhibition greater than 30%, as less than that may be due to non specific bindings. n denotes 
the number of sera tested. Values in parentheses are mean ± SD of maximum percent 
inhibition of positive serum samples at 20 µg/ml of competitor. 1ROS-glycated and 2native 
HSA were used as inhibitor.   

Diabetic retinopathic patients also exhibited maximum amount of carbonyl content, which 
showed a significant correlation between high oxidative stress and presence of anti-RG-HSA 
antibodies. Clinical and Laboratory examination was also done for 96 diabetic patients (66 
males and 30 females) and 60 normal human (41 males and 19 females) serve as controls. 
According to the data given in Table 2, oxidative stress with chronic hyperglycemia and 
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advanced age has been considered a potential risk factor in the development of 
autoantibodies in retinopathy and other diabetic complications as well. AGEs are products 
of oxidative modifications of glycated proteins, which damage blood proteins. High 
oxidative stress and toxic blood glucose levels are found to be the common factors behind 
the generation of high autoantibodies and the progression of disease complications. 
 

Subjects Number of   
subjects 

Age 
Years 

Duration of 
disease 
Years 

Fasting blood 
glucose 

(mg/dL) 

HbA1C 
(%) 

Type 1 diabetic 30 36 ± 14 9 ± 3 254 ± 32 7.4 ± 0.6 

Type 2  diabetic 30 44 ± 11 7 ± 3.6 263 ± 28 7.1 ± 0.4 
Diabetic 

retinopathy 
12 68 ± 2.9 21 ± 5 434 ± 11 9.0 ± 0.4 

 
Diabetic 

nephropathy 
12 62 ± 4.3 18 ± 3.3 394 ± 13 9.2 ±0.6 

Diabetic 
atherosclerosis 

12 59 ± 3.6 17 ± 3.6 390 ± 15 8.8 ± 0.3 

Control NH 60 32 ± 9.5 ̶ 88 ± 9.8 5.8 ± 0.4 

Table 2. Clinical characterization of the patients and normal control subjects. For the blood 
glucose estimations, blood was collected in oxalated fluoride containers and the assays were 
performed immediately. Values are in mean ± SD. NH represents normal human subjects. 

Gluco-oxidative modified HSA was immunized in the white New-Zealand rabbit that 
exhibited high titre of anti-glycated albumin antibodies in the serum of experimental 
animals (Khan et al., 2010). High titre showed immunogenicity of the gluco-oxidative 
modified proteins. These antibodies were proven to be a potential probe for the detection of 
protein lesion in blood proteins during diabetes mellitus. ELISA experiments of these 
antibodies with the isolated blood proteins such as albumin, IgG and RBC membrane from 
the diabetic patients showed high recognition. It means that during hyperglycemia there is 
damage of blood proteins that modifies the normal conformation of and hence generate 
new-epitopes that share binding specificity with the ex vivo designed gluco-oxidative 
modified albumin. Moreover, anti-gluco-oxidative modified HSA antibodies showed cross 
reaction with proteins such as BSA, poly L-lysine, immunoglobulins that were incubated ex 
vivo with 25 μM of glucose or fructose for 20 days. These findings suggests that paratopes of 
anti-gluco-oxidative albumin antibodies recognise common epitopes that are present in 
most  gluco-oxidative modified proteins.  

During diabetes, persistent hyperglycemia causes increased production of free radicals, 
especially ROS in all tissues by glucose auto-oxidation, protein glycation and due to 
decreased destruction by nonenzymic and enzymic catalase , glutathione peroxidase, and 
superoxide dismutase activity (Kowluru et al., 2001; Baynes & Thorpe 1999; Haskins et al., 
2003). The level of these antioxidant enzymes critically influences the susceptibility of 
various tissues to oxidative stress and is associated with the development of complications 
in diabetes. Also this is particularly relevant and dangerous for the beta islet, which is 
among those tissues that have the lowest levels of intrinsic antioxidant defences (West 2000; 
Robertson 2004). In diabetes mellitus, alterations in the endogenous free radical scavenging 
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Fasting blood 
glucose 

(mg/dL) 

HbA1C 
(%) 

Type 1 diabetic 30 36 ± 14 9 ± 3 254 ± 32 7.4 ± 0.6 

Type 2  diabetic 30 44 ± 11 7 ± 3.6 263 ± 28 7.1 ± 0.4 
Diabetic 

retinopathy 
12 68 ± 2.9 21 ± 5 434 ± 11 9.0 ± 0.4 

 
Diabetic 

nephropathy 
12 62 ± 4.3 18 ± 3.3 394 ± 13 9.2 ±0.6 

Diabetic 
atherosclerosis 

12 59 ± 3.6 17 ± 3.6 390 ± 15 8.8 ± 0.3 

Control NH 60 32 ± 9.5 ̶ 88 ± 9.8 5.8 ± 0.4 

Table 2. Clinical characterization of the patients and normal control subjects. For the blood 
glucose estimations, blood was collected in oxalated fluoride containers and the assays were 
performed immediately. Values are in mean ± SD. NH represents normal human subjects. 

Gluco-oxidative modified HSA was immunized in the white New-Zealand rabbit that 
exhibited high titre of anti-glycated albumin antibodies in the serum of experimental 
animals (Khan et al., 2010). High titre showed immunogenicity of the gluco-oxidative 
modified proteins. These antibodies were proven to be a potential probe for the detection of 
protein lesion in blood proteins during diabetes mellitus. ELISA experiments of these 
antibodies with the isolated blood proteins such as albumin, IgG and RBC membrane from 
the diabetic patients showed high recognition. It means that during hyperglycemia there is 
damage of blood proteins that modifies the normal conformation of and hence generate 
new-epitopes that share binding specificity with the ex vivo designed gluco-oxidative 
modified albumin. Moreover, anti-gluco-oxidative modified HSA antibodies showed cross 
reaction with proteins such as BSA, poly L-lysine, immunoglobulins that were incubated ex 
vivo with 25 μM of glucose or fructose for 20 days. These findings suggests that paratopes of 
anti-gluco-oxidative albumin antibodies recognise common epitopes that are present in 
most  gluco-oxidative modified proteins.  

During diabetes, persistent hyperglycemia causes increased production of free radicals, 
especially ROS in all tissues by glucose auto-oxidation, protein glycation and due to 
decreased destruction by nonenzymic and enzymic catalase , glutathione peroxidase, and 
superoxide dismutase activity (Kowluru et al., 2001; Baynes & Thorpe 1999; Haskins et al., 
2003). The level of these antioxidant enzymes critically influences the susceptibility of 
various tissues to oxidative stress and is associated with the development of complications 
in diabetes. Also this is particularly relevant and dangerous for the beta islet, which is 
among those tissues that have the lowest levels of intrinsic antioxidant defences (West 2000; 
Robertson 2004). In diabetes mellitus, alterations in the endogenous free radical scavenging 
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defence mechanisms may lead to ineffective scavenging of reactive oxygen species, resulting 
in oxidative damage and tissue injury. 

Antibodies against glutamic acid decarboxylase-65 (GAD65Abs) are often considered to be 
an epiphenomenon resulting from the autoimmune destruction of the pancreatic beta cells 
in type 1 diabetes. Previous studies suggest that they are involved in antigen processing and 
presentation and thus modulate the immune response (Banga et al., 2004). Because of the 
high diagnostic sensitivity for autoimmune diabetes, the presence of GAD65Ab is currently 
used to identify subjects at high risk for the disease. GAD65Abs are detected in about 60% of 
new-onset cases of type 1 diabetes, and high levels of these autoantibodies were also 
reported in diabetic patients with secondary complications (such as retinopathy and 
nephropathy), the leading cause of blindness and renal failure (Falorini et al., 1998; Bonifecio 
et al., 1995; Jakuc & Reitbrock 2004). The exact aetiology behind these complications is not 
completely clear. In our recent study; ROS modified GAD65 was found to be more 
immunogenic in T1D than its native form (Khan et al., 2009). GAD65Abs in T1D are 
predominantly directed at conformational epitopes located in the middle region of the 
molecule, whereas they also recognize linear epitopes and epitopes located in the middle, 
COOH- and NH2-terminuses (Hampe et al., 2000). Shifts in GAD65 epitopes were detected 
in a subgroup of newly diagnosed children within the first 12 months after disease onset 
(Hampe et al., 1999). Moreover, epitope spreading has gained credence as a major driver 
underlying autoimmunity (Cheung & Wong 2007). Growing evidence suggests that ROS 
plays an important role in the initiation and progression of diabetes and its associated 
complications. These increased levels of free radicals pose a direct toxic effect on GAD65 
and increase its immunogenicity. Specificity of autoantibodies for epitopes on GAD65 and 
their levels may be a better indicator of impending or actual destruction of islet beta-cells 
and increasing complications associated with diabetes. 

In our 2009 study (Khan et al., 2009), while searching for a potential epitopes, high titre 
autoantibodies were detected in type 1 diabetes patients.  GAD65 was considered a potential 
marker for type 1 diabetes. GAD65 was exposed to hydroxyl radical (ROS-GAD65), induced 
structural and conformational alterations were observed and investigated. Presence of 
autoantibodies against them were found in diabetes patients.  Higher titres of 
autoantibodies were detected against ROS modified GAD65 (ROS-GAD65-Abs) in type 1 
diabetic patients as compared to unmodified native GAD65. Increased levels of ROS in type 
1 diabetes by molecular pathways or over produced metal catalyzed reactions modified 
GAD65 and induced biophysical structural alterations that would probably alter 
immunogenicity leading to induction and elevated levels of autoantibodies in type 1 
diabetes. The data demonstrates possible role of ROS in presenting neo-epitopes that may be 
one of the factors in antigen-driven autoimmune response. Specificity of autoantibodies for 
epitopes on GAD65 and their levels may be a better indicator of impending or actual 
destruction of islet beta-cells and increasing complications associated with diabetes. The 
etiology of ROS-GAD65 in the pathogenesis of diabetic complications was further 
investigated in patients’ diabetic complications in our new study (Khan et al., 2011). In this 
finding, significantly high levels of circulating ROS-GAD65Abs were detected in 
complicated diabetic patients especially in retinopathy as compared to uncomplicated type1 
diabetic patients (Table 3).  
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Subjects Age
years

Gender
(M:F)

Smoking 
duration 

Years 

Durati
on of 

disease
Years 

Fasting 
blood 

glucose 
(mg/dl) 

HbA1C

(%) 
ROS-

GAD65-
Abs 

(MMPI)

Hyper-
tension 
140/90 

(%) 

Carbonyl 
Content 

(nmol/mg 
protein) 

Uncomplicated 
T1D (n=60) 

30 ± 09 37:23 *8(5±3.4) 09 ± 5.6 238 ± 27 7.9 ± 
0.7

50.6 ± 
7.2*

36(60) 3.0 ± 0.22 

Complicated 
T1D 

Nephropathy 
(n=20) 

37 ± 11 12:8 *14(6±3.8) 14 ± 4.9 311 ± 21 8.8 ± 
0.6 

70.3 ± 
8.2 

17(85) 3.4 ± 0.28 

Complicated 
T1D Retinopathy 

(n=20) 

42 ± 14 11:9 *17(8 ± 3.6) 17 ± 4.3 335 ± 17 9.3 ±
0.7 

74.5 ± 
6.5 

16(80) 3.9 ± 0.31 

Control (n=50) 32 ± 8 28:22 — — 96 ± 11.2 5.8 ± 
0.4

7.2 ± 3.7 4(8) 2.1 ± 0.17 

Table 3. Clinical and laboratory data from complicated and uncomplicated T1D patients; 
normal human subjects serve as controls. Data are means ± SD. The sign “* “represents 
number of smokers from given total respective subjects. For blood glucose estimations, 
blood was collected in oxalated fluoride containers and the assays were performed 
immediately. Hypertension is defined as sitting systolic blood pressure ≥140mmHg and/or 
diastolic blood pressure ≥90 mmHg or the use of antihypertensive medication. Signs * 
represents 20 number of sera from different patients in the respective group. R-GAD65-Abs 
(Antibodies against ROS modified GAD65). 

This risk of the disease may be enhanced due to acceleration in the formation of free radicals 
with gradual increase in duration of disease. Smoking and hypertension were also 
associated with increased antibody production in diabetic retinopathy. Gluco-oxidative 
stress leads to conformational alterations in native GAD65 protein which could increase or 
expose cryptic epitopes. Dynamic changes in the GAD65Abs binding pattern suggest 
subsequent epitopes spreading with disease progression. Concomitantly, these two studies 
on GAD65 provide us the evidences that hyperglycemia, age, oxidative stress, smoking, and 
as well as extent of blood protein glycation (HbA1C) participate in etiology of increased 
GAD65Ab immunogenicity implicated in diabetic retinopathy. 

The exact mechanism for the formation of these autoantibodies and progression of diabetic 
retinopathy is still not well explained. We hypothesized that anti-gluco-oxidative protein 
autoantibodies bind to soluble glycated proteins and form an intermediary immune 
complex in the bloodstream that can bind to the basement membranes of the retinal blood 
vessels. At these sites they can activate complement cascade, resulting in damage to the 
walls of microvascular cappillaries associated with diabetic retinopathy. This phenomenon 
results in local necrosis of the vessels. If there is no continuous source of antigen, under 
conditions of controlled hyperglycemia then gluco-oxidative modified proteins are cleared 
and the disease can be controlled. However, if there is chronic hyperglycemia that enhances 
a continuing modification of blood protein, formation of increased immune complexes cause 
chronic autoimmune pathogenesis of diabetic retinopathy. 

Gluco-oxidation associated damage of proteins due to hyperglycemia can be enhanced due 
to multiple factors such as duration of disease, age, smoking and hypertension and hence 
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defence mechanisms may lead to ineffective scavenging of reactive oxygen species, resulting 
in oxidative damage and tissue injury. 

Antibodies against glutamic acid decarboxylase-65 (GAD65Abs) are often considered to be 
an epiphenomenon resulting from the autoimmune destruction of the pancreatic beta cells 
in type 1 diabetes. Previous studies suggest that they are involved in antigen processing and 
presentation and thus modulate the immune response (Banga et al., 2004). Because of the 
high diagnostic sensitivity for autoimmune diabetes, the presence of GAD65Ab is currently 
used to identify subjects at high risk for the disease. GAD65Abs are detected in about 60% of 
new-onset cases of type 1 diabetes, and high levels of these autoantibodies were also 
reported in diabetic patients with secondary complications (such as retinopathy and 
nephropathy), the leading cause of blindness and renal failure (Falorini et al., 1998; Bonifecio 
et al., 1995; Jakuc & Reitbrock 2004). The exact aetiology behind these complications is not 
completely clear. In our recent study; ROS modified GAD65 was found to be more 
immunogenic in T1D than its native form (Khan et al., 2009). GAD65Abs in T1D are 
predominantly directed at conformational epitopes located in the middle region of the 
molecule, whereas they also recognize linear epitopes and epitopes located in the middle, 
COOH- and NH2-terminuses (Hampe et al., 2000). Shifts in GAD65 epitopes were detected 
in a subgroup of newly diagnosed children within the first 12 months after disease onset 
(Hampe et al., 1999). Moreover, epitope spreading has gained credence as a major driver 
underlying autoimmunity (Cheung & Wong 2007). Growing evidence suggests that ROS 
plays an important role in the initiation and progression of diabetes and its associated 
complications. These increased levels of free radicals pose a direct toxic effect on GAD65 
and increase its immunogenicity. Specificity of autoantibodies for epitopes on GAD65 and 
their levels may be a better indicator of impending or actual destruction of islet beta-cells 
and increasing complications associated with diabetes. 

In our 2009 study (Khan et al., 2009), while searching for a potential epitopes, high titre 
autoantibodies were detected in type 1 diabetes patients.  GAD65 was considered a potential 
marker for type 1 diabetes. GAD65 was exposed to hydroxyl radical (ROS-GAD65), induced 
structural and conformational alterations were observed and investigated. Presence of 
autoantibodies against them were found in diabetes patients.  Higher titres of 
autoantibodies were detected against ROS modified GAD65 (ROS-GAD65-Abs) in type 1 
diabetic patients as compared to unmodified native GAD65. Increased levels of ROS in type 
1 diabetes by molecular pathways or over produced metal catalyzed reactions modified 
GAD65 and induced biophysical structural alterations that would probably alter 
immunogenicity leading to induction and elevated levels of autoantibodies in type 1 
diabetes. The data demonstrates possible role of ROS in presenting neo-epitopes that may be 
one of the factors in antigen-driven autoimmune response. Specificity of autoantibodies for 
epitopes on GAD65 and their levels may be a better indicator of impending or actual 
destruction of islet beta-cells and increasing complications associated with diabetes. The 
etiology of ROS-GAD65 in the pathogenesis of diabetic complications was further 
investigated in patients’ diabetic complications in our new study (Khan et al., 2011). In this 
finding, significantly high levels of circulating ROS-GAD65Abs were detected in 
complicated diabetic patients especially in retinopathy as compared to uncomplicated type1 
diabetic patients (Table 3).  
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Subjects Age
years

Gender
(M:F)

Smoking 
duration 

Years 

Durati
on of 

disease
Years 

Fasting 
blood 

glucose 
(mg/dl) 

HbA1C

(%) 
ROS-

GAD65-
Abs 

(MMPI)

Hyper-
tension 
140/90 

(%) 

Carbonyl 
Content 

(nmol/mg 
protein) 

Uncomplicated 
T1D (n=60) 

30 ± 09 37:23 *8(5±3.4) 09 ± 5.6 238 ± 27 7.9 ± 
0.7

50.6 ± 
7.2*

36(60) 3.0 ± 0.22 

Complicated 
T1D 

Nephropathy 
(n=20) 

37 ± 11 12:8 *14(6±3.8) 14 ± 4.9 311 ± 21 8.8 ± 
0.6 

70.3 ± 
8.2 

17(85) 3.4 ± 0.28 

Complicated 
T1D Retinopathy 

(n=20) 

42 ± 14 11:9 *17(8 ± 3.6) 17 ± 4.3 335 ± 17 9.3 ±
0.7 

74.5 ± 
6.5 

16(80) 3.9 ± 0.31 

Control (n=50) 32 ± 8 28:22 — — 96 ± 11.2 5.8 ± 
0.4

7.2 ± 3.7 4(8) 2.1 ± 0.17 

Table 3. Clinical and laboratory data from complicated and uncomplicated T1D patients; 
normal human subjects serve as controls. Data are means ± SD. The sign “* “represents 
number of smokers from given total respective subjects. For blood glucose estimations, 
blood was collected in oxalated fluoride containers and the assays were performed 
immediately. Hypertension is defined as sitting systolic blood pressure ≥140mmHg and/or 
diastolic blood pressure ≥90 mmHg or the use of antihypertensive medication. Signs * 
represents 20 number of sera from different patients in the respective group. R-GAD65-Abs 
(Antibodies against ROS modified GAD65). 

This risk of the disease may be enhanced due to acceleration in the formation of free radicals 
with gradual increase in duration of disease. Smoking and hypertension were also 
associated with increased antibody production in diabetic retinopathy. Gluco-oxidative 
stress leads to conformational alterations in native GAD65 protein which could increase or 
expose cryptic epitopes. Dynamic changes in the GAD65Abs binding pattern suggest 
subsequent epitopes spreading with disease progression. Concomitantly, these two studies 
on GAD65 provide us the evidences that hyperglycemia, age, oxidative stress, smoking, and 
as well as extent of blood protein glycation (HbA1C) participate in etiology of increased 
GAD65Ab immunogenicity implicated in diabetic retinopathy. 

The exact mechanism for the formation of these autoantibodies and progression of diabetic 
retinopathy is still not well explained. We hypothesized that anti-gluco-oxidative protein 
autoantibodies bind to soluble glycated proteins and form an intermediary immune 
complex in the bloodstream that can bind to the basement membranes of the retinal blood 
vessels. At these sites they can activate complement cascade, resulting in damage to the 
walls of microvascular cappillaries associated with diabetic retinopathy. This phenomenon 
results in local necrosis of the vessels. If there is no continuous source of antigen, under 
conditions of controlled hyperglycemia then gluco-oxidative modified proteins are cleared 
and the disease can be controlled. However, if there is chronic hyperglycemia that enhances 
a continuing modification of blood protein, formation of increased immune complexes cause 
chronic autoimmune pathogenesis of diabetic retinopathy. 

Gluco-oxidation associated damage of proteins due to hyperglycemia can be enhanced due 
to multiple factors such as duration of disease, age, smoking and hypertension and hence 
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can accelerate production of autoantibodies. This suggests that it is perhaps the rate of 
accumulation rather than the absolute concentration of gluco-oxidative proteins that is 
important. The exact mechanism behind the production of these autoantibodies is yet to be 
elucidated. However it stands to reason that the measurement of serum levels of gluco-
oxidative proteins or anti-gluco-oxidative modified protein antibodies is important for 
estimation of an increased risk for development of diabetic retinopathy. 

7. Conclusion 
Gluco-oxidation is considered to be an important pathophysiological mechanism in the 
development of diabetic retinopathy. Gluco-oxidation leads to toxicity of blood proteins in 
diabetic retinopathic patients. Considerable amounts of AGEs are formed from blood proteins 
that subsequently develop into immune complexes with anti-AGE antibodies in  retinopathic 
subjects. The ROS and gluco-oxidative modified protein autoantibodies were detectable in 
high titers in patients suffering from diabetic retinopathy. Chronic hyperglycemia and 
increased age, that are often seen in such cases, have proven to cause abnormally high 
production of free radicals with decreased antioxidant defence system. Proteins are damaged 
by the concomitant effect of glycation and oxidative stress leading to conformational 
alterations in native structure which could induce neo-epitopes or may increase exposed 
cryptic epitopes. Dynamic changes in the autoantibody binding patterns suggest subsequent 
epitope spreading with disease progression. Immune complexes of gluco-oxidative proteins 
and antibodies against them possibly activate complement cascade system and hence destroy 
capillaries within the retina. Measurement of these autoantibodies could be useful in assisting 
the prediction of the development of disease even before non-proliferative diabetic 
retinopathy. Reduction in the levels of glycation and ROS may lead to decrease in in vivo 
protein modifications, thus delaying the progression of diabetic retinopahy.  
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can accelerate production of autoantibodies. This suggests that it is perhaps the rate of 
accumulation rather than the absolute concentration of gluco-oxidative proteins that is 
important. The exact mechanism behind the production of these autoantibodies is yet to be 
elucidated. However it stands to reason that the measurement of serum levels of gluco-
oxidative proteins or anti-gluco-oxidative modified protein antibodies is important for 
estimation of an increased risk for development of diabetic retinopathy. 

7. Conclusion 
Gluco-oxidation is considered to be an important pathophysiological mechanism in the 
development of diabetic retinopathy. Gluco-oxidation leads to toxicity of blood proteins in 
diabetic retinopathic patients. Considerable amounts of AGEs are formed from blood proteins 
that subsequently develop into immune complexes with anti-AGE antibodies in  retinopathic 
subjects. The ROS and gluco-oxidative modified protein autoantibodies were detectable in 
high titers in patients suffering from diabetic retinopathy. Chronic hyperglycemia and 
increased age, that are often seen in such cases, have proven to cause abnormally high 
production of free radicals with decreased antioxidant defence system. Proteins are damaged 
by the concomitant effect of glycation and oxidative stress leading to conformational 
alterations in native structure which could induce neo-epitopes or may increase exposed 
cryptic epitopes. Dynamic changes in the autoantibody binding patterns suggest subsequent 
epitope spreading with disease progression. Immune complexes of gluco-oxidative proteins 
and antibodies against them possibly activate complement cascade system and hence destroy 
capillaries within the retina. Measurement of these autoantibodies could be useful in assisting 
the prediction of the development of disease even before non-proliferative diabetic 
retinopathy. Reduction in the levels of glycation and ROS may lead to decrease in in vivo 
protein modifications, thus delaying the progression of diabetic retinopahy.  
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1. Introduction 
Diabetes mellitus is a group of metabolic disorders characterized by chronic hyperglicemia 
resulting from peripheral resistance to insulin, reduction of pancreatic secretion of such 
substance and increase of glycosis hepatic production, causing, after a long time, a series of 
complications (1). 

Clinical diabetes complications may affect the great and medium arteries - causing coronary 
artery disease and peripheral artery disease - or the little arteries, causing diabetic 
microangiopathy – retinopathy, nephropathy and neuropathy (2,3). 

2. Pathophisiology 
Elevated glycemia induces a series of bichemical and cellular abnormalities which may 
cause vascular alterations found in diabetic retinopathy (4,5,6). Mechanisms induced by 
hyperglycemia  which can cause endothelial cells dysfunction include increase of polyol 
pathway flux, accelerated and non-enzimatic formation of advanced glycation end-products 
(AGES), increase in diacylglycerol formation (with consequent activation of protein kinase C 
– PKC), increase of hexosamine pathway flux and a disturbed oxi-reduction status (4,5,6,7). 
All these mechanisms may contribute to the known phisiological characteristics of diabetic 
complications through increase of cytokines and growing factors regulation, and through 
formation of oxygen and nitrogen derived free radicals (8).   

2.1 Free radicals 

A free radical can be defined as a chemical species that has a non-paired electron (9). It may 
be also considered as a fragment of a molecule (10). Thus, free radicals can be formed in 
three ways: 

 By cliving a covalent link of a normal molecule, with each of the fragments retainning 
one of the paired electrons (10); 

 When a normal molecule lose one electron (10) and 
 When a normal molecule receives one electron (10).  

The most relevant free radicals in biological systems are those derived from oxygen 
(9,10,11). 
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– PKC), increase of hexosamine pathway flux and a disturbed oxi-reduction status (4,5,6,7). 
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complications through increase of cytokines and growing factors regulation, and through 
formation of oxygen and nitrogen derived free radicals (8).   
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A free radical can be defined as a chemical species that has a non-paired electron (9). It may 
be also considered as a fragment of a molecule (10). Thus, free radicals can be formed in 
three ways: 

 By cliving a covalent link of a normal molecule, with each of the fragments retainning 
one of the paired electrons (10); 
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The most relevant free radicals in biological systems are those derived from oxygen 
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3. Oxidative stress 
It is said that a cell suffers oxidative stress when formation of free radicals overcomes 
hability of cellular antioxidant system (12). That may happen when a lot of free radicals is 
formed, when endogenous antioxidant defenses are diminished or, more commonly, when 
both events occur (12). Excessive free radical production may damage any cellular structure, 
including membrane (lipid peroxidation), proteins (anomalous polimerization) and nucleus 
(desoxirribonucleic acid – DNA - lesion) (12). 

In diabetes, free radical formation, together with antioxidant deficiency, increases with time 
and may have an important role in retinopathy development (13,14). 

Retina is known as an important target of diabete mellitus (1). Because of its high oxygen 
requirement and due to its unsaturated lipid content, retina may be a selective site for free 
radical production and for lipid peroxidation (1). 

In endothelial cells, intracellular hyperglycemia promotes an increase in superoxide radical 
production at mitochondrial level (10). It is thought that such increase of superoxide 
production is the activator process of all pathways enrolled in diabetic complications 
pathogenesis (10). It is also seen an increase in nitric oxide production (NO) that is 
particularly damaging because it reacts with oxygen and produces peroxynitrite, a powerful 
oxidant (10). Peroxynitrite is cytotoxic because it inhibits mitochondrial transportation of 
electrons, oxidizes sulphidril groups in proteins, begins lipid peroxidation without the 
necessity of transition metals and nitrates aminoacids (such as tyrosine), what affects many 
signal transduction pathways (10). Chronic hyperglycemia promotes non-enzimatic 
glycation of proteins and glycated proteins may increase oxidant generation by activating 
fagocytes or by releasing superoxide and hydrogen peroxyde directly (10). Besides, AGEs 
estimulate oxidant production through specific interactions with receptors that are present 
in vascular cells (10). 

4. Alterations of blood flux regulation 
Endothelins are the main endothelial vasoconstrictors (12). In endothelial cells of retinal 
vessels, main endothelin is the subtype ET-1, that is synthethized and released by the action 
of several factors (growth factors, cytokines and insulin, among others) and is negativelly 
controlled by prostaciclin, nitric oxide and heparin, among other substances (12). ET-1 
interacts with specific membrane receptors that are present in vascular smooth muscle fibers 
(ETA and ETB) and it triggers a vasoconstrictor effect (12). In diabetic animals retina, 
synthesis and activity of ET-1 and ET-3 are increased and factors which inhibit such actions 
are decreased; thus, endothelins are considered one of the factors that contribute to a 
reduction of retinal blood flux and to endothelial capillary proliferation (12). 

Among the vasodilating factors those which deserve a greater attention are prostaciclin and 
nitric oxide (12). Prostaciclin is formed from arachidonic acid through participation of 
cycloxigenase, to form ciclic endoperoxides, as it occurs in platelets (12). Main difference 
between prostaciclin synthesis in platelets and in endothelium is that the first involves 
thomboxane synthetase that produces thromboxane A2 (TxA2, a powerful vasoconstrictor 
and platelet agregant) while the last one involves prostaciclin synthetase (a powerful 
vasodilating and platelet disagregant) (12). Due to shared biochemical origin but opposed 
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effects of both prostanoids, it is accepted that a proper balance between platelet 
thromboxane and vascular prostaciclin be fundamental to physiological interaction between 
platelets and vessel walls (12). 

5. Vascular nitric oxide defficiency origin in diabete 
In diabete, hyperglycemia may actvate PKC isoform bII in endothelial cells, what reduces 
calcium ingress in cells and, consequently, nitric oxide synthesis (15). Besides, PKC 
promotes superoxide generation in endothelial cells and it quenches in a reaction that 
produces the toxic radical peroxynitrite (15). This way, overactivation of PKC mediated by 
hyperglycemia may reduce the synthesis or accelerate the loss of nitric oxide (15). 

Hyperglycemia also provides a substrate increase for endothelial aldose reductase (15). Such 
enzyme generates sorbitol from glucose in a reaction that oxidizes NADPH – and, this way, 
decreases disponibility of reducing co-factor for NO sintase (16). 

Glycated tissue proteins (whose levels increase as a consequence of hyperglycemia) may 
generate superoxide in a non-enzymatic reaction that needs transition metal catalysis; such 
factor also contributes to NO deficiency associated to hyperglycemia (15). Besides, AGEs 
may also extinguish NO directly (15). 

6. Pathogenic implications of NO deficiency 
Vascular deficiency of NO may be critical for pathogenesis of micro and macrovascular 
complications of non-controlled diabetes mellitus (15). This may be appreciated in the light 
of physiological importance of basal activity of NO in maintaining an appropriate arteriolar 
vasodilation, stabilizing platelets and preventing excessive activation and circulating 
leucocyte adhesion (15). Loss of such activity may clearly promote ischaemia by inducing 
arteriolar vasoconstriction and microvascular occlusion by activated adhering leucocytes 
and thrombosis (15). Besides, NO increases sodium-potassium pump activity in arterial wall 
and in axons of peripheral nerve (15). Reduction of sodium-potassium pump activity in 
endothelial capillary cells exposed to hyperglycemia could, in the same way, be attributed to 
a lesser production of NO (15). 

In diabetes, vasoconstrictor impact of NO deficiency is exacerbated by stimilus of PKC over 
endothelin production (15). There is also evidence that endothelial synthesis of PGI 1 
(prostaciclin) tends to be subnormal in diabetics (15). Once prostaciclin, as well as 
protaglandin E1 (PGE1), present many physiological effects that are complementary to those 
of NO – including vasodilation – it is probable that an impairment in its production 
amplifies the pathogenic impact of NO deficiency (15). 

In diabetes, NO deficiency and excessive activation of endothelial PKC cause an increased 
synthesis of Platelet Activating Factor (PAF) (15). Endothelial PAF, confined to luminal 
endothelial membrane, stimulates receptors in marginated leucocytes that circulate along 
post-capillary venules, inducing activation of these leucocytes and taking them to express 
β2-integrins (15). Such phenomenon possibilitates leucocytes to adhere tightly to endothelial 
surface (15). One of the main endothelial targets to which such endothelins adhere – ICAM-1 
– is also estimulated by PKC activity (15). 
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3. Oxidative stress 
It is said that a cell suffers oxidative stress when formation of free radicals overcomes 
hability of cellular antioxidant system (12). That may happen when a lot of free radicals is 
formed, when endogenous antioxidant defenses are diminished or, more commonly, when 
both events occur (12). Excessive free radical production may damage any cellular structure, 
including membrane (lipid peroxidation), proteins (anomalous polimerization) and nucleus 
(desoxirribonucleic acid – DNA - lesion) (12). 

In diabetes, free radical formation, together with antioxidant deficiency, increases with time 
and may have an important role in retinopathy development (13,14). 

Retina is known as an important target of diabete mellitus (1). Because of its high oxygen 
requirement and due to its unsaturated lipid content, retina may be a selective site for free 
radical production and for lipid peroxidation (1). 

In endothelial cells, intracellular hyperglycemia promotes an increase in superoxide radical 
production at mitochondrial level (10). It is thought that such increase of superoxide 
production is the activator process of all pathways enrolled in diabetic complications 
pathogenesis (10). It is also seen an increase in nitric oxide production (NO) that is 
particularly damaging because it reacts with oxygen and produces peroxynitrite, a powerful 
oxidant (10). Peroxynitrite is cytotoxic because it inhibits mitochondrial transportation of 
electrons, oxidizes sulphidril groups in proteins, begins lipid peroxidation without the 
necessity of transition metals and nitrates aminoacids (such as tyrosine), what affects many 
signal transduction pathways (10). Chronic hyperglycemia promotes non-enzimatic 
glycation of proteins and glycated proteins may increase oxidant generation by activating 
fagocytes or by releasing superoxide and hydrogen peroxyde directly (10). Besides, AGEs 
estimulate oxidant production through specific interactions with receptors that are present 
in vascular cells (10). 

4. Alterations of blood flux regulation 
Endothelins are the main endothelial vasoconstrictors (12). In endothelial cells of retinal 
vessels, main endothelin is the subtype ET-1, that is synthethized and released by the action 
of several factors (growth factors, cytokines and insulin, among others) and is negativelly 
controlled by prostaciclin, nitric oxide and heparin, among other substances (12). ET-1 
interacts with specific membrane receptors that are present in vascular smooth muscle fibers 
(ETA and ETB) and it triggers a vasoconstrictor effect (12). In diabetic animals retina, 
synthesis and activity of ET-1 and ET-3 are increased and factors which inhibit such actions 
are decreased; thus, endothelins are considered one of the factors that contribute to a 
reduction of retinal blood flux and to endothelial capillary proliferation (12). 

Among the vasodilating factors those which deserve a greater attention are prostaciclin and 
nitric oxide (12). Prostaciclin is formed from arachidonic acid through participation of 
cycloxigenase, to form ciclic endoperoxides, as it occurs in platelets (12). Main difference 
between prostaciclin synthesis in platelets and in endothelium is that the first involves 
thomboxane synthetase that produces thromboxane A2 (TxA2, a powerful vasoconstrictor 
and platelet agregant) while the last one involves prostaciclin synthetase (a powerful 
vasodilating and platelet disagregant) (12). Due to shared biochemical origin but opposed 
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effects of both prostanoids, it is accepted that a proper balance between platelet 
thromboxane and vascular prostaciclin be fundamental to physiological interaction between 
platelets and vessel walls (12). 

5. Vascular nitric oxide defficiency origin in diabete 
In diabete, hyperglycemia may actvate PKC isoform bII in endothelial cells, what reduces 
calcium ingress in cells and, consequently, nitric oxide synthesis (15). Besides, PKC 
promotes superoxide generation in endothelial cells and it quenches in a reaction that 
produces the toxic radical peroxynitrite (15). This way, overactivation of PKC mediated by 
hyperglycemia may reduce the synthesis or accelerate the loss of nitric oxide (15). 

Hyperglycemia also provides a substrate increase for endothelial aldose reductase (15). Such 
enzyme generates sorbitol from glucose in a reaction that oxidizes NADPH – and, this way, 
decreases disponibility of reducing co-factor for NO sintase (16). 

Glycated tissue proteins (whose levels increase as a consequence of hyperglycemia) may 
generate superoxide in a non-enzymatic reaction that needs transition metal catalysis; such 
factor also contributes to NO deficiency associated to hyperglycemia (15). Besides, AGEs 
may also extinguish NO directly (15). 

6. Pathogenic implications of NO deficiency 
Vascular deficiency of NO may be critical for pathogenesis of micro and macrovascular 
complications of non-controlled diabetes mellitus (15). This may be appreciated in the light 
of physiological importance of basal activity of NO in maintaining an appropriate arteriolar 
vasodilation, stabilizing platelets and preventing excessive activation and circulating 
leucocyte adhesion (15). Loss of such activity may clearly promote ischaemia by inducing 
arteriolar vasoconstriction and microvascular occlusion by activated adhering leucocytes 
and thrombosis (15). Besides, NO increases sodium-potassium pump activity in arterial wall 
and in axons of peripheral nerve (15). Reduction of sodium-potassium pump activity in 
endothelial capillary cells exposed to hyperglycemia could, in the same way, be attributed to 
a lesser production of NO (15). 

In diabetes, vasoconstrictor impact of NO deficiency is exacerbated by stimilus of PKC over 
endothelin production (15). There is also evidence that endothelial synthesis of PGI 1 
(prostaciclin) tends to be subnormal in diabetics (15). Once prostaciclin, as well as 
protaglandin E1 (PGE1), present many physiological effects that are complementary to those 
of NO – including vasodilation – it is probable that an impairment in its production 
amplifies the pathogenic impact of NO deficiency (15). 

In diabetes, NO deficiency and excessive activation of endothelial PKC cause an increased 
synthesis of Platelet Activating Factor (PAF) (15). Endothelial PAF, confined to luminal 
endothelial membrane, stimulates receptors in marginated leucocytes that circulate along 
post-capillary venules, inducing activation of these leucocytes and taking them to express 
β2-integrins (15). Such phenomenon possibilitates leucocytes to adhere tightly to endothelial 
surface (15). One of the main endothelial targets to which such endothelins adhere – ICAM-1 
– is also estimulated by PKC activity (15). 
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Activated leucocytes also synthethize leucotrien B4 (LTB4), what also increases PKC activity 
more yet by estimulating phospholipase C-b (15). 

Leucocytes are greater and more viscous than erithrocytes and the activation process 
increases their polymerization because of its action over actin (15). Thus, under conditions in 
which pressure gradient through capillaries is reduced – as in vascular beds supplied by 
estenotic arteries or in constricted arterioles – activated leucocytes become edged in 
capillaries, preventing vascular flux (15). 

In diabetics, blood viscosity increases due to greater fibrinogen plasmatic levels and it may 
damage microcirculatory flux more yet (15). This way, these factors promote retinal 
hypoxia, which causes angiogenic factors release – more notably, vascular endothelial 
growth factors – which induce neovascularization (15). 

7. Alterations of control mechanisms of growth factors 
Among all growth factors, VEGF is the innermost factor related to retinal neovascularization 
because it takes part in formation of new vessels which appear after retinal ischaemia (12). 
VEGF is member of a great family of proteins with angiogenic and mitogenic capabilities 
(12). It is produced in retina in pigmented epitelium, in neurosensorial retina, in pericytes 
and in vascular smooth muscle layer (12). Even in the earliest stages of retinopathy (early or 
backgraund retinopathy) it is already observed an increased expression of (VEGF) 
messenger ribonucleic acid (mRNA) in retinal pigmented epitelium (12). 

Studies about induction of permeability in retinal endothelial cells in culture showed that 
VEGF induces transitory and transcellular hyperpermeability, which involves nitric oxide 
synthase activation and nitric oxide formation (17). It is believed that such phase is followed 
by a sustained increase of paracellular permeability due to a reduction of ocludin protein of 
tight junctions and it involves urokinase receptor expression (uPAR), what may deflagrate 
plasmin formation and matrix metaproteinase activation (17). 

VEGF, in turn, still promotes ICAM-1 expression by endothelial cell, what causes leucocyte 
activation and cytokine release leading to an amplification of inflammatory response (12,18). 

8. Pigmented Epitelium Derived Factor (PEDF) 
Besides causing vascular lesion, diabetes also presents an adverse and early impact over 
neural retina (2,12,18). Studies with diabetic patients showed early alterations in visual 
function, including damage of colored vision and contrast sensibility, and reduction of 
electroretinogram oscilatory potentials (2,12,18). Such alterations frequently precede 
microvascular lesions establishment and predict retinopathy worsening in a better way than 
clinical characteristics, suggesting that neurodegeneration, as well as vascular dysfunction, 
be an important characteristic of diabetic retinopathy (2,12,18). It was suggested that 
metabolic factors that cause such phenomenon include loss of trophic support mediated by 
insulin or a lesion due to excessive accumulation of hexosamine, α-Tumoral Necrosis Factor 
or glutamate (2,12,18). Data that show reduced levels of Pigmented Epitelium Derived 
Factor (PEDF) in ocular fluids and vitrectomy species of patients with diabetic retinopathy 
suggest that loss of PEDF contributes to neuroglial cells toxicity induced by diabetes 
(2,12,18). 

 
Diabetic Retinopathy 

 

57 

PEDF occurs naturally in eye and it is expressed in multiple retinal cells, including retinal 
pigmented epithelial cells, glial cells, vascular endothelial cells and neurons (17). It was 
demonstrated that treatment with PEDF prevents retinal neovascularization in a model of 
ischaemic retinopathy (17). Recently it was verified that PEDF blocks the increase in 
vascular retinal permeability induced by ocular injections of VEGF (17). PEDF may also 
function as an antioxidant once it supresses reactive species generation mediated by 
NAD(P)H oxidase and blocks increase of expression of VEGF induced by oxidative stress 
(17). Studies of ocular fluids of patients with active neovascularization show an inverse 
correlation between VEGF levels (increased) and PEDF ones (decreased), suggesting that a 
change in balance between PEDF and VEGF levels may contribute to development of retinal 
neovascular disease (17). 

Reductions of mRNA PEDF levels were related in endothelial cells in culture and in 
pericytes exposed to oxidative stress conditions, as well as in endothelial cells treated with 
TNF-α (17). Studies with cells in culture indicate that hypoxia and VEGF inhibit PEDF levels 
by increasing matrix metalloproteinases that degrade and inactivate PEDF (17). 

9. Poly (ADP-ribose) polymerase and diabetic vascular disfunction 
Poly(ADP-ribose)polymerase (PARP), also known as poly(ADP-ribose)synthase (PARS), is a 
nuclear enzyme abundant in eukaryotic cells that takes part in DNA repair in answer to 
genotoxic stress (19). 

Compulsory trigger to PARP activation is DNA breakdown, which can be induced by a 
variety of environmental stimulations and free / oxidizing radicals, more notably hydroxil 
and peroxynitrite radicals (8,20). 

When activated by DNA breakdown, PARP begins a cicle that consumes energy by 
transfering ADP ribose units from NAD+ to nuclear proteins (8,19). Such process results in a 
rapid depletion of intracellular supplies of NAD+ and ATP, reducing glycolisis tax (and 
mitochondrial respiration), as well as NADP levels (a co-factor for pentose way and of bio-
reducing synthetic ways, involved in maintaning reduced glutatione pools), causing cellular 
dysfunction and death (8,19). It was showed that PARP activation occurs in a great variety 
of pathological states, including reperfusion lesion of colon, kidney, skeletal muscle and 
myocardium, inflammatory diseases such as colitis, diabetes and arthritis, septic and 
haemorragic shocks (8,19). It was demonstrated that PARP activation has also a central role 
in cardiovascular diseases, including encephalic vascular accident (EVA), atherosclerosis, 
cardiac ischaemic disease, doxorrubicin toxicity and diabetic cardiovascular disfunction (8). 

PARP activation in answer to elevated glucose levels can be attenuated by SOD (8). 

PARP activation may be relevant in endothelial cells dysfunction induced by hyperglycemia 
(8). Endothelial cells exposed to hyperglycemia during 1-2 days present an intense 
suppression of high energy phosphate cell levels, as well as NAD+ and NADPH levels (8). 
Since constitutive NO-sintetase (ec-NOS) is a NADPH-dependent enzyme, it is conceivable 
that NADPH cellular depletion in cells exposed to hyperglycemia be directly responsible for 
ec-NOS activity suppression and for reduction of endothelium dependent relaxing capacity 
of diabetic vessels (8). In diabetic patients, hyperglycemia effects over NADPH levels may 
be exacerbated by aldose redutase increased activity, which also depletes NADPH as well as 
generates reactive oxidants (8). 
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Activated leucocytes also synthethize leucotrien B4 (LTB4), what also increases PKC activity 
more yet by estimulating phospholipase C-b (15). 

Leucocytes are greater and more viscous than erithrocytes and the activation process 
increases their polymerization because of its action over actin (15). Thus, under conditions in 
which pressure gradient through capillaries is reduced – as in vascular beds supplied by 
estenotic arteries or in constricted arterioles – activated leucocytes become edged in 
capillaries, preventing vascular flux (15). 

In diabetics, blood viscosity increases due to greater fibrinogen plasmatic levels and it may 
damage microcirculatory flux more yet (15). This way, these factors promote retinal 
hypoxia, which causes angiogenic factors release – more notably, vascular endothelial 
growth factors – which induce neovascularization (15). 

7. Alterations of control mechanisms of growth factors 
Among all growth factors, VEGF is the innermost factor related to retinal neovascularization 
because it takes part in formation of new vessels which appear after retinal ischaemia (12). 
VEGF is member of a great family of proteins with angiogenic and mitogenic capabilities 
(12). It is produced in retina in pigmented epitelium, in neurosensorial retina, in pericytes 
and in vascular smooth muscle layer (12). Even in the earliest stages of retinopathy (early or 
backgraund retinopathy) it is already observed an increased expression of (VEGF) 
messenger ribonucleic acid (mRNA) in retinal pigmented epitelium (12). 

Studies about induction of permeability in retinal endothelial cells in culture showed that 
VEGF induces transitory and transcellular hyperpermeability, which involves nitric oxide 
synthase activation and nitric oxide formation (17). It is believed that such phase is followed 
by a sustained increase of paracellular permeability due to a reduction of ocludin protein of 
tight junctions and it involves urokinase receptor expression (uPAR), what may deflagrate 
plasmin formation and matrix metaproteinase activation (17). 

VEGF, in turn, still promotes ICAM-1 expression by endothelial cell, what causes leucocyte 
activation and cytokine release leading to an amplification of inflammatory response (12,18). 

8. Pigmented Epitelium Derived Factor (PEDF) 
Besides causing vascular lesion, diabetes also presents an adverse and early impact over 
neural retina (2,12,18). Studies with diabetic patients showed early alterations in visual 
function, including damage of colored vision and contrast sensibility, and reduction of 
electroretinogram oscilatory potentials (2,12,18). Such alterations frequently precede 
microvascular lesions establishment and predict retinopathy worsening in a better way than 
clinical characteristics, suggesting that neurodegeneration, as well as vascular dysfunction, 
be an important characteristic of diabetic retinopathy (2,12,18). It was suggested that 
metabolic factors that cause such phenomenon include loss of trophic support mediated by 
insulin or a lesion due to excessive accumulation of hexosamine, α-Tumoral Necrosis Factor 
or glutamate (2,12,18). Data that show reduced levels of Pigmented Epitelium Derived 
Factor (PEDF) in ocular fluids and vitrectomy species of patients with diabetic retinopathy 
suggest that loss of PEDF contributes to neuroglial cells toxicity induced by diabetes 
(2,12,18). 
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PEDF occurs naturally in eye and it is expressed in multiple retinal cells, including retinal 
pigmented epithelial cells, glial cells, vascular endothelial cells and neurons (17). It was 
demonstrated that treatment with PEDF prevents retinal neovascularization in a model of 
ischaemic retinopathy (17). Recently it was verified that PEDF blocks the increase in 
vascular retinal permeability induced by ocular injections of VEGF (17). PEDF may also 
function as an antioxidant once it supresses reactive species generation mediated by 
NAD(P)H oxidase and blocks increase of expression of VEGF induced by oxidative stress 
(17). Studies of ocular fluids of patients with active neovascularization show an inverse 
correlation between VEGF levels (increased) and PEDF ones (decreased), suggesting that a 
change in balance between PEDF and VEGF levels may contribute to development of retinal 
neovascular disease (17). 

Reductions of mRNA PEDF levels were related in endothelial cells in culture and in 
pericytes exposed to oxidative stress conditions, as well as in endothelial cells treated with 
TNF-α (17). Studies with cells in culture indicate that hypoxia and VEGF inhibit PEDF levels 
by increasing matrix metalloproteinases that degrade and inactivate PEDF (17). 

9. Poly (ADP-ribose) polymerase and diabetic vascular disfunction 
Poly(ADP-ribose)polymerase (PARP), also known as poly(ADP-ribose)synthase (PARS), is a 
nuclear enzyme abundant in eukaryotic cells that takes part in DNA repair in answer to 
genotoxic stress (19). 

Compulsory trigger to PARP activation is DNA breakdown, which can be induced by a 
variety of environmental stimulations and free / oxidizing radicals, more notably hydroxil 
and peroxynitrite radicals (8,20). 

When activated by DNA breakdown, PARP begins a cicle that consumes energy by 
transfering ADP ribose units from NAD+ to nuclear proteins (8,19). Such process results in a 
rapid depletion of intracellular supplies of NAD+ and ATP, reducing glycolisis tax (and 
mitochondrial respiration), as well as NADP levels (a co-factor for pentose way and of bio-
reducing synthetic ways, involved in maintaning reduced glutatione pools), causing cellular 
dysfunction and death (8,19). It was showed that PARP activation occurs in a great variety 
of pathological states, including reperfusion lesion of colon, kidney, skeletal muscle and 
myocardium, inflammatory diseases such as colitis, diabetes and arthritis, septic and 
haemorragic shocks (8,19). It was demonstrated that PARP activation has also a central role 
in cardiovascular diseases, including encephalic vascular accident (EVA), atherosclerosis, 
cardiac ischaemic disease, doxorrubicin toxicity and diabetic cardiovascular disfunction (8). 

PARP activation in answer to elevated glucose levels can be attenuated by SOD (8). 

PARP activation may be relevant in endothelial cells dysfunction induced by hyperglycemia 
(8). Endothelial cells exposed to hyperglycemia during 1-2 days present an intense 
suppression of high energy phosphate cell levels, as well as NAD+ and NADPH levels (8). 
Since constitutive NO-sintetase (ec-NOS) is a NADPH-dependent enzyme, it is conceivable 
that NADPH cellular depletion in cells exposed to hyperglycemia be directly responsible for 
ec-NOS activity suppression and for reduction of endothelium dependent relaxing capacity 
of diabetic vessels (8). In diabetic patients, hyperglycemia effects over NADPH levels may 
be exacerbated by aldose redutase increased activity, which also depletes NADPH as well as 
generates reactive oxidants (8). 
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PARP activation in endothelial cells exposed to hyperglycemia may be a common factor 
among three of major hypotheses by which hyperglycemia causes diabetic complications: 
activation of PKC isoforms, increased flux of hesosamine pathway and AGEs increased 
formation (8,21). Each of these pathways may be activated by superoxide overproduction 
from mitochondrial electron transport chain and it is induced by hyperglycemia (8,21). 
Superoxide overproduction in endothelial cells exposed to hyperglycemia results from 
inhibition of activity of glyceraldeid-3-phosphate dehydrogense (GAPDH) enzyme, being 
PARP the mediator of such effect (8). Inhibition of GAPDH activity also activates pro-
inflammatory transcription factor NF-κβ that is PKC-dependent in endothelial cells (8). 
Inhibition of GAPDH activity is a result of poly(ADP-ribosyl)ation of enzyme by PARP and 
can be reversed by inhibiting PARP (8). GAPDH is a multifunctional enzyme that presents 
effects as much in cytoplasm as in nucleus and it has been implicated not only in normal 
physiology (exportation of nuclear RNA, DNA replication, DNA repair, exocitotoxic 
membrane fusion, cytoskeletal organization and phosphotransferase activity), but also in 
pathological states, such as, neurodegenerative diseases (Parkinson’s disease), cancer 
(prostate) and in viral pathogenesis, where it was demonstrated that GAPDH presents a role 
in apoptotic cellular death (8). It has been demonstrated that GAPDH is the link between 
PARP activation and endothelial cells diabetic dysfunction (8). 

10. Vitamin C 
10.1 Introduction 

Vitamin C (ascorbic acid) is an essential micronutrient for normal body metabolism and it is 
present in fresh fruits, particularly in citrus ones, and in vegetables (15). Its deficiency causes 
scurvy (22). 

Minimum necessary requirement of vitamin C is 60 mg/day for health and non-smoker 
people (22). 

Vitamin C is a co-factor of several enzymes: 

1. Pro-collagen-proline dehidrogenase (proline dehidrogenase) and procollagen lisine 5-
dehidrogenase (lysine desidrogenase), involved in pro-collagen synthesis (22). Thus, 
vitamin C deficiency causes teeth losses, joint pains, bone and conective tissues 
disorders, and a deficient wound scar, all of which are characteristics of scurvy (22); 

2. Deoxigenases, involved in carnitine biosynthesis, essential substance for long chain fat 
acids transportation to the interior of mitochondria (22). Thus, vitamin C deficiency 
results in fatigue and letargy, initial symptoms of scurvy (22); 

3. Dopamine-monoxigenase, that catalyses conversion of dopamine into norepinephrine 
(22). Thus, norepinephrine deficiency must be related with depression, hipochondria 
and humor alterations that occur in scurvy (22). 

Vitamin C was also implicated in cholesterol and biliary acids metabolism, through 
cholesterol 7α-monoxigense, and in adrenal steroid metabolism (22). 

Other acitivties of vitamin C include thiol enzymes maintenance in a reduced state, and a 
saving effect of glutatione (an important intracellular antioxidant) and tetrahidrofolate (co-
factor for cathecolamine synthesis) (22). 
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10.2 Antioxidant effect 

According to the Panel on Dietary Antioxidants and Related Compounds of the Food and 
Nutrition Board, an antioxidant may be defined as a substance that reduces significantly the 
adverse effects of free radicals over normal physiological function (22). 

Vitamin C (or L-ascorbic acid) is called electron donnor antioxidant due to its hability to 
prevent oxidation of other compounds by linking to their electrons (23). While ascorbic acid 
is oxidized in a stable and non-reactive form, free radicals are reduced to water and do not 
cause cellular lesion any longer (23). 

Vitamin C scavenges superoxide and hydroperoxyl, watery peroxyl, oxygen singlet, ozone, 
peroxynitrite and nitrogen dioxide, nitroxide radicals and hypoclorous acid, protecting, this 
way, other substrates from oxidative lesion (16,22). 

Besides, vitamin C regenerates α-tocopherol (vitamin E) from α-tocopheril radical (22). That 
is particularly important because α-tocopherol may act as a pro-oxidant in absence of co-
oxidants like vitamin C (22). 

10.3 Effects over coagulation, platelets and vessels 

Studies showed an inverse association between vitamin C plasmatic concentrations and 
coagulation factors (22,24). 

10.4 Effects over platelets 

In vitro studies showed that physiological concentrations of vitamin C may increase PGE1 
and PGI1 production, resulting in a reduction of platelet aggregation and thrombus 
formation (22). Besides, low concentrations of vitamin C are also associated to greater levels 
of Plasminogen Activating Inhibitor 1, a protein that inhibits fibrinolysis (22). 

10.5 Vitamin C and nitric oxide 

Other studies demonstrated that vitamin C restores endothelium depending vasodilation in 
diabetic type 1 patients and in acute hyperglycemia in health humans, while studies realized 
with type 2 diabetics showed varied results (24). Several mechanisms may be responsible for 
such effects and, probably, they are related to vitamin C antioxidant activity (22). 

NO presents an important  role in vasodilation and it also inhibits platelet aggregation and 
lecocyte adhesion (22). Studies showed that NO concentrations are reduced through its 
reaction with superoxide radicals and because of its release by oxidized LDL (22). This way, 
vitamin C may prevent NO breakdown by scavenging superoxide radicals or by preventing 
oxidized LDL formation (16,22,23). 

10.6 Effects over capillary fragility 

Vitamin C deficiency promotes the following alterations over vascular tissues: inner and 
basal membrane thickening, extra-cellular matrix accumulation due to a reduced sulfatation, 
endothelium tight junctions loss (with consequent increase of transcapilar escape tax – TET) 
and capillary fragility (24). Such findings are also met in diabetic microangiopathy (24). 
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PARP activation in endothelial cells exposed to hyperglycemia may be a common factor 
among three of major hypotheses by which hyperglycemia causes diabetic complications: 
activation of PKC isoforms, increased flux of hesosamine pathway and AGEs increased 
formation (8,21). Each of these pathways may be activated by superoxide overproduction 
from mitochondrial electron transport chain and it is induced by hyperglycemia (8,21). 
Superoxide overproduction in endothelial cells exposed to hyperglycemia results from 
inhibition of activity of glyceraldeid-3-phosphate dehydrogense (GAPDH) enzyme, being 
PARP the mediator of such effect (8). Inhibition of GAPDH activity also activates pro-
inflammatory transcription factor NF-κβ that is PKC-dependent in endothelial cells (8). 
Inhibition of GAPDH activity is a result of poly(ADP-ribosyl)ation of enzyme by PARP and 
can be reversed by inhibiting PARP (8). GAPDH is a multifunctional enzyme that presents 
effects as much in cytoplasm as in nucleus and it has been implicated not only in normal 
physiology (exportation of nuclear RNA, DNA replication, DNA repair, exocitotoxic 
membrane fusion, cytoskeletal organization and phosphotransferase activity), but also in 
pathological states, such as, neurodegenerative diseases (Parkinson’s disease), cancer 
(prostate) and in viral pathogenesis, where it was demonstrated that GAPDH presents a role 
in apoptotic cellular death (8). It has been demonstrated that GAPDH is the link between 
PARP activation and endothelial cells diabetic dysfunction (8). 

10. Vitamin C 
10.1 Introduction 

Vitamin C (ascorbic acid) is an essential micronutrient for normal body metabolism and it is 
present in fresh fruits, particularly in citrus ones, and in vegetables (15). Its deficiency causes 
scurvy (22). 

Minimum necessary requirement of vitamin C is 60 mg/day for health and non-smoker 
people (22). 

Vitamin C is a co-factor of several enzymes: 

1. Pro-collagen-proline dehidrogenase (proline dehidrogenase) and procollagen lisine 5-
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10.2 Antioxidant effect 

According to the Panel on Dietary Antioxidants and Related Compounds of the Food and 
Nutrition Board, an antioxidant may be defined as a substance that reduces significantly the 
adverse effects of free radicals over normal physiological function (22). 
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prevent oxidation of other compounds by linking to their electrons (23). While ascorbic acid 
is oxidized in a stable and non-reactive form, free radicals are reduced to water and do not 
cause cellular lesion any longer (23). 

Vitamin C scavenges superoxide and hydroperoxyl, watery peroxyl, oxygen singlet, ozone, 
peroxynitrite and nitrogen dioxide, nitroxide radicals and hypoclorous acid, protecting, this 
way, other substrates from oxidative lesion (16,22). 

Besides, vitamin C regenerates α-tocopherol (vitamin E) from α-tocopheril radical (22). That 
is particularly important because α-tocopherol may act as a pro-oxidant in absence of co-
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Vitamin C deficiency promotes the following alterations over vascular tissues: inner and 
basal membrane thickening, extra-cellular matrix accumulation due to a reduced sulfatation, 
endothelium tight junctions loss (with consequent increase of transcapilar escape tax – TET) 
and capillary fragility (24). Such findings are also met in diabetic microangiopathy (24). 
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10.7 Effects over diabetic complications 

A recent report showed that all alterations induced by hyperglycemia – including aldose 
redutase, PKC and AGEs increases – are reversed by inhibiting free radicals production 
induced by glucose (25). Such fact gives the possibility that, by blocking glucose induced 
oxidative stress, it may also be possible to prevent lesions caused by other pathways (25).    

Vitamin C presents a central role in antioxidant defense system and may help to mitigate 
oxidative stress associated to diabetic complications (22). In fact, there are reports that high 
dose vitamin C diets are associated to reversion of early signs of retinopathy and to 
normalization of capillary resistance in diabetes mellitus, confirming its antioxidant 
protector role in blood vessels lesion (9,26). 

10.8 Intracellular transportantion of vitamin C 

It is known the existence of two distict mechanisms of vitamin C transportation into the cells 
(25): 

1. A sodium-dependent mechanism that is mediated by a pair of ascorbate carriers, which 
is predominant in hemato-encephalic barrier, osteoblasts, muscles, placenta, intestine 
walls, brush border kidney cells, liver, brain and in the majority of endocrine and 
neuroendocrine systems, and it is not affected by glucose plasmatic levels (25); 

2. An extremely sensible mechanism to glucose blood levels and dependent of some 
members of glucose transporters family (GLUT) (25). 

There are also some cellular types, as linfocytes and red blood cells, that use both ascorbate 
captation mechanisms (25). 

Once dehidroascorbate (DHA) enters cells, it is converted into ascorbic acid and stored (25). 

Glucose and DHA co-transportation by GLUT’s in certain cellular types suggests a new 
causative mechanism of disease in these particular cellular types (25). Studies show an 
increase in free radicals production  induced by hyperglycemia in target-organs affected by 
diabetes mellitus (25). Thus, it is suggested that free radicals production is the main 
causative pathway of diabetic complications (25). 

Ascorbic acid functions as an important component of cellular defense against oxygen 
toxicity and lipid peroxidation caused by free radicals (13,26). Reduced ascorbic acid levels 
have been observed in diabetic patients, mainly in those with microangiopathy (13,26). 

Ascorbic acid caption by cell is mediated by a process related to glucose transportation and 
it was demonstrated that a high glucose extracellular concentration in diabetics may damage 
such caption and accentuate problems related to deficiency of such vitamin (13,26). 

That phenomenon would deprive cells of central antioidant and could cause accumulation 
of free radicals followed by activation of PKC and aldose redutase pathways and by AGEs 
production in diabetes (25). 

Such effects are limited to certain specific cellular types that depend on glucose and DHA 
co-transportation by GLUT (25). 

Since DHA and glucose compete for GLUT carriers, each of them can inhibit transportation 
of the other (25,26). Basal blood glucose in non-controlled diabetes is tipycally elevated and, 
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during hiperglycemic episodes, it increases still more (25,26). Besides, ascorbate levels tend to 
be significantly reduced in non-controlled diabetes, even in diabetics who eat diets rich in such 
substance (25,26). It seems that ascorbate loss is due to its excretion (together with glucose) by 
the kidneys, to a blockade of its recaption due to a greater glucose concentration and to its 
reduced absorption by kidney tubules (due to osmotic diuresis and glucosuria) (25). 

It is verified, in average, a reduction between 30 and 80% of normal taxes of entrance of 
DHA into cells (25). Thus, DHA transportation into nerves, retina, kidney and other tissues 
that are unique or mainly GLUT –dependent, will be intense and chronically reduced (25). 

This way, it is probable that hyperglycemia results in a vitamin C deficiency in certain types 
of cells (such as peripheral neurons, pigmented cells and retinal vascular endothelial cells) 
which depend mainly or exclusively on GLUT carriers for vitamin C caption (25). 

11. Preventing and treating diabetic complications 
Thus, it is believed that ascorbic acid may prevent or even treat complications associated to 
diabetes by affecting proteic glycosilation (25,27), sensibility to insulin, retinal blood flux 
and oxidative stress (25,28). 

11.1 Adverse effects of vitamin C 

Adverse effects from excess of vitamin C are hemochromatosis or iron overload, an increase 
of uric acid and oxalate excretion (with consequent development of kidney stones), nausea, 
vomiting and diarrhea (29). 

12. Superoxide dismutase 
12.1 Physiopathology of diabetes chronic complications 

According to what has already been said, diabetes chronic complications occur as a 
consequence of persistent hyperglycemia (7). Hyperglycemia, in turn, promotes glucose 
auto-oxidation, AGEs formation and its interaction with RAGEs, activation of several 
isoformes of PKC, induction of poliol pathway and an increase of flux of hexosamine 
pathway (7). 

Recently, it was made a hypothesis according to which all these processes would be a 
consequence of an increase of superoxide production by respiratory mitochondrial chain 
during hyperglycemia (7,30). 

Mitochondrial role in retinopathy pathogenesis is supported by reports which show that 
retinal mitochondria presents a dysfunction in diabetes (30,31). Eight-month diabetic rats (a 
duration in which capillary cell apoptosis is seen in retina) present an increase of citocrome c 
release in citosol and of Bax pro-apoptotic protein in mitochondria (30,31). Besides, 
incubation of retinal capillary cells in a hyperglycemic environment results in these precise 
abnormalities, which are accompanied by increased cellular apoptosis (30). 

Retinal capillary cells apoptosis is an early event in diabetic retinopathy pathogenesis, and 
oxidative stress is linked to accelerated apoptosis of retinal capillary cells (30). Because it 
was demonstrated that retinal capillary cells are lost through apoptosis before other 
hystopathological alteration is detectable and because treatments that inhibit retinopathy 
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development also inhibit apoptosis and caspase-3 activation, it is suggested that superoxide 
presents an important role in diabetic retinopathy pathogenesis (30). 

This way, reduction in superoxide production by mitochondria or an increase in its tax of 
decomposition by antioxidants could block many of hyperglycemia pathological 
consequences (7). 

13. SOD history 
In 1938, Mann and Keilin described a blue-greened protein containing copper 
(hemocupprein), which they have isolated from ox blood (9,32). In 1953, a similar protein 
was isolated from horses’ liver and it was called hepatocuprein (9). 

In 1969, McCord and Fridovich related that an erithrocitic protein was capable of removing 
catalitically superoxide radical, that is, it functioned as a superoxide dismutase enzyme 
(SOD) (9,33). Posteriorly, it was demonstrated that SOD is identical to human erithrocuprein 
and to bovine hemocupprein described previously (31,33). 

Soon, SODs were isolated from a variety of eucharyotes and prokaryotes (33). All 
eucharyotic SODs had copper and zinc (CuZnSOD), while procharyotic ones had 
manganese (MnSOD) (33). While he worked with chicken livers, Fridovich perceived that it 
contained two types of SOD, one localized in mitochondria and another one localized in 
cytosol (33). Surprisingly, mitochondrial SOD had manganese (33). 

Similarity between mitochondrial and bacterial SODs suggests that mitochondria has 
evolved from an endocellular symbiotic relation with procharyotes (33). 

Together with Fred Yost, Fridovich also isolated a SOD which contains iron (33).  

Howard M. Steinman and cols. determined the complete sequence of aminoacids of 
CuZnSOD (33). Steinman and Robert L. Hill determined the sequence of the first 29 residues 
of ending amino of mitochondrial Mn dismutase, of bacterial Manganese dismutase and of 
bacterial Iron dismutase (33). Elevated degree of similarity of identity between bacterial and 
mitochondrial dismutases gave an additional support to endosymbiotic origin of 
mitochondria (33). 

13.1 SOD actions 

SOD constitutes primary defense against superoxide radicals and its reaction with such free 
radicals results in hydrogen peroxide formation (16). 

Due to its mitochondrial localization, MnSOD is considered the first line of defense against 
oxidative stress (30). 

It was demonstrated that there is less mitochondrial SOD activity in retina during capillary 
cells apoptosis and during the appearance of diabetic retinopathy hystopathological 
characteristics (30). 

In vivo and in vitro studies suggest that MnSOD presents a protecting role against 
development of diabetic retinopathy because an increase in its expression in isolated retinal 
endothelial cells protects retinal capillary cells from oxidative stress induced by glucose and 
from capillary cells apoptosis (30). 
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13.2 Effect of MnSOD over “hiperglycemic memory” 

A paradox in diabetes is called “hiperglycemic memory” and refers to a persistent 
progression of microvascular alterations induced by hyperglycemia during subsequent 
periods of normal glycemic homeostasis (34). That outstanding phenomenon occurred in 
eyes of diabetic dogs during a post-hyperglycemic period of euglycemia (34). Eyes were 
hystologically normal during 2,5 years before exposition to elevated and sustained glycemia 
(34). But, after a subsequent period of 2,5 years of normal glycemia, eyes developed severe 
retinopathy (34). Worsening of retinopathy, in spite of sustained normoglycemia, was also 
related in rats with streptozocin induced diabetes implicating that an isolated good glycemic 
control does not stop diabetic microangiopathy progression in its late stage (34). 

Results from Epidemiology of Diabetes Interventions and Complications Study indicate that 
hiperglycemic memory also occurs in human patients (34). It was demonstrated that the 
effects of conventional and intensive treatments over occurrence and severity of post-study 
diabetic retinopathy and nephropathy persist until 4 years after Diabetes Control and 
Complications Trial, in spite of almost identical glycosilated hemoglobin values during the 
4-year follow-up period (34). It is interesting that obtaining normoglycemia through 
pancreatic transplantation is not effective yet in reducing diabetic retinopathy progression 
(34). Other studies demonstrate that previous glycemic exposure and glycemic level at first 
visit also have influence over diabetic retinopathy development (34). The lesson from those 
studies is that achieving the best glycemic control when diabetes is diagnosed seems to be of 
outstanding importance once HbA1c levels already during the first year of disease are 
related to posterior development of diabetic retinopathy (34). 

As it was suggested by Brownlee and cols., superoxide mitochondrial production induced 
by hyperglycemia (oxidative stress) may provide an explanation for development of 
complications during post-hyperglycemia normal glycemia periods (30,34). 

Treatments that inhibit activation of apoptosis promoting enzyme and, consequently, 
diabetic retinopathy development, reduce oxidative stress in retina (30). Thus, it was 
observed that increases in MnSOD expression prevents oxidative stress induced by glucose 
in retinal endothelial cells (30). This way, MnSOD could be used in treatment of 
“hiperglycemic memory”. 

14. Adverse effects 
Superoxide dismutase does not present known adverse effects (9). 

15. Conclusion 
There are evidences of a key-role of free radicals in diabetic retinopathy pathogenesis. 
Retina is rich in polyunsaturated fat acids and presents glucose oxidation and oxygen 
caption taxes greater than any other tissue, being, this way, extremely susceptible to 
increased oxidative stress. Alterations of enzyme activity of antioxidant system (such as 
superoxide dismutase) seem to be one of the possible sources of oxidative stress in diabetes. 
Recent evidences also point to a participation of oxygen reactive species in mithogenic 
cascade began by tyrosine kinase receptors of several growth factors, including Vascular 
Endothelial Growth Factor (VEGF). Antioxidants, at least, inhibit some metabolic 
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abnormalities and pathological alterations induced by hyperglycemia. Therefore, it is 
reasonable to postulate that an antioxidant treatment may be useful to prevent diabetic 
retinopathy progression and that medication combinations could be necessary to prevent 
visual loss in diabetic patients. Ascorbic acid is present in great amounts in human eyes and 
its hability of scavenging oxygen reactive species may have importance in the treatment of 
diabetic retinopathy. Biological role of superoxide dimutase is scavenging superoxide, 
which is generated in vivo after exposition to oxygen. Retinal Pigmented Epithelium (RPE) 
has elevated levels of Manganese-Superoxide Dismutase and a reduction of its levels may be 
related to retinal lesion. Antioxidants, such as vitamin C and superoxide dismutase, may 
provide aditional beneficial effects to patients with diabetic retinopathy. Thus, vitamin C 
and superoxide dismutase present the potential of influencing positively ocular disease.      
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abnormalities and pathological alterations induced by hyperglycemia. Therefore, it is 
reasonable to postulate that an antioxidant treatment may be useful to prevent diabetic 
retinopathy progression and that medication combinations could be necessary to prevent 
visual loss in diabetic patients. Ascorbic acid is present in great amounts in human eyes and 
its hability of scavenging oxygen reactive species may have importance in the treatment of 
diabetic retinopathy. Biological role of superoxide dimutase is scavenging superoxide, 
which is generated in vivo after exposition to oxygen. Retinal Pigmented Epithelium (RPE) 
has elevated levels of Manganese-Superoxide Dismutase and a reduction of its levels may be 
related to retinal lesion. Antioxidants, such as vitamin C and superoxide dismutase, may 
provide aditional beneficial effects to patients with diabetic retinopathy. Thus, vitamin C 
and superoxide dismutase present the potential of influencing positively ocular disease.      
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1. Introduction 
1.1 Epidemiology of diabetic retinopathy 

Among diverse microvascular complications of diabetes, diabetic retinopathy is a leading 
cause of adulthood blindness in the United States. According to the report of Eye Diseases 
Prevalence Research Group, the estimated incidence of diabetic retinopathy reaches up to 
3.4% in US general population (Kempen et al., 2004). The incidence of retinopathy is 
increasing according to the duration of diabetes. In type I diabetes patients with duration of 
20 years or more, the prevalence of any diabetic retinopathy reaches 100% (Klein et al., 
1984b). Diverse classification criteria was introduced in diabetic retinopathy, but the 
presence of retinal new vessel (definition: any new vessels arising from retina or optic disc, 
extending to the inner surface of retina or into the vitreous cavity) is the most frequently 
used criterion because of its clinical significance. Panretinal photocoagulation is indicated in 
proliferative diabetic retinopathy (PDR) with high risk characteristics, where there is a 
dramatically increased risk of severe visual loss within 2 years (26.2%) compared to that of 
PDR without high risk characteristics (7%) (The Diabetic Retinopathy Study Research Group 
[ETDRS], 1987). 

1.2 Anatomical and functional changes involved in diabetic retinopathy 

The earliest clinical finding in diabetic retinopathy is the presence of microaneurysms 
and/or retinal dot hemorrhages. Pathologically, thickening of capillary basement 
membrane, loss of pericytes are early signs of diabetic retinopathy (Cunha-Vaz, 1978; 
Garner, 1993). Along with perivascular extracellular matrix, pericytes contribute to the 
stability of retinal microvessels. Pericytes share their basement membrane with retinal 
endothelial cells and postulated to mechanically stabilize retinal vasculature through N-
cadherin-mediated adherence junctions located in peg–socket contacts (Gerhardt & 
Betsholtz, 2003). Moreover, pericytes communicate with endothelial cell through several 
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mediators to regulate recruitment and proliferation of pericytes, proliferation of endothelial 
cells and the functional integrity of blood-retinal barrier. Loss of pericytes is putative cause 
of microaneurysm formation in diabetic retinopathy. In a more advanced stage, acellular 
capillaries and vitreo-retinal neovascularization are the characteristic histo-pathologic 
findings. Loss of retinal capillary cellular components involves both endothelial cells and 
pericytes. The mechanism of cell loss is to be elucidated, but throughout the diabetic retinal 
vasculature, increased apoptosis was observed in both animal models and human 
specimens (Mizutani et al., 1996). 

1.3 General patho-physiology of diabetic retinopathy 

In non-proliferative diabetic retinopathy, increased vascular permeability and retinal 
ischemia secondary to retinal capillary drop-out are two major patho-physiologic processes. 
Proliferation of new vessels and/or fibrous tissue is the hallmark of proliferative diabetic 
retinopathy. Unlike to normal retinal vessels, newly formed vessels in proliferative diabetic 
retinopathy are leaky due to the presence of endothelial fenestrae and incompetency of 
junctions (Wallow & Geldner, 1980; Williams et al., 1988) and usually accompany fibrous 
proliferation. These features of new vessels are responsible for the aggravation of retinal 
edema and development of retinal and/or vitreous hemorrhage in PDR patients. Moreover, 
a contraction of posterior vitreous surface which are adherent to the fibrovascular 
membrane usually results in the traction retinal detachment. In this chapter, we further 
discuss about the pathogenesis of diabetic retinopathy in an aspect of blood-retinal barrier 
dysfunction. 

2. Blood-retinal barrier: In health and disease (diabetic retinopathy) 
In the mammalian brain, molecular exchange between blood vessel and neuron is tightly 
regulated by the structure named blood-brain barrier (BBB). Ions, neurotransmitters, 
macromolecules like plasma proteins, toxins, metabolites and nutrients are regulated for 
neuronal homeostasis. Several mechanisms are involved in the selective exchange of 
molecule through BBB. There are two distinctive routes for circulating blood component to 
reach the central nervous system (CNS): transcellular and paracellular pathway (Pardridge, 
1999). Microvasculature of central nervous system is consisted with non-fenestrated 
endothelium sealed by intercellular adherent junction and tight junction. Under normal 
functioning BBB, paracellular pathway is restricted by these structures.  

As a part of CNS, retina also has functional barrier called blood-retinal barrier (BRB). Neural 
retina receives dual blood supply from retinal vessels and choroidal vessels. Retinal vessels 
and choroidal vessels are separated from neural retina by inner and outer BRB, respectively. 
In a narrow definition, inner BRB is a tight junction between retinal vascular endothelium 
(resembles the BBB proper of brain) and outer BRB means a tight junction between retinal 
pigment epithelium (resembles the blood-CSF barrier of brain). Among the two kinds of 
BRB, inner BRB is responsible for the pathogenesis of diabetic retinopathy.  

Inner blood-retinal barrier is composed of diverse cellular component including endothelial 
cells, pericytes and Müller cells. Pericytes ensheathe the retinal microvascular endothelium 
and share their basement membrane with endothelial cells. Pericytes are connected to 
endothelial cells through the N-cadherin mediated adherent junction. Müller cells have 
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spatial proximity with endothelium and communicate with endothelium through their foot-
processes. Each endothelial cell is interconnected with adjacent endothelial cell through 
tight junctions and adherent junctions to provide barrier function. Non-selective diffusion of 
molecules through the paracellular pathway is thightly regulated by those structures and 
limited exchange of molecules happens through the transcellular pathways (carrier 
mediated transport, transcytosis and lipophilic diffusion). 

 
Fig. 1. A schematic view of the inner blood-retinal barrier 

2.1 Molecular components of tight junction 

Tight junction is constituted by various kinds of proteins. Transmembrane proteins like 
occludin and claudin interconnect endothelial cell with adjacent endothelium and exert a 
barrier function (Furuse et al., 1998; Russ et al., 1998). Cytoplasmic accessory proteins like 
zonular occludens (ZO) 1-3, cingulin, 7H6 antigen and cadherin-5 connect transmembrane 
proteins to cytoskelecton (Gumbiner et al., 1991; Persidsky et al., 2006). Tight junction 
proteins not only function as a barrier regulating paracellular diffusion, but also work as 
signaling complex (Gonzalez-Mariscal et al., 2008). 

2.2 Molecular pathways across the BRB 

Molecular exchange across the inner BRB is allowed through paracellular pathway and 
transcellular pathway (Pardridge, 1999). Paracellular pathway is restricted by tight junction 
and limited exchange of substances occurs according to a concentration gradient. 
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Transcellular pathway involves diffusion of lipophilic molecule, carrier mediated transport 
and transcytosis (Abbott et al., 2006).  

2.3 Cellular components involved in the inner BRB 

2.3.1 Pericyte 

Retinal capillaries are covered by pericytes and pericytes exist in proximity to the 
endothelial cell (sharing basement membrane with endothelial cell). The spatial relationship 
facilitates the interaction of these two cells. Pericytes communicate with endothelial cells 
through diverse mediators like angiopoietins, transforming growth factor-β (TGF-β), 
platelet-derived growth factor-B (PDGF-B) and sphingosine-1-phosphate (S1P). Pericytes 
also form a heterocytic adherent junction with endothelial cells through N-cadherin 
(Navarro et al., 1998). In the retinal vasculature, the ratio of pericytes to endothelial cells is 
even higher than that of cerebral vasculature, reaching as high as 1:1.  

Recently, pericyte has been spotlighted as a key player in the development and functional 
maintenance of blood-neural barrier. According to recent reports, the presence of pericyte is 
indispensable for the functional integration of endothelial cell and Müller cell. Moreover, its 
coverage of capillaries correlates with BBB integrity (Shepro & Morel, 1993). Several in vitro 
studies suggested that pericyte is an important cellular component in BBB regulation. 
Pericyte derived angiopoietin-1 induces occludin expression in brain capillary endothelial 
cell via Tie-2 receptor activation (Hori et al., 2004). TGF-β1/TGF-β receptor signaling 
between pericyte and endothelial cell plays an important role in enhancing BBB function 
(Dohgu et al., 2005). PDGF-B/PDGF receptor- β signaling is well known signal pathway 
involved in pericyte recruitment and proliferation during angiogenesis (Enge et al., 2002). 
For in vivo study, pericyte ablation model is needed, but Pdgfb -/- or Pdgfrb-/- mice, an 
ideal mural cell deficiency model, shows wide spread vascular leakage and hemorrhage 
leading to perinatal lethality (Leveen et al., 1994; Soriano, 1994). Perinatal lethality in these 
knock-out mice model made it difficult to analyze the role of pericyte in postnatal BBB 
dysfunction. More recently, studies using viable animal models of pericyte depletion 
provided an insight into the role of pericyte in BBB formation and regulation (Akagi et al., 
1983; Thanabalasundaram et al., 2010). 

The loss of pericyte is one of the earliest pathologic changes of diabetic retinopathy. The 
mechanism of pericyte loss in diabetic retinopathy is still unclear. Apoptosis triggered by 
hyperglycemia is presumed mechanism of pericyte loss in diabetic patients. Increased 
formation of advanced glycation end product (AGE) (Stitt et al., 1997) and aldose reductase 
expression in pericyte (Akagi et al., 1983) were suggested as the cause of pericyte loss under 
hyperglycemic condition. However, selective loss of pericyte is still to be elucidated because 
these mechanisms are common in various cell types. Pericyte loss not only results in the 
dysfunction of inner BRB, but also provides an important predisposing condition for the 
pathologic angiogenesis (Hammes et al., 2002). Under physiologic condition, pericytes 
inhibit the proliferation of endothelial cell. At the beginning of angiogenesis, the precedent 
denudation of pericytes from the pre-existing forefront of blood vessel is required for the 
mobilization of endothelial cells (Bergers & Benjamin, 2003; Yancopoulos et al., 2000). 
Endothelial hyperplasia which predispose for angiogenic sprouting can occur in the absence 
of pericytes. 
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2.3.2 Müller cells 

In the development of primate retina, glial cells enter into the retina from the optic nerve 
and invade to the peripheral retina. Glial cells are involved in diverse process of retinal 
vascular development. First, glial cells secrete VEGF in response to hypoxic condition, 
resulting in retinal vascularization (Kim et al., 2010b). Second, a growing body of evidences 
showed that Müller cell, a predorminant constituent of the retinal glial cell, forms 
‘neurovascular unit’ with endothelial cell and neuron to regulate blood flow of neural tissue 
and blood-neural barrier function. In vitro studies using retinal vascular endothelial cell co-
cultured with glial cell or cultured with conditioned medium from glial cell demonstrated 
that glial cell is important in barrier properties including the expression of tight junction 
proteins (Gardner, 1995; Gardner et al., 1997). Several glial cell derived growth factors like 
angiopoietin-1, basic fibroblast growth factor (bFGF), glial derived growth factor (GDGF) 
and TGF-β are reported to induce the blood-neural barrier phenotype in vitro (Abbott et al., 
2006). The src-suppressed C kinase substrate (SSeCKS) expressed in glial cell regulates the 
barrier integrity by the regulation of VEGF (potent mediator of vascular permeability) and 
angiopoietin-1 (involved in vascular maturation and barriergenesis) level (Lee et al., 2003).  

Glial cell has a spatial proximity with endothelial cell and interconnected with basal laminar 
of endothelium via the end-foot processes. In the BBB, perivascular end-foot of glial cells 
contains abundant orthogonal arrays of particles (OAPs) in a polarized manner which is 
constituted with aquaporin 4 (AQP4) and the polarity of AQP4 localization in glial endfeet 
is disrupted under pathologic condition involving BBB impairment (Wolburg-Buchholz et 
al., 2009). In the perivascular endfeet of Müller cells, the expression of AQP4 also had been 
identified (Nagelhus et al., 1998). Agrin, an extracellular heparansulfate proteoglycan, is a 
factor that is known to affect this polarity of perivascular glial endfeet (Fallier-Becker et al., 
2011; Wolburg et al., 2009) and suggested to be participated in the BBB development (Barber 
& Lieth, 1997). 

Under diabetic condition both hypoxia and hyperglycemia can affect Müller cells leading to 
the breakdown of BRB. In the animal model of hypoxic retinopathy, hypoxia induced 
apoptotic loss of Müller cell leads to the subsequent BRB failure (Chan-Ling & Stone, 1992), 
pathologic angiogenesis and vitreous hemorrhage (Zhang & Stone, 1997). Moreover, in 
hypoxic retinopathy, Müller cell derived VEGF is essential pathogenic molecule resulting 
BRB disruption and pathologic neovascularization (Weidemann et al., 2010). Pathologic 
changes of retinal glia were also noted in the hyperglycemic condition. According to a study 
using streptozocin induced diabetic rat, Müller cell showed generalized regression 
throughout the retina from the early stage of diabetes before the BRB dysfunction (Rungger-
Brandle et al., 2000). Furthermore, in diabetic rat, the alteration of perivascular Müller glial 
aquaporins was noted especially in the superficial retinal vessels which might affect the 
barrier function (Iandiev et al., 2007). 

2.3.3 Endothelial cell 

Retinal capillaries are consisted by non-fenestrated endothelium and the basement 
membrane of retinal vascular endothelium is continuous. Tight junction between retinal 
micro-vascular endothelial cells is the anatomical basis of the inner BRB. Retinal vascular 
endothelium forms a homocytic interconnection with adjacent cell via tight junction and 
adherent junction. Beside tight junction, adherent junction stabilizes the BRB providing 
mechanical force. VE-cadherin is major molecule involved in endothelial-endothelial 
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Transcellular pathway involves diffusion of lipophilic molecule, carrier mediated transport 
and transcytosis (Abbott et al., 2006).  

2.3 Cellular components involved in the inner BRB 

2.3.1 Pericyte 

Retinal capillaries are covered by pericytes and pericytes exist in proximity to the 
endothelial cell (sharing basement membrane with endothelial cell). The spatial relationship 
facilitates the interaction of these two cells. Pericytes communicate with endothelial cells 
through diverse mediators like angiopoietins, transforming growth factor-β (TGF-β), 
platelet-derived growth factor-B (PDGF-B) and sphingosine-1-phosphate (S1P). Pericytes 
also form a heterocytic adherent junction with endothelial cells through N-cadherin 
(Navarro et al., 1998). In the retinal vasculature, the ratio of pericytes to endothelial cells is 
even higher than that of cerebral vasculature, reaching as high as 1:1.  

Recently, pericyte has been spotlighted as a key player in the development and functional 
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indispensable for the functional integration of endothelial cell and Müller cell. Moreover, its 
coverage of capillaries correlates with BBB integrity (Shepro & Morel, 1993). Several in vitro 
studies suggested that pericyte is an important cellular component in BBB regulation. 
Pericyte derived angiopoietin-1 induces occludin expression in brain capillary endothelial 
cell via Tie-2 receptor activation (Hori et al., 2004). TGF-β1/TGF-β receptor signaling 
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For in vivo study, pericyte ablation model is needed, but Pdgfb -/- or Pdgfrb-/- mice, an 
ideal mural cell deficiency model, shows wide spread vascular leakage and hemorrhage 
leading to perinatal lethality (Leveen et al., 1994; Soriano, 1994). Perinatal lethality in these 
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provided an insight into the role of pericyte in BBB formation and regulation (Akagi et al., 
1983; Thanabalasundaram et al., 2010). 

The loss of pericyte is one of the earliest pathologic changes of diabetic retinopathy. The 
mechanism of pericyte loss in diabetic retinopathy is still unclear. Apoptosis triggered by 
hyperglycemia is presumed mechanism of pericyte loss in diabetic patients. Increased 
formation of advanced glycation end product (AGE) (Stitt et al., 1997) and aldose reductase 
expression in pericyte (Akagi et al., 1983) were suggested as the cause of pericyte loss under 
hyperglycemic condition. However, selective loss of pericyte is still to be elucidated because 
these mechanisms are common in various cell types. Pericyte loss not only results in the 
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pathologic angiogenesis (Hammes et al., 2002). Under physiologic condition, pericytes 
inhibit the proliferation of endothelial cell. At the beginning of angiogenesis, the precedent 
denudation of pericytes from the pre-existing forefront of blood vessel is required for the 
mobilization of endothelial cells (Bergers & Benjamin, 2003; Yancopoulos et al., 2000). 
Endothelial hyperplasia which predispose for angiogenic sprouting can occur in the absence 
of pericytes. 
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adherent junctional complex (Navarro et al., 1998). The luminal side of retinal vascular 
endothelium has negative charge due to the glycocalyx coat which contributes to the barrier 
function toward negatively charged molecules and the loss of this surface charge causes 
dysfunction of BRB (Lin, 1988).  

Endothelial cell of retinal capillary expresses diverse transporters for selective molecular 
exchange between neural retina and circulation. Enzymatic activity vascular endothelial also 
contribute to barrier property through regulating the metabolism of substances from 
circulating blood to retina and vice versa. 

2.3.4 Neuron 

Retinal blood flow is tightly regulated according to the activity of retinal neurons. Metabolic 
need of ganglion cells is supposed to be an important factor in vascular development of 
retina. Intercellular communications between endothelial cells, Müller cells and neurons are 
expected to play a pivotal role in the formation and functioning of BRB. Diabetic retinopathy 
is a kind of progressive neuropathy. Retinal neuropathy in diabetes could be a consequence 
of preceding diabetic vascuopathy. However, there are some evidences that diabetes itself 
could be the cause of retinal neuropathy. In streptozocin induced early diabetic rats, 
increased apoptosis of neuron was documented especially in retinal ganglion cells and 
Müller cells (Hammes et al., 1995). Moreover, post-mortem human specimen from diabetic 
patients showed that apoptosis of neuronal cell could occur prior to clinically significant 
diabetic vasculopathy and the location of neuronal death had nothing to do with the 
presence of focal vascular lesions (Barber et al., 1998). These results suggest retinal neuronal 
apoptosis may not be the result of diabetic vasculopathy. 

3. Disruption of inner blood-retinal barrier in diabetic retina 
3.1 Protein Kinase C (PKC) 

In the diabetic retina, cellular accumulation of diacylglycerol which activates PKC to 
translocate into plasma membrane and to acquire phosphorylation activities has been 
documented (Dempsey et al., 2000; Newton, 1997; Xia et al., 1994). Hyperglycemia induced 
the activation of PKC is associated with the pathologic changes of diabetic retinopathy. The 
exact mechanism of PKC induced vascular leakage in diabetic retinopathy still remains 
unclear, but PKC, especillay β-isoform is considered as a key mediator of VEGF induced 
BRB disruption and retinal neovascularization (Aiello et al., 1997; Xia et al., 1996). Recently, 
it is reported that PKCδ is also associated with the pathogenesis of diabetic retina through 
inducing the decrement of endothelial tight junction protein (ZO-1, 2) expression and 
subsequent vascular hyperpermeability in diabetic retina (Kim et al., 2010a). In addition, 
PKC mediated occludin phosphorylation is reported to participate in the VEGF stimulated 
vascular leakage (Harhaj et al., 2006). Some investigators also suggested nitric oxide (NO) 
pathway as a potential downstream target of PKC induced vascular permeability. In an 
experiment using coronary venule, PKC regulated vascular leakage partially relies on the 
endothelial NO synthesis (Huang & Yuan, 1997). 

3.2 Advanced Glycation Endproducts (AGEs) 

Long-term exposure to hyperglycemic environment results in a non-enzymatic glycation of 
protein, lipid and nucleic acid to form a heterogenous group of irreversible adducts called 
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AGEs. The clinical implication of AGEs is well documented in patients with diabetes. 
Among type 1 diabetic patients, skin levels of glycated collagen (Amadori product) and 
carboxymethyllysine (a kind of AGEs) showed correlation with the progression of diabetic 
retinopathy (Genuth et al., 2005). Vitreous level of hydroimidazolone, one of the most 
prominent AGEs, is reported to be increased in patients with type 2 diabetes (Fosmark et al., 
2007). 

AGEs and its receptor RAGE (receptor of AGEs) are known to exert a pivotal role in diabetic 
vascular complication such as retinopathy and nephropathy. Dysfunction of BRB in diabetic 
retinopathy is also caused by AGEs associated mechanism. First, dysfunction and apoptosis 
of pericyte, a key cellular component in the formation and maintenance of BRB are 
suggested as a mechanism of AGEs related BRB breakdown in diabetes. In streptozocin 
induced diabetic rats, significant deposition of AGEs and expression of RAGE were noted in 
pericytes of the capillary beds (Stitt et al., 1997). AGEs showed toxicity to pericyte in vitro 
and this toxic effect is mediated by AGE-RAGE interaction (Yamagishi et al., 1995). ROS 
generation through AGE-RAGE interaction results in oxidation of DNA, membrane lipid 
peroxidation and subsequent apoptotic pericyte death (Yamagishi et al., 2002b). In addition, 
AGEs regulate the expression of growth factors from pericyte which participate in the BRB 
function (Shimizu et al., 2011; Yamagishi et al., 2002a). Second, AGEs are involved in 
inflammatory reactions which cause the disturbance of BRB function. In diabetes, AGEs are 
accumulated in the vascular wall to stimulate proinflammatory reaction (Yan et al., 2003). 
These adducts not only activate leukocytes (Chibber et al., 2000) but also involved in the 
regulation of endothelial adhesion molecules. According to experimental study, blocking the 
interaction between AGEs and RAGE could effectively ameliorate retinal ICAM-1 
expression, leukostasis and subsequent BRB breakdown in diabetic animal (Kaji et al., 2007). 

Because diverse mechanisms are involved in the pathogensis of BRB breakdown in diabetic 
retinopathy, the evaluation on the effect of AGEs in non-diabetic indivisual is required for 
elucidating the role of AGEs in barrier dysfunction. In vivo studies using normo-glycemic 
animal showed that infusion of AGEs could induce vasculopathy resembling that of 
diabetes (Vlassara et al., 1992) and BRB breakdown associated with overexpression of VEGF 
(Stitt et al., 2000). 

3.3 Sorbitol 

Under hyperglycemia, glucose is converted to intracellular sorbitol by aldose reductase. 
Intracellular accumulation of sorbitol results in an osmotic damage to retinal vascular 
endothelium and pericytes. In a postmortem electron microscopic study of diabetic eye, BRB 
disruption and increased aldose reductase expression in the vascular cells participates in 
BRB formation (retinal vascular endothelial cells and Müller cells) were found which 
suggest that aldose reductase induced intracellular accumulation of sorbitol in vascular cell 
might contribute to the BRB breakdown in diabetes (Vinores et al., 1993). However, a 
randomized clinical trial of sorbinil, an aldose reductase inhibitor, in patients with diabetic 
retinopathy ended with little success in preventing retinopathy progression (Sorbinil 
Retinopathy Trial Research Group, 1990). 

3.4 Vascular Endothelial Growth Factor (VEGF) 

VEGF is not only a potent angiogenic growth factor, but also a strong vascular permeability 
enhancer. There are four different isoform of VEGF produced by alternative splicing of the 
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adherent junctional complex (Navarro et al., 1998). The luminal side of retinal vascular 
endothelium has negative charge due to the glycocalyx coat which contributes to the barrier 
function toward negatively charged molecules and the loss of this surface charge causes 
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circulating blood to retina and vice versa. 
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increased apoptosis of neuron was documented especially in retinal ganglion cells and 
Müller cells (Hammes et al., 1995). Moreover, post-mortem human specimen from diabetic 
patients showed that apoptosis of neuronal cell could occur prior to clinically significant 
diabetic vasculopathy and the location of neuronal death had nothing to do with the 
presence of focal vascular lesions (Barber et al., 1998). These results suggest retinal neuronal 
apoptosis may not be the result of diabetic vasculopathy. 

3. Disruption of inner blood-retinal barrier in diabetic retina 
3.1 Protein Kinase C (PKC) 

In the diabetic retina, cellular accumulation of diacylglycerol which activates PKC to 
translocate into plasma membrane and to acquire phosphorylation activities has been 
documented (Dempsey et al., 2000; Newton, 1997; Xia et al., 1994). Hyperglycemia induced 
the activation of PKC is associated with the pathologic changes of diabetic retinopathy. The 
exact mechanism of PKC induced vascular leakage in diabetic retinopathy still remains 
unclear, but PKC, especillay β-isoform is considered as a key mediator of VEGF induced 
BRB disruption and retinal neovascularization (Aiello et al., 1997; Xia et al., 1996). Recently, 
it is reported that PKCδ is also associated with the pathogenesis of diabetic retina through 
inducing the decrement of endothelial tight junction protein (ZO-1, 2) expression and 
subsequent vascular hyperpermeability in diabetic retina (Kim et al., 2010a). In addition, 
PKC mediated occludin phosphorylation is reported to participate in the VEGF stimulated 
vascular leakage (Harhaj et al., 2006). Some investigators also suggested nitric oxide (NO) 
pathway as a potential downstream target of PKC induced vascular permeability. In an 
experiment using coronary venule, PKC regulated vascular leakage partially relies on the 
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Long-term exposure to hyperglycemic environment results in a non-enzymatic glycation of 
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same gene: VEGF121, VEGF165, VEGF189 and VEGF206. Among these isoforms, VEGF165 is the 
predominant isoform with optimal characteristics of bioavailability and bioactivity (Ferrara 
et al., 2003). The expression of VEGF is regulated mainly by oxygen tension. Under hypoxic 
condition, hypoxia-inducible factor (HIF)-1 binds to hypoxia response element (HRE) of the 
VEGF gene and activates genes participate in cellular response to hypoxia (Carmeliet et al., 
1998; Jiang et al., 1996). VEGF expression is also controlled by diverse growth factors and 
inflammatory cytokines. In patients with proliferative diabetic retinopathy, vitreous level of 
VEGF is elevated and effectively reduced after panretinal laser photocoagulation (Aiello et 
al., 1994) because of a decreased metabolic need of neural retina which leads to amelioration 
of tissue hypoxia. Oxidative stress and pro-inflammatory cytokine is also suggested to be 
implicated in VEGF upregulation of diabetic retina (Frey & Antonetti, 2011; Giacco & 
Brownlee, 2010). VEGF exerts biological activity through specific receptor tyrosine kinases: 
VEGFR-1 and VEGFR-2. VEGFR-1 is considered as ‘decoy’ receptor which prevents VEGF 
from binding to VEGFR-2. Pro-angiogenic and vasopermeable effect of VEGF is mainly 
mediated by VEGF-2.  

VEGF induces retinal vascular hyperpermeability through both transcellular pathway and 
paracellular pathway. VEGF induces pinocytotic vesicular transport by upregulation of the 
vesiculo-vacuolar organelle (VVO) formation (Feng et al., 1999). In paracellular pathway, 
VEGF affects both of tight junction and adherent junction. The expression and assembly of 
tight junction protein ZO-1 and occludin are reduced by the VEGF (Antonetti et al., 1998; 
Wang et al., 2001). Post-translational regulation of tight junction protein by phosphorylation 
is also responsible for the VEGF mediated vascular hyperpermeability (Antonetti et al., 1999; 
Harhaj et al., 2006). Phosphorylation and disorganization of VE-cadherin, a major 
component of adherent junction between microvascular endothelial cells are another 
pathogenic change associated with VEGF induced vascular leakage (Esser et al., 1998; Kevil 
et al., 1998). Moreover, in patients with diabetic retinopathy, over-expressed VEGF 
upregulates adhesion molecules (ICAM-1, VCAM-1 and E-selectin) and enhances leukocyte 
adhesion (Kim et al., 2001). During the process of angiogenesis, local concentration of VEGF 
also perturbs pericyte coverage and maturation of blood vessels (Greenberg et al., 2008). In 
the animal model of diabetes, the VEGF mediated BRB breakdown and the restoration of 
BRB by an inhibition of VEGF action are well documented from the early stage of diabetic 
retinopathy (Murata et al., 1995; Qaum et al., 2001). Now a days anti-VEGF agents are 
widely used in the treatment of diabetic macular edema. 

3.5 Carbonic Anhydrase (CA) 

CA is a ubiquitous enzyme that catalyzes the interconversion of carbon dioxide and 
bicarbonate to regulate pH of tissue and to help transport of carbon dioxide. Presence of CA 
in the posterior segment of human eye has been proven (Wistrand et al., 1986), but the 
significance of CA in the pathogenesis of diabetic retinopathy was underestimated until 
recently. According to comparative proteomic analysis of vitreous from non-diabetic, 
diabetic without retinopathy versus proliferative diabetic retinopathy (PDR) subjects 
revealed that vitreous concentration of CA-I in PDR group was 15.3 and 8.2 times higher 
than that of non-diabetic and diabetic without retinopathy groups, respectively. In the rat, 
intravitreal injection of CA caused retinal vascular hyperpermeability through different 
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mechanism form that of VEGF induced barrier breakdown. Authors postulated that in 
diabetic retinopathy, increased CA elevates intraocular pH which in turn activates 
kallikrein-kinin system and subsequent bradykinin receptor activation leads to BRB 
breakdown (Gao et al., 2007). Moreover, in streptozocin-induced diabetic rats, decreased 
kallikrein-binding protein level has been noted (Hatcher et al., 1997), which could increase 
the free kallikrein level. CA inhibitors are potential candidate of supplementary treatment 
option for diabetic macular edema. Actually in a pilot study with a few participants, 
acetazolamide, a CA inhibitor, showed partial effect in improving diabetic macular edema 
(Giusti et al., 2001). 

3.6 Inflammation 

It is now generally accepted that the pathogenesis of diabetic retinopathy involves low 
grade inflammation and vascular endothelial dysfunction (Gerhardinger et al., 2005; Joussen 
et al., 2004; van Hecke et al., 2005). Leukostasis of retinal microvasculature was consistently 
found from the early stage of diabetic retinopathy. Several experimental and clinical 
evidences indicated that leukostasis is one of the most important causative factors of typical 
diabetic microvascular pathologies such as microvascular acellularity, capillary drop-out 
and microaneurysm formation (Kim et al., 2005; Lutty et al., 1997; McLeod et al., 1995). 
Moreover, leukostasis in diabetic retinopathy is closely associated with BRB breakdown 
(Leal et al., 2007). In the diabetic retina, upregulation of VEGF and increased inducible NO 
synthase activity is involved in the expression of endothelial adhesion molecules like ICAM-
1, VCAM-1 (Ishida et al., 2003; Leal et al., 2007; Nowak et al., 2008). Experimental study 
using ICAM knock-out mice revealed that adhesion molecule plays a key role in the 
endothelial dysfunction and barrier breakdown of diabetic retinopathy (Joussen et al., 2004). 

Several inflammatory cytokines are participated in the breakdown of BRB in diabetes. 
Interleukin-1 (IL-1)β and tumor necrosis factor (TNF)-α are the representative inflammatory 
cytokines participate in the pathogenesis of diabetic retinopathy. Both in the vitreous 
humour and serum of patients with proliferative diabetic retinopathy, the level of IL-1β and 
TNF-α is increased (Demircan et al., 2006). The activity of caspase 1 which is a proteolytic 
enzyme involved in the production of IL-1β is also up-regulated in the retinas of diabetic 
patients (Mohr et al., 2002). IL-1β is a well known cytokine that induces barrier dysfunction 
through leukocyte recruitment in diverse pathologic condition. High concentration of 
glucose stimulates endothelial IL-1β over-expression and results in apoptosis of endothelial 
cell through the activation of NF-κB in vitro. Supplement of IL-1β caused retinal 
microvascular change resembling that of diabetic retinopathy (Kowluru & Odenbach, 2004) 
and inhibition of caspase-1/interleukin-1beta signaling with minocycline prevented 
vascular pathology of diabetic rat (Vincent & Mohr, 2007). TNF-α is also involved in the loss 
of retinal microvascular cells in diabetic retina (Behl et al., 2008). In bovine retinal 
endothelial cells, TNF-α disturbs the expression of tight junction proteins (claudin-5 and 
ZO-1) and subcellular localization of these proteins (Aveleira et al., 2010). In the TNF-α 
knock-out rat, diabetes associated retinal leukostasis, apoptosis of retinal microvascular cells 
and breakdown of BRB are significantly suppressed (Huang et al., 2011). Also in a diabetic 
rat, etanercept, a soluble tumor necrosis factor receptor (p75):Fc fusion protein (TNFR:Fc) 
effectively reduced leukostasis and breakdown of BRB (Joussen et al., 2002). 
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mechanism form that of VEGF induced barrier breakdown. Authors postulated that in 
diabetic retinopathy, increased CA elevates intraocular pH which in turn activates 
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breakdown (Gao et al., 2007). Moreover, in streptozocin-induced diabetic rats, decreased 
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4. Clinical implication and current treatment modalities of diabetic inner BRB 
dysfunction: Diabetic macular edema 
Macular edema which resulted from the dysfunctional BRB is the most common cause of 
visual disturbance in patients with nonproliferative diabetic retinopathy (NPDR). In 
addition to the disruption of inner BRB of the pre-existing retinal vasculature, the ‘leaky’ 
property of new vessels contributes to the macular edema in patients with proliferative 
diabetic retinopathy (PDR). Breakdown of BRB causes retention of fluid and plasma 
contents, such as lipoproteins within neural retina leading to retinal thickening. According 
to the data of Wisconsin epidemiologic study of diabetic retinopathy (WESDRP), the 
prevalence of diabetic macular edema ranges from 18 to 20% among the patients with 
diabetes (Klein et al., 1984a; Klein et al., 1984b).  

After the reports of Early Treatment of Diabetic Retinopathy Study (ETDRS) focal/grid laser 
photocoagulation was the standard treatment method in diabetic macular edema. 
Stabilization or some improvement of vision was acquired in patients with macular edema 
who received laser photocoagulation. Although it is still the most cost-effective treatment 
modality in diabetic macular edema, some patients suffer from the post-treatment 
paracentral scotomas (Striph et al., 1988) and enlarging atrophic laser scars (Schatz et al., 
1991). Although rare, vision threatening complications like choroidal neovascularization 
and subretinal fibrosis were also reported (Cunningham & Shons, 1979). Because of the 
refractory macular edema and complications of laser treatment, several pharmacological 
treatment modalities had been introduced. Further delineation on the exact mechanism of 
action is still needed, but intravitreal steroid injection is a powerful treatment option in 
diabetic macular edema. There are many in vitro and in vivo studies suggesting the 
mechanisms involved in the effect of corticosteroid treatment for diabetic macular edema. 
An in vitro study using bovine retinal endothelial cell monolayer showed that 
hydrocortisone treatment reduced monolayer permeability to water and solutes, increased 
tight junction proteins (ZO-1 and occludin) and reduced occludin phosphorylation 
(Antonetti et al., 2002). In experimental diabetic retina, corticosteroids demonstrated 
differential regulation of VEGF receptors (down-regulation of VEGFR-2 and up-regulation 
of VEGFR-1, a ‘decoy’ receptor) (Zhang et al., 2008), inhibitory effects on VEGF, ICAM-1 
expression (Wang et al., 2008) and leukostasis (Tamura et al., 2005). Despite of the potential 
side effects like cataract and increased ocular pressure, intravitreal triamcinolone injection is 
one of the most commonly used treatment modality in diabetic retinopathy. More recently, 
several anti-VEGF agents are applicated in the treatment of diabetic macular edema. Several 
reports comparing the effectiveness of focal/grid laser photocoagulation, intravitreal 
triamcinolone injection and various anti-VEGF agents has been published (Diabetic 
Retinopathy Clinical Research Network, 2008; Soheilian et al., 2009), but more large scale 
studies with prolonged observation period are needed. 

5. Possible therapeutic approach to diabetic retinopathy through BRB 
modulation 
In addition to previously commented treatment modalities, diverse therapeutic agents had 
been suggested for the medical treatment of diabetic retinopathy through the modulation of 
inner BRB disruption. Clinical studies involving medical treatment of inner BRB dysfunction 
are summarized in table 1 and each therapeutic candidate is further delineated below. 
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Drug 
(Class) 

Suggested 
mechanism 

Clinical trials 

Study Population  
(N:enrolled/completed) Result 

Fenofibrate 
(Fibrate) 

Inhibit VEGF 
production 

Reduce adhesion 
molecule level 

FIELD study 

Type 2 DM patients 
without requiring lipid 

modifying treatment 
(9795/9764) 

Reduced the risk of ME 
which needs laser 

treatment 

Lisinopril  
(ACE inhibitor) 

Inhibit VEGF 
production EUCLID Non-hypertensive type 1 

DM patients (530/354) 

No significant effect on 
the retinopathy 

progression 

Candesartan 
(AT1R blocker) 

Inhibit VEGF 
production 

DIRECT-
prevent 1 

Normoalbuminuric, 
normotensive type 1 DM 

patients (1421/1421) 

Reduce the risk of 
retinopathy 

DIRECT-
protect 1 

Normoalbuminuric, 
normotensive type 1 DM 

patients (1905/1905) 

No significant 
preventing effect on 

both retinopathy 
progression and ME  

development 
DIRECT-
protect 2 

Normoalbuminuric, type 
2 DM (1905/1905) 

Telmisartan 
(AT1R blocker) 

Reduce RAGE 
expression 

Untitled 
(Nakamura et 

al., 2005) 

Patients with essential 
hypertension (7/7) 

Decrease serum levels of 
sRAGE 

Ruboxistaurin 
(PKC inhibitor) 

Blocking VEGF 
mediated tight 

junction 
dysregulation 

PKC-DRS 
Patients with moderate 

to severe NPDR 
(252/157) 

No significant effect on 
both retinopathy 

progression and ME 
development Reduced 

the risk of MVL 

PKC-DRS2 
Patients with moderate 

to severe NPDR 
(685/514) 

Reduced the progression 
of ME into the center of 

macula and need for 
laser treatment for ME 

PKC-DMES 

Patients with DME 
farther than 300 μm 

from central macula, an 
ETDRS retinopathy level 
from 20 to 47A (686/506)

Preventive effect on ME 
progression 

Pimagedine 
(Aminoguani-

dine) 

Lowering AGEs 
production 

ACTION I 
trial 

Patients with type 1 DM 
(690/472) 

Significantly reduced the 
risk of three-step or 

greater progression of 
the retinopathy score 

Abbreviations 
ACTION I: A Clinical Trial In Overt Nephropathy of Type 1 Diabetics, AT1R: angiotensin II type 1 
receptor, DIRECT: Diabetic Retinopathy Cardesartan Trials, ETDRS: Early Treatment of Diabetic 
Retinopathy Study, DM: diabetes mellitus, EUCLID: EURODIAB Controlled Trial of Lisinopril in 
Insulin-Dependent Diabetes Mellitus, FIELD: Fenofibrate Intervention and Event Lowering in 
Diabetes, FU: follow-up, ME: macular edema, MVL: moderate visual loss, PKC-DRS: PKC inhibitor 
diabetic retinopathy study, PKC-DMES: PKC inhibitor diabetic macular edema study, sRAGE: soluble 
form of RAGE. 

Table 1. Possible medical therapeutic agent for the treatment of diabetic retinopathy through 
a modulation of inner BRB disruption 
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5.1 Fenofibrate 

Because dyslipidemia is a well documented risk factor of diabetic macular edema and hard 
exudates deposition, lipid lowering treatment was expected to have benefit on these 
complications. The Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) study 
group applicated fenofibrate, a peroxisome proliferator-activated receptor (PPAR)-α agonist 
which is widely used as lipid lowering agent in diabetic patients to reduce the risk of 
microvascular and macrovascular complications. PPAR-α agonist not only modulates lipid 
composition, but also inhibits the production of VEGF (Panigrahy et al., 2008) and reduces 
serum levels of adhesion molecule VCAM-1 and ICAM-1 (Rosenson et al., 2007) which are 
key components in the pathogenesis of BRB breakdown. Fenofibrate treatment 
demonstrated significant preventive effect on the hypoxia induced endothelial 
hyperpermeability of an in vitro BBB model (Mysiorek et al., 2009). In the type 2 diabetes 
patients without requiring lipid-modifying treatment, mean 5 years of fenofibrate (200 
mg/day) treatment significantly reduced the risk of macular edema development which 
needs laser treatment (31% reduction) (Keech et al., 2007). 

5.2 Blocking of the Retina-Angiotensin System (RAS)  

In human eye, the local expression of RAS components: renin, angiotensin converting 
enzyme (ACE) and angiotensin has been reported (Wagner et al., 1996) and their activation 
in diabetic retinopathy (Danser et al., 1989) is well documented. Increasing evidences 
indicate that angiotensin II stimulates the expression of VEGF in vitro (Williams et al., 1995). 
In streptozotocin-induced diabetic animal, ACE inhibitor treatment inhibited retinal VEGF 
production and subsequent retinal vascular hyperpermeability associated with BRB 
breakdown (Kim et al., 2009). Moreover, among the patients with proliferative diabetic 
retinopathy, vitreous level of VEGF is significantly lower in patients receiving ACE-
inhibition (Hogeboom van Buggenum et al., 2002). In diabetic hypertensive rat, treatment 
with candesartan, an angiotensin II receptor blocker effectively suppressed the vascular 
permeability across the BBB (Awad, 2006).  

On these experimental bases, several RAS inhibiting agents had been applicated for the 
treatment of diabetic retinopathy. The EURODIAB Controlled Trial of Lisinopril in Insulin-
Dependent Diabetes Mellitus (EUCLID) suggested that lisinopril, an ACE inhibitor could 
have benefit on the progression of diabetic retinopathy in patients with type 1 diabetes. 
However, the primary endpoint was the progression of diabetic retinopathy, and the 
protective effect does not showed statistical strength (Chaturvedi et al., 1998).  

The Diabetic Retinopathy Cardesartan Trials (DIRECT) group has performed three separate 
randomized, double-blind, placebo-controlled clinical trials to evaluate the efficacy of 
candesartan on reducing the incidence (DIRECT-Prevent 1), progression of retinopathy in 
type 1 (DIRECT-Protect 1) (Chaturvedi et al., 2008) and the progression of retinopathy in 
type 2 diabetes patients (DIRECT-Protect 2) (Sjolie et al., 2008). In both DIRECT-Protect 1 
and 2, the primary endpoint was progression of diabetic retinopathy, which was defined as 
three or more step deterioration of ETDRS level. Development of clinically significant 
macular edema (CSME), development of proliferative diabetic retinopathy or both were 
settled as secondary endpoint. Five years of candesartan treatment did showed significantly 
increased probability of diabetic retinopathy regression (34% increment) in type 2 diabetes 
patients, but there were no significant preventing effects on the progression of disease in 
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both type 1 and 2 patients. Although it was not the primary endpoint, the incidence of 
CSME development was not affected by candesartan treatment. 

5.3 Protein kinase C inhibitors 

Since Ishii et al. (Ishii et al., 1996) demonstrated that LY333531, a selective inhibitor of PKC 
β-isoform could rescue diabetic animals from vascular dysfunction, several clinical studies 
on ruboxistaurin (orally active form of selective PKC β inhibitor: LY333531) use for diabetic 
retinopathy had been performed: the PKC inhibitor diabetic retinopathy study (PKC-DRS), 
the PKC inhibitor diabetic retinopathy study 2 (PKC-DRS2), the PKC inhibitor diabetic 
macular edema study (PKC-DMES). PKC-DRS is a phase 3, multicenter, double-masked, 
placebo controlled trial involving patients with moderate to severe NPDR, the endpoints of 
which are progression of diabetic retinopathy (equal to or greater than three-step worsening 
in the ETDRS scale), moderate vision loss (MVL: vision decrease of three or more lines on 
the ETDRS chart) and sustained MVL (SMVL: MVL in two consecutive visit 6 or more 
months apart). Oral administration of ruboxistaurin (32 mg/day) for more than 36 months 
showed no preventive effect on the diabetic retinopathy progression, but significantly 
delayed the occurrence of MVL and SMVL and reduced the risk of MVL to one-third of that 
in the placebo group (The Protein Kinase C beta Inhibitor Diabetic Retinopathy Study [PKC-
DRS], 2005). According to PKC-DRS2, a following phase 3 clinical trial designed to evaluate 
visual outcome of ruboxistaurin treatment in patients with moderate to severe NPDR, 
administration of ruboxistaurin reduced a 3-year risk of SMVL from 9.1% to 5.5% (40% risk 
reduction). Moreover, ruboxistaurin reduced the progression of macular edema into the 
center of macula and need for laser treatment for macular edema (Aiello et al., 2006). PKC-
DMES, an multicenter, double-masked, randomized placebo controlled trial the endpoint of 
which was progression to sight threatening macular edema or application of 
photocoagulation for diabetic macular edema, revealed partial effect of ruboxistaurin on the 
progression of diabetic macular edema to a more severe form in patients with diabetic 
macular edema (The Protein Kinase C beta inhibitor diabetic macular edema study [PKC-
DMES], 2007). 

5.4 Blockade of AGE-RAGE pathway 

5.4.1 Lowering AGEs production 

Aminoguanidine is a prototype drug for the prevention of diabetes-induced AGEs 
formation in vivo (Brownlee et al., 1986). The pharmacological mechanism of 
aminoguanidine involves inhibition of NO synthases and semicarbazide-sensitive amine 
oxidase. Hammes et al. insisted aminoguanidine treatment effectively inhibited the retinal 
arteriolar accumulation of AGEs, prevented abnormal endothelial proliferation and pericyte 
loss in diabetic rat. Acellular capillaries and microaneurysms, typical pathologic findings of 
diabetic retinopathy were also reduced significantly in the aminoguanidine treatment group 
(Hammes et al., 1991). Administration of aminoguanidine effectively attenuated cellular loss 
and microthrombus formation of retinal vessels also in diabetic spontaneous hypertensive 
rats (Hammes et al., 1994). In these reports, authors adapted in situ detection of advanced 
glycosylation-specific fluorescence for the quantification of AGEs, which might not be 
specific for AGEs, but also detect other oxidation products. Kern et al. found that 
aminoguanidine treatment effectively reduces pericyte loss, formation of microaneurysms 
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both type 1 and 2 patients. Although it was not the primary endpoint, the incidence of 
CSME development was not affected by candesartan treatment. 

5.3 Protein kinase C inhibitors 

Since Ishii et al. (Ishii et al., 1996) demonstrated that LY333531, a selective inhibitor of PKC 
β-isoform could rescue diabetic animals from vascular dysfunction, several clinical studies 
on ruboxistaurin (orally active form of selective PKC β inhibitor: LY333531) use for diabetic 
retinopathy had been performed: the PKC inhibitor diabetic retinopathy study (PKC-DRS), 
the PKC inhibitor diabetic retinopathy study 2 (PKC-DRS2), the PKC inhibitor diabetic 
macular edema study (PKC-DMES). PKC-DRS is a phase 3, multicenter, double-masked, 
placebo controlled trial involving patients with moderate to severe NPDR, the endpoints of 
which are progression of diabetic retinopathy (equal to or greater than three-step worsening 
in the ETDRS scale), moderate vision loss (MVL: vision decrease of three or more lines on 
the ETDRS chart) and sustained MVL (SMVL: MVL in two consecutive visit 6 or more 
months apart). Oral administration of ruboxistaurin (32 mg/day) for more than 36 months 
showed no preventive effect on the diabetic retinopathy progression, but significantly 
delayed the occurrence of MVL and SMVL and reduced the risk of MVL to one-third of that 
in the placebo group (The Protein Kinase C beta Inhibitor Diabetic Retinopathy Study [PKC-
DRS], 2005). According to PKC-DRS2, a following phase 3 clinical trial designed to evaluate 
visual outcome of ruboxistaurin treatment in patients with moderate to severe NPDR, 
administration of ruboxistaurin reduced a 3-year risk of SMVL from 9.1% to 5.5% (40% risk 
reduction). Moreover, ruboxistaurin reduced the progression of macular edema into the 
center of macula and need for laser treatment for macular edema (Aiello et al., 2006). PKC-
DMES, an multicenter, double-masked, randomized placebo controlled trial the endpoint of 
which was progression to sight threatening macular edema or application of 
photocoagulation for diabetic macular edema, revealed partial effect of ruboxistaurin on the 
progression of diabetic macular edema to a more severe form in patients with diabetic 
macular edema (The Protein Kinase C beta inhibitor diabetic macular edema study [PKC-
DMES], 2007). 

5.4 Blockade of AGE-RAGE pathway 

5.4.1 Lowering AGEs production 

Aminoguanidine is a prototype drug for the prevention of diabetes-induced AGEs 
formation in vivo (Brownlee et al., 1986). The pharmacological mechanism of 
aminoguanidine involves inhibition of NO synthases and semicarbazide-sensitive amine 
oxidase. Hammes et al. insisted aminoguanidine treatment effectively inhibited the retinal 
arteriolar accumulation of AGEs, prevented abnormal endothelial proliferation and pericyte 
loss in diabetic rat. Acellular capillaries and microaneurysms, typical pathologic findings of 
diabetic retinopathy were also reduced significantly in the aminoguanidine treatment group 
(Hammes et al., 1991). Administration of aminoguanidine effectively attenuated cellular loss 
and microthrombus formation of retinal vessels also in diabetic spontaneous hypertensive 
rats (Hammes et al., 1994). In these reports, authors adapted in situ detection of advanced 
glycosylation-specific fluorescence for the quantification of AGEs, which might not be 
specific for AGEs, but also detect other oxidation products. Kern et al. found that 
aminoguanidine treatment effectively reduces pericyte loss, formation of microaneurysms 
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and acellular capillaries, but inhibitory effect of retinal AGEs accumulation is not significant 
in diabetic dogs (Kern & Engerman, 2001). A randomized, placebo-controlled study in 
patients with type 1 diabetes mellitus showed that treatment with pimagedine, a kind of 
aminoguanidine significantly reduced the risk of three-step or greater progression of the 
retinopathy (ETDRS) score (Bolton et al., 2004). The exact pharmachologic mechanism of 
aminoguanidine in preventing diabetic retinopathy progression is still to be elucidated and 
more clinical trials are needed to clearly delineate the benefit of aminoguanidine treatment 
in diabetic retinopathy. 

5.4.2 Lowering RAGE expression 

Several commonly used therapeutic agents showed effects on the reduction of RAGE 
expression in vascular endothelial cell: thiazolidinediones (rosiglitazone and pioglitazone), 
calcium channel blocker (nifedipine), angiotensin II receptor blocker (telmisartan). 
Rosiglitazone and pioglitazone, kinds of thiazolidinediones, an anti-diabetic drug act by 
binding to peroxisome proliferator-activated receptors reduces basal and tumor necrosis 
factor-α stimulated expression of RAGE in cultured human umbilical vein endothelial cells. 
Decreased RAGE by thiazolidinediones results in subsequent inhibition of AGEs stimulated 
expression of pro-inflammatory protein (Marx et al., 2004). Nifedipine, a calcium channel 
blocker inhibits RAGE upregulation in AGEs treated human umbilical vein endothelial cells 
to reduce AGEs induced ROS production (Yamagishi & Takeuchi, 2004). Telmisartan, an 
angiotensin II receptor blocker inhibits RAGE expression in cultured human microvascular 
endothelial cells in vitro and decreases serum soluble form of RAGE level in patients with 
essential hypertension (Nakamura et al., 2005). In vivo studies evaluating the effect of those 
agents on the inner BRB breakdown in diabetic retinopathy are needed. 
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and acellular capillaries, but inhibitory effect of retinal AGEs accumulation is not significant 
in diabetic dogs (Kern & Engerman, 2001). A randomized, placebo-controlled study in 
patients with type 1 diabetes mellitus showed that treatment with pimagedine, a kind of 
aminoguanidine significantly reduced the risk of three-step or greater progression of the 
retinopathy (ETDRS) score (Bolton et al., 2004). The exact pharmachologic mechanism of 
aminoguanidine in preventing diabetic retinopathy progression is still to be elucidated and 
more clinical trials are needed to clearly delineate the benefit of aminoguanidine treatment 
in diabetic retinopathy. 

5.4.2 Lowering RAGE expression 

Several commonly used therapeutic agents showed effects on the reduction of RAGE 
expression in vascular endothelial cell: thiazolidinediones (rosiglitazone and pioglitazone), 
calcium channel blocker (nifedipine), angiotensin II receptor blocker (telmisartan). 
Rosiglitazone and pioglitazone, kinds of thiazolidinediones, an anti-diabetic drug act by 
binding to peroxisome proliferator-activated receptors reduces basal and tumor necrosis 
factor-α stimulated expression of RAGE in cultured human umbilical vein endothelial cells. 
Decreased RAGE by thiazolidinediones results in subsequent inhibition of AGEs stimulated 
expression of pro-inflammatory protein (Marx et al., 2004). Nifedipine, a calcium channel 
blocker inhibits RAGE upregulation in AGEs treated human umbilical vein endothelial cells 
to reduce AGEs induced ROS production (Yamagishi & Takeuchi, 2004). Telmisartan, an 
angiotensin II receptor blocker inhibits RAGE expression in cultured human microvascular 
endothelial cells in vitro and decreases serum soluble form of RAGE level in patients with 
essential hypertension (Nakamura et al., 2005). In vivo studies evaluating the effect of those 
agents on the inner BRB breakdown in diabetic retinopathy are needed. 
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1. Introduction 
Diabetic retinopathy is a frequent complication of diabetes, and leads to acquired blindness. 
A variety of gene and molecules have been studied to clarify its pathophysiological 
mechanism. The retina is involved in the vision process and contains neuronal cells that are 
the most sensitive to changes in the retinal environment, and the physiological barrier 
structure is important for maintaining optimal retinal homeostasis. The blood-retinal barrier 
(BRB) is composed of two cellular barriers, the tight junction of the retinal capillary 
endothelial cells (inner BRB) and the retinal pigment epithelial cells (outer BRB), restricting 
nonspecific material transport between the circulating blood and the retina. However, the 
specific transport of low molecular weight compounds, that is the supply of nutrients and 
elimination of undesired toxic compounds, is carried out by membrane transporter 
molecules at the BRB, suggesting that they are closely related to diabetic retinopathy. Since 
it is also known that two thirds of the human retina is nourished by the inner BRB (Cunha-
Vaz, 2004; Hosoya & Tomi, 2005), in this chapter, we will describe the relationship between 
diabetic retinopathy and the membrane transporter molecules expressed at the inner BRB. 

2. Structure and function of the inner BRB 
In 1913, Schnaudigel was the first to propose the concept of the BRB. In his experiment, the 
retina showed similarity to the blood-brain barrier (BBB), that is, the retina was not stained 
with dye injected intravenously although peripheral tissues were stained (Schnaudigel, 
1913). The tight junctions of retinal pigment epithelial (RPE) cells form the outer BRB, and 
the choriocapillaries are fenestrated while the inner BRB consists of multiple cells, retinal 
endothelial cells, pericytes and glial cells, and Müller cells are representative retinal glial 
cells. The inner BRB is formed by tight junctions of the retinal endothelial cells that are 
covered by pericytes and glial cells (Figure 1). Since the endothelial barrier is formed by a 
network complex including neurons, Müller cells/astrocytes and endothelial cells which 
control the function of retinal capillaries, the inner BRB can be thought of as a ‘glio-vascular 
unit’ (Kim et al., 2006).  

2.1 Cellular interaction 

The functional properties of the inner BRB are inducible by paracrine interactions with 
pericytes and glial cells. For example, in the endothelial cells, several barrier properties and 
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mechanism. The retina is involved in the vision process and contains neuronal cells that are 
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molecules at the BRB, suggesting that they are closely related to diabetic retinopathy. Since 
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diabetic retinopathy and the membrane transporter molecules expressed at the inner BRB. 

2. Structure and function of the inner BRB 
In 1913, Schnaudigel was the first to propose the concept of the BRB. In his experiment, the 
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with dye injected intravenously although peripheral tissues were stained (Schnaudigel, 
1913). The tight junctions of retinal pigment epithelial (RPE) cells form the outer BRB, and 
the choriocapillaries are fenestrated while the inner BRB consists of multiple cells, retinal 
endothelial cells, pericytes and glial cells, and Müller cells are representative retinal glial 
cells. The inner BRB is formed by tight junctions of the retinal endothelial cells that are 
covered by pericytes and glial cells (Figure 1). Since the endothelial barrier is formed by a 
network complex including neurons, Müller cells/astrocytes and endothelial cells which 
control the function of retinal capillaries, the inner BRB can be thought of as a ‘glio-vascular 
unit’ (Kim et al., 2006).  

2.1 Cellular interaction 

The functional properties of the inner BRB are inducible by paracrine interactions with 
pericytes and glial cells. For example, in the endothelial cells, several barrier properties and 
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host-derived angiogenesis are induced by injection of type I astrocytes into the anterior eye 
chamber of rats (Janzer & Raff, 1987; Janzer, 1997), and the barrier properties of bovine-
derived retinal endothelial cells are increased by co-culture with rat brain-derived astrocytes 
(Gardner et al., 1997). These pieces of evidence suggest that retinal glial cells (Müller cells 
and astrocytes) acts in a similar manner to astrocytes in the brain, and imply that the barrier 
function of the inner BRB is modified by several factors secreted from astrocytes. It is known 
that Müller cells produce several factors to enhance the barrier function of blood vessels in 
the retina (Tout et al., 1993). In experiments with TR-MUL cells, conditionally immortalized 
rat Müller cells, TR-MUL cells produce transforming growth factor-beta (TGF-) to increase 
the activity of barrier marker proteins expressed in the TR-iBRB cells, conditionally 
immortalized rat retinal capillary endothelial cells, suggesting that Müller cells contribute to 
the regulation of barrier function (Abukawa et al., 2009). In addition, it has been reported 
that there is involvement of glia cell-derived neurotropic growth factors in the TGF-family, 
interleukin-6, and basic fibroblast growth factor (bFGF), in barrier regulation (Abbott, 2002). 
Pericytes produce angiopoietin-1 to modify the barrier function of endothelial cells (Hori et 
al., 2004). The gap junction-mediated interaction between pericytes, endothelial cells and 
contractile cells is involved in the regulation of blood flow (Bandopadhyay et al., 2001). It is 
also known that pericytes exhibit contraction in the presence of endothelin-1, angiotensin II, 
ATP and hypoxia, and relaxation in the presence of CO2, NO, and adenosine (Matsugi et al,. 
1997a; Matsugi et al., 1997b; Chen & Anderson, 1997). 

 
Fig. 1. Structure of inner Blood-Retinal Barrier (BRB) 

2.2 Molecular aspects of the barrier structure 

At the inner BRB, the retinal endothelial cells form a tightly sealed monolayer, separating 
the abluminal (retina side) and luminal (blood side) domains of the retinal endothelium, and 
prevent paracellular transport of materials across endothelial cells between the retina and 
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circulating blood (Wolburg et al., 2009). In particular, D-mannitol, a representative non-
permeable paracellular marker, exhibits very low blood-to-retina influx permeability while 
D-glucose and amino acids, the substrates of membrane transporter molecules, exhibit over 
a 300-fold higher permeability than that of D-mannitol (Puchowicz et al., 2004; Hosoya & 
Tachikawa, 2009). These pieces of evidence strongly suggest that the inner BRB is a selective 
barrier for the retina. In order to maintain the tightly sealed monolayer, it is important for 
the retinal endothelial cells to be connected via a junctional complex including adherens 
junctions and tight junctions. Tight junctions are formed by signaling, scaffolding and 
transmembrane proteins, and it is known that the junctional adhesion molecules (JAM), 
occuludin and claudin play a role in the tight junctions (Hirase et al., 1997; Furuse et al., 
1998; Bazzoni et al, 2005). The quantitative transcript analysis of rodent retinal endothelial 
cells shows markedly higher expressions of claudin-5, occludin, and JAM-1 than non-retinal 
endothelial cells (Tomi & Hosoya, 2004; Tachikawa et al., 2008). ZO-1, ZO-2 and ZO-3, 
accessory proteins, belong to the zonula occludens family, and are involved in linking the 
actin cytoskeleton and the cytoplasmic tails of the occludin and claudin complex (Anderson 
et al., 1995; Haskins et al., 1998). In addition, the seal between the retinal endothelial cells is 
enhanced by catenins and vascular endothelial cadherin (VE-cadherin) (Bazzoni & Dejana, 
2004). An anti-sense nucleotide study has suggested that occludin plays an important role in 
the functional regulation of the inner BRB since the barrier permeability is increased by a 
reduction in occludin expression (Kevil et al., 1998). In addition, the expression of occludin 
is reduced in experimentally conditioned-diabetes, suggesting a change in retinal barrier 
function in patients with diabetic retinopathy (Antonetti et al., 1998). Other reports have 
suggested that vascular endothelial growth factor (VEGF) and nitric oxide (NO) have an 
effect on the increase in retinal barrier permeability. In the presence of vascular endothelial 
growth factor (VEGF), the cultured endothelial cells exhibit reduced occludin expression 
and increased barrier permeability across the endothelial cell monolayers (Yaccino et al., 
1997), and the NO synthesis or release has been reported to increase the vascular 
permeability (Mark et al., 2004). Thus, it is thought that VEGF and NO are closely involved 
in retinal barrier function in diabetic retinopathy since the retina exhibits enhanced 
production of these factors in hypoxia (Kaur et al., 2006). In addition, hypoxia-ischemia 
leads to the production of reactive oxygen species (ROS) that cause oxidative stress and 
affect neovascularization in the diabetic eyes and retinopathy of prematurity (ROP) 
(Augustin et al., 1993; Saugstad & Rognum, 1988). Therefore, the physiological and 
pathological roles of VEGF, NO and ROS are important in retinal barrier function, and the 
suppression of their production or function will help in the clinical treatment of diabetic 
retinopathy, retinal hypoxia, ischemic central retinal vein occlusion, and other conditions 
(Kaur et al., 2008). 

2.3 Transport system across the barrier 

The paracellular impermeability of hydrophilic molecules is governed by the tight junctions 
in the retinal capillary endothelium. However, it is essential that retinal neural cells, such as 
photoreceptor cells, are able to take up sources of energy and eliminate undesired materials. 
Thus, transcellular transport by retinal capillary endothelial cells is needed for a variety of 
low molecular weight compounds, such as D-glucose, amino acids and their metabolites 
(Niemeyer, 1997; Tachikawa et al., 2007). Regarding the mechanisms of transcellualr 
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circulating blood (Wolburg et al., 2009). In particular, D-mannitol, a representative non-
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transport, there are three transport systems at the inner BRB, namely, passive diffusion, 
receptor-mediated transport and carrier-mediated transport (Figure 2). In particular, carrier-
mediated transport is the most important for the uptake of essential nutrients and 
elimination of discarded metabolites, and this can be subdivided into facilitated transport, 
primary active efflux transport and secondary active influx and efflux transport (Hosoya & 
Tachikawa, 2009). In general, the membrane transporter is the 12 membrane-spanning 
membrane protein widely found in a variety of species ranging from bacteria to humans 
(Kubo et al., 2000; Kubo et al., 2005), and it is protein responsible for carrier-mediated 
transport. ATP-binding cassette (ABC) transporter and Solute carrier (SLC) transporter are 
involved in primary active efflux transport and secondary influx and efflux transport, 
respectively (Figure 3). It has been shown that a variety of influx membrane transporters, 
such as GLUT1 for D-glucose, are expressed in retinal capillary endothelial cells (Table 1), 
and they contribute to the retinal uptake of essential nutrients. It is also important to 
eliminate unwanted metabolites and toxic compounds from the retina. While facilitative and 
secondary active influx transport systems mediated by influx membrane transporters 
contribute to the influx of nutrients at the inner BRB, the elimination involves primary active 
and secondary active efflux transport systems. The efflux transport systems are mediated by 
ABC transporters, such as MDR1 (P-gp), and SLC transporters, such as OAT3 (Table 1). 
Research of membrane transporters uses a variety of analytical methods (Kubo et al., 2007). 
In particular, in the study of the inner BRB, integration plot and retinal uptake index 
analyses are available to study the in vivo blood-to-retina transport (Hosoya & Tomi, 2008), 
and TR-iBRB cells, the model cell line of retinal capillary endothelial cells, are useful for 
studying in vitro transport mechanisms (Hosoya & Tomi, 2005; Hosoya et al., 2001a). 

 
Fig. 2. Transport Systems in the inner BRB 

 
Inner Blood-Retinal Barrier Transporters: Relevance to Diabetic Retinopathy 

 

95 

 
Fig. 3. Structure of Membrane Transporter 

3. Hyperglycemia and glucose transporter (GLUT1) 
Hyperglycemia (an increased blood D-glucose concentration) is the most important 
symptom exhibited by diabetic patients, and this has severe effects on the development of 
diabetic retinopathy (Cai & Boulton, 2002). At the inner BRB, the retinal endothelial cells 
express facilitative glucose transporter, GLUT1 that recognizes hexoses and 
dehydroascorbic acid (DHA) as substrates (Vera et al., 1993). GLUT1 mainly mediates the 
influx transport of D-glucose across the inner BRB. GLUT1 exhibits an asymmetrical 
localization at the inner BRB, and the abluminal expression of GLUT1 protein is 2- and 3- 
times higher than that on the luminal membrane (Takata K et al., 1992; Fernandes et al., 
2003), suggesting that GLUT1 suppresses glucose accumulation in the retinal interstinal 
fluid. Regarding the influx permeability rate, the blood-to-retina transport is 544 and 2440 
microL/(min· g retina) for D-glucose and DHA, respectively (Puchowicz et al., 2004; 
Hosoya et al., 2004). DHA is the oxidized form of ascorbic acid (vitamin C), one of the 
representative antioxidants, and rapidly undergoes cellular reduction to ascorbic acid, 
resulting in the higher permeability rate of DHA (Hosoya et al., 2008b). According to the Km 
values of GLUT1 for D-glucose (5 mM) and DHA (93 microM) and the physiological plasma 
concentration of D-glucose (~5 mM) and DHA (~10 microM) (Hosoya et al., 2004; Ennis et 
al., 1982), GLUT1-mediated DHA influx transport across the inner BRB is not inhibited 
completely under normal and healthy conditions. However, under diabetic conditions, the 
elevated plasma concentration of D-glucose (>20 mM, hyperglycemia) causes a reduction in 
GLUT1-mediated DHA transport from the blood to the retina (Minamizono et al., 2006), 
showing that the retina of diabetic patients is subject to increased oxidative stress. 
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4. Hyperosmolality mediated by GLUT1 
For all cells in the body, it is important to maintain a physiologically optimal osmolality. 
Sorbitol, a popular sweetener, works as a common organic osmolyte in cells. In the retinal 
cells, it is known that the cellular polyol pathway is responsible for sorbitol production from 
D-glucose (Vinores et al., 1993). The rate-limiting enzyme involved in sorbitol production is 
aldose reductase encoded by the AR2 gene located on 7q35 which is thought to be a possible 
susceptible region for diabetic retinopathy (Patel et al., 1996). Under diabetic conditions, 
hyperglycemia enhances the intracellular accumulation of sorbitol because of the increased 
GLUT1-mediated facilitative D-glucose transport to the retina and stimulated cellular aldose 
reductase activity (Iannello et al., 1999). The elevated concentration of sorbitol causes 
hyperosmolality which stimulates lactate production and intracellular water and reduces 
the uptake of O2 (Stevens et al., 1993; Lim et al., 2001). Therefore, GLUT1 is closely involved 
in the dysfunction and loss of retinal cells, including the capillary endothelial cells in 
diabetes. Although the change in GLUT1 expression also needs to be considered for a better 
understanding of the pathological and therapeutic aspects of diabetic retinopathy, both up- 
and down-regulation of GLUT1 have been reported in the retina with diabetes (Kumagai et 
al., 1996; Badr et al., 2000), and this remains controversial.  

5. Advanced glycation end products (AGEs) 
Advanced glycation end products (AGEs) are the result of a chemical chain reaction (non-
enzymatic reaction). During normal aging and metabolism, glucose binds to the amino 
groups of proteins, through the Maillard reaction, Schiff base, and Amadori rearrangement, 
to produce Amadori products such as glycolhemoglobin (HbA1c) and glycolalbumin that 
are used to diagnose diabetes. The Amadori products undergo dehydration, hydrolysis and 
cleavage to form alpha-dicarbonyl compounds, such as glyoxal, methylglyoxal and 3-
deoxyglucosone, that have a much greater ability than glucose to accelerate protein 
glycation. After further reactions, such as oxidation and degradation, irreversible AGEs are 
produced finally (Brownlee et al., 1988; Takeuchi & Makita Z, 2001).  

5.1 AGE effects on the inner BRB 

AGEs is the generic term that includes a number of compounds such as pentosidine, 
pyrraline, crossline, and N (epsilon)-(carboxymethyl) lysine. Interestingly, there are reports 
of the expression of receptors for AGEs, such as RAGE, on the cellular surface (Schmidt at 
al. 1992; Neeper et al., 1992). Under diabetic conditions, hyperglycemia promotes the 
production and accumulation of AGEs, and it is suggested that AGEs are closely related to 
the pericytes loss in diabetic retinopathy (Brownlee et al., 1988). As described previously, 
the retinal capillary is composed of endothelial cells, pericytes and glial cells, and it has been 
reported that the pericytes interacts with the endothelial cells to suppress the undesirable 
proliferation and prostacyclin production of endothelial cells and to protect these 
endothelial cells from harmful events (Yamagishi et al., 1993a; Yamagishi et al., 1993b). 
Therefore, the loss of pericytes, observed during the early stage of diabetic retinopathy, can 
be an exacerbating factor leading to the induction of neoangiogenesis via VEGF production, 
thrombus and hypoxia via prostacylin suppression in the retinal capillary endothelial cells. 
According to a recent report, the loss of pericytes is caused by AGEs and their receptors that 
inhibit the proliferation of pericytes and induce their apoptosis (Yamagishi et al., 1995; 
Yamagishi et al., 2002).  
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5.2 Taurine homeostasis and TAUT 

It has been reported that the reactivity of AGEs can be blocked by the administration of 
taurine (Nandhini et al., 2004). Taurine is a non-essential amino acid which is thought to 
have a neuroprotective role as an osmolyte and antioxidant in the retina. In the body, 
taurine is synthesized from L-cysteine, and cysteine sulfinic acid decarboxylase is the rate-
limiting enzyme involved in taurine biosynthesis. Interestingly, it is known that the retina is 
rich in taurine although the activity of cysteine sulfinic acid decarboxylase is low (Lin et al., 
1985). This suggests the physiological importance of blood-to-retina taurine transport across 
the inner BRB for the maintenance of retina homeostasis. The taurine transport system is 
mediated by TAUT, which accepts taurine (Km = 22.2 microM) for Na+- and Cl--dependent 
transport (Tomi et al., 2007). The expression of TAUT has been demonstrated in human 
primary retinal endothelial cells and TR-iBRB cells. Regarding the influx permeability rate, 
the blood-to-retinal transport is 259 microL/(min· g retina) for taurine (Tomi et al., 2007), 
and it has been confirmed that the substrates of TAUT have inhibitory effects on retinal 
taurine uptake (Törnquist et al., 1986). In a study with knockout mice, taut-/- mice exhibited 
an 80 to 90% reduction in taurine levels in the retina when compared with wild-type mice, 
showing that TAUT is responsible for the retinal homeostasis of taurine (Warskulat et al., 
2007). Diabetic patients exhibit taurine deficiency, and a recent report shows that a reduced 
level of taurine in the retina causes the loss of cone photoreceptor and retinal ganglion cells, 
suggesting that retinal taurine deficiency is one of the exacerbating factors for diabetic 
retinopathy (Franconi et al., 1995; Jammoul et al., 2010). Reports have been published 
describing that taurine administration reduces the severity of the symptoms of diabetes 
(Barber, 2003; Moloney et al., 2010; Nakamura et al., 1999). 

6. Oxidative stress 
Oxidative stress is one of the exacerbating factors of diabetic retinopathy. Under normal 
conditions, it is important to protect the retina from light-induced oxidative stress, and the 
cellular uptake and synthesis of antioxidants can contribute to prevent the development of 
diabetic retinopathy. Catalase, superoxide dismutase (SOD) and glutathione peroxidase are 
representative cellular enzymatic systems that combat oxidative stress (Roginsky et al., 2001; 
Sozmen et al., 2001; Mates et al., 1999). Under diabetic conditions, down-regulation of SOD 
and glutathione peroxidase have been reported (Agardh et al., 1998; Agardh et al., 2000; 
Kern et al., 1994; Kowluru et al., 1997), and ROS are supposed to be generated by the 
production of AGE signaling via receptors for AGEs, the polyol pathway and enhanced 
metabolism of eicosannoid (Nourooz-Zadeh & Pereira 2000). Recently, TR-iBRB cells have 
been reported to show ROS-induced down-regulation of GLUT1 protein expression at the 
cellular plasma membrane, and proteasome and protein kinase B have been shown to be 
involved in this mechanism, suggesting that ROS disrupt glucose homeostasis in the retina 
(Fernandes et al, 2011). Regarding the enzymatic availability of NADPH, glutathione 
reductase, reducing the oxidized glutathione (GSSG) to glutathione (GSH), competes with 
aldose reductase in the polyol pathway, suggesting inhibitory effects on the retinal enzymes 
(Sato et al., 1999; Bravi et al., 1997). In glutathione synthesis, xCT, the membrane transporter 
expressed in retinal capillary endothelial cells, plays an important role in transporting L-
cystine across the inner BRB from the circulating blood. xCT is the representative molecule for 
the system Xc- and forms a heterodimer with 4F2hc to transport L-cystine and L-glutamate. 
TR-iBRB cells exhibits Na+-independent L-cystine uptake (Km=9.2 microM), which is inhibited 
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by substrates of xCT. xCT is one of the important molecules involved in the biosynthesis of 
GSH which is a potent endogenous antioxidant. The expression and activity of xCT has been 
reported to be up-regulated in response to oxidative conditions (Tomi et al., 2002), and it is 
expected that the expressional and functional alterations of xCT will have an effect on the 
development of the diabetic retinopathy, regulating the retinal GSH level. 
 

Transporter Alias Substrates Transport 
Direction 
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SLC2A1 GLUT1 D-Glucose 
DHA 

Influx 
Influx 

Puchowicz et al., 2004 
Hosoya et al., 2004 

SLC5A6 SMVT Biotin Influx Ohkura et al., 2010 
SLC6A6 TAUT Taurine 

GABA 
Influx 
Influx 

Törnquist et al, 1986 
Tomi et al., 2007 

SLC6A8 CRT Creatine Influx Nakashima et al., 2004 
SLC6A9 GlyT Glycine Influx Okamoto et al., 2009 
SLC7A1 CAT1 L-Arginine Influx Tomi et al., 2009 
SLC7A5 LAT1 L-Leucine Influx 

 
Törnquist et al, 1986 
Tomi et al., 2005 

SLC7A11 xCT L-Cystine 
L-Glutamate 

Influx 
Influx 

Tomi et al., 2002 
Hosoya et al., 2001b 

SLC16A1 MCT1 L-Lactate Influx Gerhart et al., 1999 
Alm et al., 1985 
Hosoya et al., 2001c 

SLC19A1 RFC1 MTF Influx Hosoya K et al., 2008a 
SLC22A5 OCTN2 L-Carnitine Influx Tachikawa et al., 2010 
SLC22A8 OAT3 Organic 

anions 
Efflux Kikuchi et al., 2003 

Somervaille et al., 2003 
Hosoya et al., 2009 

SLC29A2 ENT2 Nucleosides Influx Nagase et al., 2006 
Baldwin et al., 2004, 

SLC38A2 ATA2 
SNAT2 

L-Proline 
L-Alanine 

Efflux 
Efflux 

Yoneyama et al., 2010 
LaNoue et al., 2001 
Levkovitch-Verbin et al., 2002 
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Efflux Nakakariya et al., 2008 
Katayama et al., 2006 
Noé et al., 1994 
Gao et al., 2002 
Sugiyama et al., 2001 

ABCB1 MDR1 
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drugs 
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cations 

Efflux Hosoya et al., 2001a 
Maines et al., 2005 
Shen et al., 2003 
BenEzra et al., 1990a 
BenEzra et al., 1990b 

ABCC4 MRP4 Organic 
anions 

Efflux Tagami et al., 2009 
Smeets et al., 2004 
Uchida et al., 2007 

ABCG2 BCRP 
MTX 

Organic 
anions 

Efflux Asashima et al., 2006 
Boulton et al., 2001 

DHA dehydroascorbic acid; GABA gamma-aminobutyric acid; MTF methyltetrahydrofolate 
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7. Conclusion 
In this chapter, we have described membrane transporters, such as GLUT1 for D-glucose 
and DHA, TAUT for taurine, and xCT for L-cystine and L-glutamate, which are mainly 
involved in the uptake of nutrients across the inner BRB under normal physiological 
conditions. However, under diabetic conditions, these membrane transporters have 
accelerating or decelerating roles in retinal capillary endothelial cells, and precise 
quantification of their expressional alteration in diabetes will provide information about the 
detailed pathological features of diabetic retinopathy. To date, although it has been shown 
that a variety of membrane transporters are expressed in retinal capillary endothelial cells 
(Table 1), there is still insufficient information about them to allow us to have a complete 
picture of retinal homeostasis, and further studies are needed. Therefore, there is still the 
possibility that several known membrane transporters play roles in diabetic retinopathy. 
Regarding the drug treatment of diabetic retinopathy, the membrane transporters are 
expected to be used in pharmacokinetic predictions and retina-specific drug delivery 
systems. At the inner BRB, OCTN2 and MCT1 are thought to accept drugs as their 
substrates (Ohashi et al., 1999; Tamai et al., 1999), and novel drug transport systems have 
also been suggested (Hosoya et al., 2010). Therefore, retina-specific delivery is a potential for 
aldose reductase inhibitors, such as sorbinil, ranirestat and epalrestat, that can suppress the 
cell death of the retinal capillary endothelium (Goldfarb et al., 1991; Narayanan et al., 1993). 
Furthermore, over 400 identified gene/protein molecules belong to the membrane 
transporter family, and over 100 molecules are ‘orphan transporters’ and their expression, 
localization, function, substrates and roles need to be fully identified. In addition, it is 
thought that there are also a number of unidentified membrane transporter genes, and new 
research reports on novel membrane transporters can be seen even now (Kawahara et al., 
2009). Therefore, new discoveries and findings will be made as a result of the study of the 
membrane transporters expressed at the inner BRB, and advances in this field will 
contribute to our understanding of the pathological and therapeutic aspects of diabetic 
retinopathy. 
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by substrates of xCT. xCT is one of the important molecules involved in the biosynthesis of 
GSH which is a potent endogenous antioxidant. The expression and activity of xCT has been 
reported to be up-regulated in response to oxidative conditions (Tomi et al., 2002), and it is 
expected that the expressional and functional alterations of xCT will have an effect on the 
development of the diabetic retinopathy, regulating the retinal GSH level. 
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1. Introduction 
Diabetic retinopathy (DR) is one of the leading causes of decreased vision and blindness in 
industrialized countries (Bhavsar, 2002). Much of the retinal damage that characterizes 
advanced proliferative diabetic retinopathy (PDR) results from retinal neovascularization 
(Simo, et al., 2006). When the newly formed vessels are associated with fibrous 
proliferations that form fibrovascular membranes (FVMs) on the surface of the neuroretina, 
traction retinal detachments can develop, resulting in potentially severe loss of vision 
(Hiscott, et al., 2000). 

FVMs are characterized by the migration and proliferation of various types of cells, e.g., 
retinal glial cells, fibroblasts, macrophages/monocytes, hyalocytes, laminocytes, and 
vascular endothelial cells. It has been postulated that the formation of FVMs represents a 
wound healing process (Hiscott, et al., 2000). To date, the factors regulating the 
development and progression of FVMs have not been fully determined. Moreover, despite 
improvements in vitreal surgical techniques, panretinal photocoagulavtion, and the use of 
intravitreal anti-VEGF drugs such as Ranibizumab, the prognosis for DR is still poor 
especially in advanced cases of PDR. It is therefore required to develop better treatments 
that are based on the pathogenesis of FVMs.  

2. Conventional studies investigating the mechanisms of FVM formation  
Earlier conventional studies investigating the molecular effects of FVM formation have 
focused mainly on one or a few molecules or pathways. Several molecules, e.g., vascular 
endothelial growth factor (VEGF), tumor necrosis factor-α (TNF- α), basic fibroblast growth 
factor (bFGF), intereleukin-8 (IL-8), apelin, tumor endothelial marker 7 (TEM7), monocyte 
chemoattractant protein-1 (MCP-1;CCL2), erythropoietin, angiopoietin-2, advanced 
glycation end product, nuclear factor kappa-B, and activator protein-1 have been detected in 
FVMs and/or vitreous fluid collected from patients with PDR (Simo, et al., 2006; Yoshida, et 
al., 1998; Yoshida, et al., 1999; Yoshida, et al., 2010; Watanabe, et al., 2005).  
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Retinal hypoxia is assumed to be the common mechanism which initiates a series of events 
leading to retinal neovascularization (Ishikawa, et al., 2010). Cellular inflammation is 
initiated at the blood-microvascular endothelial-cell interface, and leukocytic infiltration has 
been observed after retinal hypoxia. Several mediators of retinal neovascularization have 
been determined in well-established murine models of oxygen-induced retinopathy (OIR) 
(Smith, et al., 1994). 

Chemokines, a family of structurally related cytokines involved in the activation and 
directed migration of leukocytes, may be pathophysiologically key mediators of 
inflammation (Singh, et al.). Two well-studied CC chemokines are MCP-1 and macrophage 
inflammatory protein-1α (MIP-1α;CCL3). Both MCP-1 and MIP-1α have been shown to 
mediate the recruitment of leukocytes and induction of neovascularization in several 
inflammatory diseases. 

 
Fig. 1. Northern blot determination of mRNA expression of MCP-1, MIP-1α, and VEGF in 
murine OIR. Representative blots of three independent experiments are shown. Lane 1, 
Control retina (P12); lane 2, retina after 5 days exposure to hyperoxia (P12); lane 3, retina 12 
h after hypoxia (P12.5). For control, the same blot was stripped and reprobed with GAPDH, 
and 18 S and 28 S ribosomal RNA were used for equal loading of RNA. Each lane contains 
10 µg total RNA. Reproduced with permission from Yoshida et al. [17] 
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In order to determine the role played by MCP-1 and MIP-1α, we have investigated whether 
these chemokines can be induced in murine OIR (Singh, et al.). The expression of the 
mRNAs of MCP-1 and MIP-1α was very low or undetectable in the retinas of the normal 
controls and in P12 mice killed just 5 days after hyperoxia (Fig. 1). A dramatic increase in 
MCP-1 mRNA expression was observed 12 h after the onset of hypoxia. The profile of MIP-
1α mRNA expression was similar to that of MCP-1 mRNA, except that a slight increase of 
MIP-1α mRNA was detected in the retinas of mice 5 days (P12) after hyperoxia.  

In contrast to MCP-1 and MIP-1α, a steady level of VEGF mRNA expression was found in 
the retinas of control, normal mice (Fig. 1). Hyperoxia resulted in a significant down-
regulation in the level of VEGF mRNA, and the subsequent hypoxia led to a significant up-
regulation of VEGF expression compared with that in the control retinas.  

 
Fig. 2. In situ hybridization for MCP-1 and MIP-1α in the retinas of murine OIR. 
Hybridization was performed with antisense (A, B, D, E) or sense (C, F) probes specific for 
MCP-1 (A–C) and MIP-1α (D–F). A, D, Control normal retina (P12); B, C, E, and F, retina 12 
h after hypoxia (P12.5). GCL, Ganglion cell layer; INL, inner-nuclear layer; ONL, outer-
nuclear layer. Original bar = 50 µm. Reproduced with permission from Yoshida et al. [17] 

In retinal hypoxia, the inner retina, which is supplied by retinal vessels, is hypoxic, whereas 
the outer retina, supplied by the choroidal vessels, is not. In situ hybridization for MCP-1 
and MIP-1α showed a prominent increase of positive cells located in the inner retina 12 h 
after the hypxia (P12.5) in comparison to the lower level of staining in the nonhypoxic 
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Retinal hypoxia is assumed to be the common mechanism which initiates a series of events 
leading to retinal neovascularization (Ishikawa, et al., 2010). Cellular inflammation is 
initiated at the blood-microvascular endothelial-cell interface, and leukocytic infiltration has 
been observed after retinal hypoxia. Several mediators of retinal neovascularization have 
been determined in well-established murine models of oxygen-induced retinopathy (OIR) 
(Smith, et al., 1994). 

Chemokines, a family of structurally related cytokines involved in the activation and 
directed migration of leukocytes, may be pathophysiologically key mediators of 
inflammation (Singh, et al.). Two well-studied CC chemokines are MCP-1 and macrophage 
inflammatory protein-1α (MIP-1α;CCL3). Both MCP-1 and MIP-1α have been shown to 
mediate the recruitment of leukocytes and induction of neovascularization in several 
inflammatory diseases. 

 
Fig. 1. Northern blot determination of mRNA expression of MCP-1, MIP-1α, and VEGF in 
murine OIR. Representative blots of three independent experiments are shown. Lane 1, 
Control retina (P12); lane 2, retina after 5 days exposure to hyperoxia (P12); lane 3, retina 12 
h after hypoxia (P12.5). For control, the same blot was stripped and reprobed with GAPDH, 
and 18 S and 28 S ribosomal RNA were used for equal loading of RNA. Each lane contains 
10 µg total RNA. Reproduced with permission from Yoshida et al. [17] 
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after the hypxia (P12.5) in comparison to the lower level of staining in the nonhypoxic 
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retinas of control mice (Fig. 2). The inner retinal layer where ganglion cells and astrocytes 
are located was the most prominent cellular site of MCP-1 and MIP-1α gene expression in 
the hypoxic inner retina. This suggests that MCP-1 and MIP-1α expressed in this region 
attract resident microglia, hyalocytes, and/or bone marrow-derived monocyte lineage cells 
(BM-MLCs) through the blood-retinal barrier toward the superficial layer of the retina 
where neovascularization occurs.  

Among the environmental stimuli, gene expression by macrophages/BM-MLCs following 
hypoxia is becoming increasingly well-characterized to have angiogenic potential(Lewis, et 
al., 2007). In murine OIR, macrophages/BM-MLCs in the ischemic retina exhibited thicker 
and more distended processes compared with those in normal, control retinas (Ishikawa, et 
al., 2011). We assume that such "hypoxia-activated" BM-MLCs have the potential to produce 
an array of angiogenic cytokines and growth factors including TNF-α and VEGF, which can 
contribute to the progression of retinal neovascularization/revascularization. TNF-α is an 
angiogenic molecule produced by hypoxic monocytes/macrophages (Yun, et al., 1997) and 
is a likely mediator of retinal neovascularization/revascularization. It has been reported that 
TNF-α level is higher in patients with PDR(Limb, et al., 2001), and we have detected this 
molecule in the macrophages/BM-MLCs in murine OIR (Yoshida, et al., 2004). Moreover, 
we have demonstrated that TNF-α up-reguletes the production of IL-8, VEGF, bFGF, or 
MCP-1 in retinal vascular cells and/or glial cells adjacent to microvessels triggering 
neovascularization/revascularization in an autocrine or paracrine manner (Yoshida, et al., 
2004; Yoshida, et al., 1997). These processes are likely to be important in promoting 
macrophages/ BM-MLCs-related retinal neovascularization/revascularization in hypoxic 
retinas. 

3. Global gene expression profiling of FVMs 
Despite earlier studies investigating the molecular effects of retinal hypoxia, the molecular 
events taking place in hypoxic retinas that may lead to retinal neovascularization remain 
undetermined. The recent technological advancements in genomics, such as advent of 
microarray technology, have opened up new avenues to identify all the genes and their 
products that are expressed in a particular tissue. 

To determine the factors that are activated during retinal hypoxia, we performed a gene 
expression profiling of hypoxic retinas obtained from a murine OIR using gene microarray 
thechnology(Ishikawa, et al., 2010). Our analyses showed that retinal hypoxia were 
associated with specific changes in the patterns of gene expression. These alterations may 
reflect the postischemic inflammation, and subsequent neural and vascular remodeling, and 
pathologic neovascularization in retinas of murine OIR (Fig. 3).  

Several genes reported to be involved in retinal hypoxia, such as Vegfa(Yoshida, et al., 2003), 
Hif1a(Ozaki, et al., 1999), and Mip1α(Ccl3)(Yoshida, et al., 2003), were also detected to be 
differentially expressed in the hypoxic retina in our study, confirming that our microarray 
analyses were trustworthy. Interestingly, the most up-regulated gene among the 
differentially-expressed genes in hypoxic retinas was the Mip1β(Ccl4) and not Vegfa and 
other chemokines. 
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Fig. 3. Distribution of Gene Ontology terms in genes regulated by hypoxic retinas. Ontology 
of genes upregulated by hypoxia. Reproduced with permission from Ishikawa et al. [8] 

MIP-1β (CCL4) is a member of the CC chemokine family that are characterized by their 
ability to direct migration of leukocytes into inflamed tissue. MIP-1β was first isolated from 
the culture medium of LPS-activated macrophages, and it recruited macrophages/microglia 
to sites of injury in patients with sepsis, arthritis, and systemic sclerosis. Because MIP-1β is 
not known to be a hypoxia-responsive gene in the retina, it may play more roles in hypoxic 
retinas than previously envisaged. Therefore, further studies are required to determine the 
role played by MIP-1β in hypoxia-induced retinal neovascularization/revascularization 
(Ishikawa, et al., 2011). 

Expressed sequence tag (EST) analysis, another method of global gene expression profiling, 
permit the identification of genes expressed in particular tissues in a completely 
unambiguous manner (Wistow, 2006). ESTs may also reveal comprehensive data on 
transcript and gene variants. These represent important sources for the search for as yet 
incompletely characterised genes and pathways as exemplified by the NEIBank project in 
the eye research field (Wistow, 2006). We hypothesized that a comprehensive analysis of 
gene expression in FVMs may open up new avenues in enhancing our understanding of the 
formation of FVMs, and such an effort should lead to further advances in the surgical and 
medical treatment of FVMs (Yoshida, et al., 2010).  

To overcome the limitation of the starting amount of RNA from the FVMs obtained from 
patients with PDR, We chose to employ Switching Mechanism at the 5′ end of RNA 
Transcript (SMART) technology, an exponential PCR-based technology. With this 
technology, we have successfully constructed a complementary DNA (cDNA) library from 
the FVMs and sequenced more than 2800 cDNAs (Yoshida, et al., 2010). We next performed 
sequence similarity searches to compare every EST to those in public databases. For ESTs 
with known gene matches in public databases, functional annotation was retrieved from the 
human cDNA database (Ensembl) and analysed by FatiGO.  
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To overcome the limitation of the starting amount of RNA from the FVMs obtained from 
patients with PDR, We chose to employ Switching Mechanism at the 5′ end of RNA 
Transcript (SMART) technology, an exponential PCR-based technology. With this 
technology, we have successfully constructed a complementary DNA (cDNA) library from 
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with known gene matches in public databases, functional annotation was retrieved from the 
human cDNA database (Ensembl) and analysed by FatiGO.  



 
Diabetic Retinopathy 114 

Among the 625 non-redundant clusters, 515 (82%) matched Ensembl. The remaining 110 
(17%) corresponded to potentially novel ESTs or untranslated sequences. Among those 
database-matched, 515 clusters were subdivided by functional subsets of genes related to 
ribosomal activity, oxidative phosphorylation, focal adhesion, cell adhesion, and other 
functions by FatiGO analysis (Fig. 4). This suggests that many subsets of functional genes 
are expressed in FVMs. Thus, there are many complex interactions among the molecules 
that are encoded by those genes. Among these, ferritin, light polypeptide (FTL) and 
metastasis associated lung adenocarcinoma transcript 1 (MALAT1) appeared to be the most 
abundant transcripts in the FVMs (Yoshida, et al., 2010). 

 
Fig. 4. The known human genes identified in the human fibrovascular membranes (FVMs) 
are grouped according to the Kyoto Encyclopedia of Genes and Genomes (KEGG) functional 
categories. Reproduced with permission from Yoshida et al. [20] 

The importance of the production of extracellular matrix by FVMs is well recognized 
(Hiscott, et al., 1999). In agreement with this notion, functional annotation of ESTs 
determined that those genes related to cell adhesions and focal adhesions are highly 
expressed in FVMs. Until now, among the components in extracellular matrix, type II 
collagen, SPARC and FN, major components of the vitreous, are well-known molecules. 
However, our EST analysis demonstrated the expression of COL1A2, COL3A1, MXRA8, and 
others, in addition to FN, SPARC as cellular adhesion components. This indicates that cells 
that comprise the FVM actively produce a variety of adhesion molecules and are actively 
involved in cell migration and proliferation (Yoshida, et al., 2010).  
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4. Development of molecular targets by global gene expression profiling of 
FVMs 
Recently, several trials of anti-VEGF therapy such as Ranibizmab have been applied on 
patients with intraocular neovascular diseases. However, undesirable side effects including 
brain and retinal vein occlusion have been reported (von Hanno, et al., 2010). Therefore, 
identifying the other molecular targets that can be treated less invasively is definitely still a 
goal. Because we were able to determine the existence of several potential factors other than 
VEGF by global gene expression profiling of FVMs (Yoshida, et al., 2010), we postulate that 
some of the extracted genes may be additional novel candidates for molecular targeting 
therapy. Among newly identified genes from FVMs, we found that tumor endothelial 
marker 7 (TEM7) and periostin were expressed more strongly in FVMs than in idiopatic 
epiretinal membranes (ERMs) (Yoshida, et al., 2011; Yamaji, et al., 2008). This led us to 
hypothesize that these two molecules play key roles in the maintenance and/or 
development of FVMs. 

a. Tumor endothelial marker 7 (TEM7) 

As described earlier, recent technological improvements in cellular fractionation and 
genomics have led to the identification of several markers preferentially expressed on 
vascular endothelial cells of human tumors (Nanda and St Croix, 2004). Among these 
markers, the tumor endothelial markers (TEMs) are a group of cell surface proteins 
preferentially expressed on the endothelial cells of various cancer cells.  

Of these cell surface markers, TEM7, also known as plexin domain-containing 1 (PLXDC1), 
is especially attractive because it is the most abundant isoform among the TEMs. TEM7 
protein is overexpressed in the neovascular vessels of human solid tumors such as lung, 
colon, and esophageal cancers (Nanda and St Croix, 2004). The full-length form of TEM7 has 
sequence characteristics of cell surface proteins, including signaling peptides, plexin-
semaphorin-integrin (PSI) domain, and transmembrane domain(s). In addition, TEM7 is 
expressed as a complex pattern of transcripts derived by alternative splicing with 
potentially different activities and biological functions. These transcripts are predicted to be 
intracellular (TEM7-I), secreted (TEM7-S), or on the cell surface membrane (TEM7-M) of the 
endothelial cells of tumors.  

We asked whether the mRNA of TEM7 is expressed in the neovascular endothelial cells of 
FVMs surgically removed from patients with PDR (Fig. 5) (Yamaji, et al., 2008). The mRNA 
of TEM7 was enhanced in 10 of 10 FVMs obtained from PDR patients but was barely 
detected in the five idiopathic ERMs (control). In addition, RT-PCR with specific primer 
pairs yielded multiple bands suggesting the presence of splice variants of TEM7 in the 
FVMs. The mRNAs of IL-8 were detected in 10 of 10 FVM specimens, VEGF in 8 of 10 FVM 
specimens, and VEGFR2 in 9 of 10 FVM specimens. In contrast to TEM7, these 3 angiogenic 
molecules were also upregulated in some of the control idiopathic ERMs (3 of 5, 3 of 5, and 2 
of 5, respectively). 

To determine the location of the protein of TEM7 in FVMs, we next double-stained the FVM 
sections with an anti-TEM7 monoclonal antibody (IM193), which specifically detects TEM7-
M, and an antibody to CD34, an endothelial cell marker (Fig. 6). Consistent with previous 
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results on the staining patterns of tumors with neovascularization (Nanda and St Croix, 
2004), the antibody specifically labeled the neovascular endothelial cells in the FVMs (Fig. 6). 

 
Fig. 5. RT-PCR analysis of TEM7, IL-8, VEGF, VEGFR2, and GAPDH in fibrovascular 
membranes derived from patients with proliferative diabetic retinopathy (PDR; patients 1–
10) and in epiretinal membranes from eyes with idiopathic epiretinal membranes (iERMs; 
patients 11–15). After 35 cycles, 8 μL each sample was electrophoresed through a 2% Tris-
acetate-EDTA agarose gel, and the fractionated products were stained with ethidium 
bromide. Note the distinct high expression of the mRNA of TEM7 in the fibrovascular 
membranes derived from patients with PDR compared with control iERMs. Reproduced 
with permission from Yamaji et al. [24] 

 
Fig. 6. Double staining for TEM7 and CD34 in the FVM. (A) Neovascular endothelial cells 
are visible after specific staining with CD34 in the FVM. (B) Specific staining for TEM7 in the 
same section shows an identical staining pattern. (C) Double staining for TEM7 and vascular 
endothelial cells in the same sample shows positive cells for both antibodies. The yellow 
staining is caused by the overlapping of the red and the green colors, showing colocalization 
of TEM7-M with the pan-endothelial marker CD34. Sale bars, 50 μm. Reproduced with 
permission from Yamaji et al. [24] 

To determine a more exact location of the TEM7 protein within the neovascular endothelial 
cells, we performed immunoelectron microscopy using monoclonal anti-TEM7 antibody 
(IM193). Electron microscopy revealed that TEM7-M was expressed at the tight junctions 
and at the luminal surfaces of the vascular endothelial cells (Fig. 7) 
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Fig. 7. TEM7 staining for transmission electron microscopy with IM193 antibody to detect 
TEM7-M. Staining is observed on the tight junctions (arrows) and on the luminal surfaces of 
endothelial cells (ECs; arrowheads). Scale bar, 200 nm. Reproduced with permission from 
Yamaji et al. [24] 

Considerable effort has been invested recently to develop agents that block the formation of 
new blood vessels. For example, Bebacizumab, a selective VEGF inhibitor, was recently 
found to be effective in the regression of retinal and iris neovascularization secondary to 
PDR, but because of its cytostatic property, its effect may be limited to established 
vasculature. Therefore, it has become apparent that targeted destruction of the established 
vasculature is another option for therapeutic opportunities. In this regard, the presence of 
membrane-bound TEM7 on the luminal surfaces of neovascular endothelial cell is of interest 
(Fig. 7). Recently, cortactin, a monomeric protein that can be activated by external stimuli to 
promote polymerization and rearrangement of the actin cytoskeleton, and nidogen, a 
component of the basement membrane, were identified as proteins capable of binding to the 
extracellular region of TEM7 (Lee, et al., 2006; Nanda, et al., 2004). Because the retinal 
vessels are the only vessels that can be observed in situ, it may be possible to use a more 
selective ligand-based neovascular endothelial cell targeting strategy by delivering the 
bioactive molecules to the blood-retinal neovascular endothelial interface. For example, 
photodynamic therapy using such TEM7-binding partners labeled with photosensitive 
biomolecules may open new possibilities for a lower invasive therapy of retinal 
neovascularization.  

b. Periostin 

Periostin is a matricellular protein and is a member of the fasciclin family (Takeshita, et al., 
1993). It contains an N-terminal secretory signal peptide, followed by a cysteine-rich 
domain, four internal homologous repeats, and a C-terminal hydrophilic domain (Horiuchi, 
et al., 1999). The high degree of structural and sequence homology of periostin with fasciclin 
1 and transforming growth factor β–induced (TGFBI) suggests that periostin plays a role in 
cell adhesion and migration (Horiuchi, et al., 1999). In addition, periostin is expressed as a 
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results on the staining patterns of tumors with neovascularization (Nanda and St Croix, 
2004), the antibody specifically labeled the neovascular endothelial cells in the FVMs (Fig. 6). 
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Fig. 6. Double staining for TEM7 and CD34 in the FVM. (A) Neovascular endothelial cells 
are visible after specific staining with CD34 in the FVM. (B) Specific staining for TEM7 in the 
same section shows an identical staining pattern. (C) Double staining for TEM7 and vascular 
endothelial cells in the same sample shows positive cells for both antibodies. The yellow 
staining is caused by the overlapping of the red and the green colors, showing colocalization 
of TEM7-M with the pan-endothelial marker CD34. Sale bars, 50 μm. Reproduced with 
permission from Yamaji et al. [24] 

To determine a more exact location of the TEM7 protein within the neovascular endothelial 
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and at the luminal surfaces of the vascular endothelial cells (Fig. 7) 
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selective ligand-based neovascular endothelial cell targeting strategy by delivering the 
bioactive molecules to the blood-retinal neovascular endothelial interface. For example, 
photodynamic therapy using such TEM7-binding partners labeled with photosensitive 
biomolecules may open new possibilities for a lower invasive therapy of retinal 
neovascularization.  

b. Periostin 

Periostin is a matricellular protein and is a member of the fasciclin family (Takeshita, et al., 
1993). It contains an N-terminal secretory signal peptide, followed by a cysteine-rich 
domain, four internal homologous repeats, and a C-terminal hydrophilic domain (Horiuchi, 
et al., 1999). The high degree of structural and sequence homology of periostin with fasciclin 
1 and transforming growth factor β–induced (TGFBI) suggests that periostin plays a role in 
cell adhesion and migration (Horiuchi, et al., 1999). In addition, periostin is expressed as a 
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complex pattern of transcripts derived by alternative splicing with potentially different 
activities and biological functions (Yoshida, et al., 2011).  

Periostin expression is altered in different diseases, including neoplasias, cardiovascular 
disease, and wound repair (Kanno, et al., 2008). Periostin is overexpressed in various human 
cancers such as pancreas, colon, ovary, oral squamous cell carcinoma, and lung, and its 
overexpression is correlated with the aggressiveness of the tumor and with poorer survival. 
Moreover, tumor cell lines engineered to overexpress periostin have accelerated the growth 
and higher angiogenic and metastatic potential in immunocompromised animals. In the 
heart, periostin plays a key role in the progression of cardiac valve complex degeneration by 
inducing angiogenesis and MMP production (Hakuno, et al., 2010). Periostin is also an 
element of bone marrow fibrosis and subepithelial fibrosis of bronchial asthma (Takayama, 
et al., 2006).  

 
Fig. 8. Periostin levels in vitreous samples from eyes with nondiabetic (epiretinal membrane 
and macular hole) ocular diseases and eyes with proliferative diabetic retinopathy. ERM, 
epiretinal membrane. *P < 0.001. Reproduced with permission from Yoshida et al. [23] 

We examined the amount of periostin in the 106 vitreous samples of patients with PDR 
collected during vitrectomy, and in the 31 vitreous samples obtained from patients during 
macular hole or ERM surgery (Yoshida, et al., 2011). We found that the concentration of 
periostin in the vitreous of patients with PDR was significantly higher than that in the 
vitreous of patients without PDR (Fig. 8). The concentration of periostin in the vitreous of 
patients with PDR was significantly correlated with the presence of FVMs but that of VEGF 
was not correlated (Yoshida, et al., 2011). The differences in the correlations between 
periostin and VEGF are probably because VEGF is upregulated in the retina at an earlier 
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stage in response to hypoxia before the fromation of FVMs (Ishikawa, et al., 2010; Yoshida, 
et al., 2003).  

Immunohistochemical analyses with the anti-periostin antibody revealed that periostin was 
expressed in the vascular pericytes that were α-SMA positive (Yoshida, et al., 2011). 
Periostin is reported to promote angiogenesis by an up-regulation of the VEGF receptor, 
Flk-1/KDR, by endothelial cells through an integrin αVβ3-focal adhesion kinase-mediated 
signaling pathway (Shao, et al., 2004). This suggests that periostin may play a role in 
promoting and/or maintaining vasculature in FVMs in a paracrine fashion. In addition, 
periostin was also expressed in myofibroblast-like cells in the stroma of FVMs (Yoshida, et 
al., 2011). It has been reported that a stable expression of a periostin in 293T cells causes the 
cells to undergo fibroblast-like transformation, and the cells expressing ectopic periostin 
increased cell migration, invasion, and adhesion (Yan and Shao, 2006). These findings 
suggest that periostin-expressing myofibroblast-like cells may play a role in the invasive 
properties of FVMs. Taken together, these results indicate that periostin may play specific 
roles in the formation and/or maintenance of FVMs.  

 
Fig. 9. RT-PCR analyses of periostin (POSTN), VEGF, VEGFR2, and GAPDH in FVMs 
derived from patients with proliferative diabetic retinopathy (PDR; lanes 4–13) and from 
control retinas (lanes 1–3). After 35 cycles, 8 μL each sample was electrophoresed through a 
2% Tris-acetate-EDTA agarose gel, and the fractionated products were stained with 
ethidium bromide. Note the high expression of the mRNA of periostin with multiple bands 
in the FVMs derived from patients with PDR compared with control retinas. Reproduced 
with permission from Yoshida et al. [23] 

Alternative splicing events occur within the C-terminal region of periostin, which is a key 
region that regulates cell invasiveness and metastasis (Shimazaki and Kudo, 2008). We 
confirmed that three spliced variants and the WT of human periostin were present in FVMs 
(Fig. 9) and that the periostin splice variant specifically regulated α-SMA gene expression 
(Yoshida, et al., 2011). It is suggested that the β strands within the C-terminal region may 
mediate binding interactions with other proteins such as FN or collagen. Because cell-
specific isoform profiles and isoform-specific biological properties of periostin have been 
demonstrated (Shimazaki and Kudo, 2008), the existence of the different isoforms of 
periostin in FVMs may be used to vary the binding properties of periostin to other ECM 
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proteins. This can then result in the deregulation of crucial cellular processes such as 
adhesion, proliferation, differentiation, and invasion. Unraveling the role of alternative 
splicing of periostin in the formation of FVMs may yield the basis for the development of 
isoform-specific molecular targeting therapeutic strategies.  

5. Conclusion 
By applying global gene expression technology to FVMs and hypoxic retinas, we have 
successfully identified novel genes that may play key roles in the formation and/or 
maintenance of FVMs. We believe that the transcriptome analyses performed in our studies 
may provide valuable information and thus should facilitate a wide range of future studies 
to establish tissue-specific molecular mechanisms associated with formation of FVMs.  

As described earlier, recently-introduced anti-VEGF therapy on patients with intraocular 
neovascular diseases can reportedly accompany undesirable side effects such as brain and 
retinal vein occlusion. This was partly attributed to a steady level of VEGF expression in the 
normal retina, suggesting a role of VEGF in keeping normal homeostasis of the retina (Fig. 
1) (Yoshida, et al., 2011). The manipulation of the VEGF pathway to inhibit pathologic 
neovascularization could result in unexpected disturbances of the normal homeostasis in the 
retina and thus should be approached carefully.  

Because the vitreous concentrations of periostin were not significantly correlated with those 
of VEGF in the patients with PDR (Yoshida, et al., 2011), it may be inferred that periostin 
and VEGF do not act in a directly synchronized manner in the formation of FVMs. 
Moreover, in contrast to VEGF, periostin and TEM7 is assumed to be nonfunctional in 
normal retinas, in keeping with the very low levels of periostin in the normal control retinas 
(Fig. 9; (Yamaji, et al., 2008)). These results raise the possibility that the two molecules might 
be a potential therapeutic target to regulate “disease-specific” pathways in the formation of 
FVMs while minimizing the unfavorable side effects to the normal retina. Therefore, 
modulating the expression of periostin and/or TEM7 by antibodies or antisense 
oligonucleotides directed against the molecule could be a novel therapeutic strategy for 
inhibiting the progression of FVMs associated with PDR. 
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1. Introduction 
Diabetic retinopathy (DR) is the leading cause of blindness in working-age individuals. 
There is increasing evidence that established risk factors for DR, including duration of 
diabetes, hyperglycemia, and hypertension, only explain a limited amount of the variance in 
the risk of DR. Furthermore, the underlying pathogenesis of DR remains inadequately 
understood. Diabetes causes metabolic and physiologic abnormalities in the retina, and 
these changes suggest a role for inflammation in the development of DR. These changes 
include up regulation of isoforms of nitric oxide synthase (iNOS), cyclooxygenases (COX)-2, 
intercellular adhesion molecule 1 (ICAM-1), vascular endothelial growth factor (VEGF), 
nuclear factor kappa B (NF-κB), increased production of nitric oxide, prostaglandin E2, 
interleukin (IL)- 1β, and cytokines, as well as increased permeability and leukostasis. 

Using selective pharmacologic inhibitors or genetically modified animals, an increasing 
number of therapeutic approaches have been identified that significantly inhibit 
development of at least the early stages of diabetic retinopathy, especially occlusion and 
degeneration of retinal capillaries. A common feature of a number of these therapies is that 
they inhibit production of inflammatory mediators. The concept that localized inflammatory 
processes play a role in the development of diabetic retinopathy is relatively new, but 
evidence that supports the hypothesis is accumulating rapidly. 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 neovascularization that often accompanies it. 
Finally, clinical findings validating the role of inflammation in DR are described. 

2. An inflammation in the early performance of diabetic retinopathy 
Diabetic retinopathy classically has been regarded as a disease of the retinal microvasculature, 
and the natural history of the disease has been divided into an early, nonproliferative (or 
background) stage, and a later, proliferative stage. It is becoming appreciated also that cells of 
the neuroretina also are affected in diabetes. A number of metabolic or molecular 
abnormalities that are characteristic of inflammation have been detected in retinas of diabetic 
animals or patients, or in retinal cells exposed to elevated concentrations of glucose. 
Histologically, vascular lesions in the early stages of diabetic retinopathy in man and animals 
are characterized by the presence of saccular capillary microaneurysms, pericyte deficient 
capillaries, and obliterated and degenerate capillaries. These degenerate capillaries are not 
perfused, and so increases in their frequency represent reductions in retinal perfusion. 
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Capillary occlusion and degeneration initially occurs in single, isolated capillaries, and 
has no clinical importance when only few capillaries have become nonperfused. As more 
and more capillaries become occluded, however, retinal perfusion likely decreases, at 
least locally. Mechanisms believed to contribute to the degeneration of retinal capillaries 
in diabetes include occlusion of the vascular lumen by white blood cells or platelets, death 
of capillary cells secondary to biochemical abnormalities within the vascular cells 
themselves, or capillary cell death secondary to products generated by other nearby cells 
(such as neurons or glia). All species studied today have been found to show degeneration 
of retinal capillaries as well as death of pericytes and endothelial cells, but 
microaneurysms are not commonly found in rodent models of diabetic retinopathy. 
Inflammation is a nonspecific response to injury that includes a variety of functional and 
molecular mediators, including recruitment and activation of leukocytes. Inflammation 
typically has beneficial effects on an acute basis, but can have undesirable effects if 
persisting chronically. The increased expression of many inflammatory proteins is 
regulated at the level of gene transcription through the activation of proinflammatory 
transcription factors, including NF-κB. These proinflammatory transcription factors are 
activated and play a critical role in amplifying and perpetuating the inflammatory 
process. Transcription factors associated with production of proinflammatory mediators 
include NF-κB, activator protein 1 (AP-1), specificity protein 1 (Sp1), peroxisome 
proliferator-activated receptors (PPARs) and other members of the nuclear receptor 
superfamily. Proinflammatory proteins (including COX-2, interleukin-1, tumor necrosis 
factor alpha) can contribute to cell damage and death in tissues including brain and 
retina, at least in part via activation of NF-κB (Fig.1.). 

2.1 NF-κB 

NF-κB is a widely expressed inducible transcription factor that is an important regulator of 
many genes involved in mammalian inflammatory and immune responses, proliferation 
and apoptosis. Evidence in support of an important role of NF-κB in the pathogenesis of 
early stages of diabetic retinopathy is twofold. First, inhibition of proteins whose expression 
is regulated by NF-κB (such as iNOS and ICAM) inhibit diabetes-induced degeneration of 
retinal capillaries. Second, compounds known to inhibit NF-κB likewise inhibit the 
development of the retinopathy. For example, several different antioxidants which inhibit 
the development of capillary degeneration and pericyte loss in retinas of diabetic rats also 
inhibit the diabetes-induced activation of retinal NF-κB. Likewise, low-intermediate doses of 
salicylates (aspirin, sodium salicylate, and sulfasalazine) which inhibited NF-κB activation 
in retinas of diabetic rats, also inhibited expression of inflammatory mediators like iNOS 
and ICAM-1, and capillary degeneration and pericyte loss in those animals. Aspirin is 
known to inhibit also production of prostaglandins, but salicylate and sulfasalazine have 
much less of this activity, suggesting that the common action of these 3 salicylates to inhibit 
retinopathy in diabetes was not primarily mediated by inhibition of prostaglandins. 

Our experiments showed that Ubiqutin-proteasome system can influence the occurrence 
and development of DR by regulating NF-κB and IκB expression. Application of MG 132, 
ubiqutin-proteasome inhibitor, can inhibit the ubiquitination of IκB degradation, and block 
the activation of NF-κB, which may play an early intervention role in DR. 
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2.2 iNOS 

iNOS expression is regulated at least in part by NF-κB. Interestingly, experimental 
sympathectomy itself increases gene and protein expression of iNOS in retinas of 
nondiabetic rats, suggesting that loss of sympathetic activity, such as which occurs in 
diabetes, might contribute to the upregulation of this inflammatory protein in the retina. In 
retinas of diabetic animals, increased levels of nitric oxide products (nitrotyrosine, nitrite, 
nitrate) have been reported. Upregulation of iNOS has been found in retinas of experimental 
diabetic rodents and patients in most studies. Diabetes-induced alterations inexpression of 
other isoforms of nitric oxide synthase also have been reported. A possible role of iNOS in 
the pathogenesis of diabetic retinopathy is suggested by the studies of aminoguanidine. 
Aminoguanidine is a relatively selective inhibitor of iNOS, and has been found to inhibit the 
diabetes-induced increase nitric oxide production and iNOS expression in retina. 
Aminoguanidine also has been found to inhibit the development of the microvascular 
lesions of diabetic retinopathy in diabetic dogs, rats, and mice. Nevertheless, 
aminoguanidine also has other effects, so this therapy does not absolutely prove a role of 
iNOS in the pathogenesis of the retinopathy. The role of iNOS in the development of the 
early stages of diabetic retinopathy recently has been investigated directly using mice 
genetically deficient in iNOS. In that study, wildtype diabetic mice developed the expected 
degeneration of retinal capillaries, as well as increase in leukostasis and superoxide 
generation. In contrast, diabetic mice deficient in iNOS did not develop these structural or 
functional abnormalities. eNOS expression also has been reported to be elevated in the 
retinas in the diabetic rats, and it has been suggested that eNOS might play a role in the 
development of diabetes-induced leukostasis and/or retinopathy. This posibility has not 
been experimentally addressed due, in part, to the hypertension that results in the absence 
of eNOS, as well as a lack of specific inhibitors of the enzyme. 

2.3 Cyclooxygenases 

COX-2 expression is regulated at least in part by NF-κB. In retinas of diabetic animals, 
induction of COX-2 as well as increased production of prostaglandins has been reported. 
Researchers have shown that PGE2 production by retinas from diabetic rats was significantly 
inhibited by celecoxib (a selective COX-2 inhibitor), but not by a COX-1 inhibitor, suggesting 
that COX-2 is primarily responsible for the diabetes-induced increase in retinal production of 
PGE2 in diabetic rats. Inhibition of COX-2 has been reported to inhibit the diabetes-induced 
upregulation of retinal prostaglandins and VEGF, the increase in retinal vessel permeability 
and leukostasis, and the death of retinal endothelial cells cultured in diabetic-like 
concentrations of glucose. The COX-2 inhibitor, Meloxicam, also reduced eNOS levels, 
inhibited NF-κB activation in the diabetic retina, and modestly, but significantly, reduced 
TNFα levels in the retina. Its effect on histologic lesions of diabetic retinopathy was not 
studied. Less selective COX inhibitors have inhibited the development of the retinopathy in 
diabetic dogs and rodents, as well as the increase in vascular permeability in diabetic rodents. 
Nepafenac is an inhibitor of cyclooxygenases that can be applied in eye drops. It was found to 
inhibit diabetes-induced prostaglandin production and leukocyte adhesion in retinal vessels 
of diabetic rats, and the diabetes-induced increase in the number of TUNEL-positive capillary 
cells, acellular capillaries, and pericyte ghosts in the retina. 

Micro RNAs (miRNAs) are a class of highly conserved, small non-coding RNAs that 
powerfully regulate gene expression at the posttranscriptional level. A growing number of 
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reports have established a link between miRNAs and DR in recent years. Kovacs B et al. 
proposed upregulation of NF-κB-, VEFG-, and p53- responsive miRNAs constituted key 
miRNA signatures, reflecting ongoing pathologic changes of early DR. But the exact roles of 
miRNAs in DR are still unknown. Our teams are still devoting the study of differentially 
expressed miRNA of human retinal capillary endothelial cells in high glucose environment 
by miRNA gene chip.(Table 1,2) 

 
Table 1. The up-regulated miRNA（Fold change>2) A: Normal control group  B: High 
glucose group 

Table 2. The down-regulated miRNAs( Fold change<0.5) A: Normal control group  B: High 
glucose group 
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3. Leukocyte activation and endothelial cell injury 
Attraction and adhesion of leukocytes to the vascular wall are important components of 
inflammatory processes. This leukostasis has been found to be significantly increased in 
retinas of diabetic animals, and might contribute to the capillary nonperfusion in diabetic 
retinopathy. Leukocyte stiffness has been reported to be increased in diabetes (decreased 
filterability) and to contribute to the development of capillary nonperfusion in retinal 
vessels. A second line of evidence shows that abnormal leukocyte adherence to retinal 
vessels in diabetes occurs via adhesion molecules. 

 
Fig. 1.Role of aldose reductase in mediation of inflammatory signals. Cytokines, growth 
factors (GF), and lipopolysaccharide (LPS) cause oxidative stress via generation of ROS 
which forms toxic lipid aldehydes such as HNE by lipid peroxidation. HNE being highly 
electrophilic conjugates with cellular glutathione (GSH) spontaneously or catalyzed by GST 
to form GS-HNE. The reduced products of GS-aldehydes, GS-DHN, transduce 
inflammatory signaling via cascade of protein kinases leading to activation of NF-κB. 
Activation of NF-κB transcribes genes responsible for various inflammatory 
pathologies.（Reproduced from Int J Biochem Cell Biol. 2010 January ; 42(1): 17–20. 
doi:10.1016/j.biocel.2009.09.009.） 
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Diabetes increases expression of ICAM-1 in retinas of animals and humans and interaction 
of this adhesion molecule on retinal endothelia with the CD18 adhesion molecule on 
monocytes and neutrophils contributes to the diabetes-induced increase in leukostasis 
within retinal vessels. Leukostasis has been postulated to be a factor in death of retinal 
endothelial cells in diabetes. Using in situ perfusion methods, evidence consistent with 
capillary occlusion secondary to leukostasis has been observed in occasional retinal vessels, 
but it is unclear whether this occurred in vivo or was an artifact caused by the perfusion in 
vitro. Retinas from diabetic mice lacking ICAM-1 and CD18 are protected from the 
development of diabetes-induced increase in leukostasis, vascular permeability, and 
degeneration of retinal capillaries, showing these proteins to be important in the 
development of early stages of diabetic retinopathy. Whether their role in the development 
of the retinal disease results from capillary occlusion or some other mechanism, however, 
has not been explored. 

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 
leukostasis is mediated by retinal upregulation of 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 primarily a function of 
infiltrating leukocytes, DR is also associated with ischemic neovascularization, a process 
that is amplified by the influx of macrophages. 

4. Causes of inflammation 
4.1 Vascular Endothelial Growth Factor (VEGF) 

VEGF is a proinflammatory molecule that plays a well-recognized role in neovascularization 
and in increased permeability. VEGF expression is regulated largely by hypoxia, but it also 
accumulates in the retina early in diabetes, before any retinal hypoxia is yet apparent. It is 
produced by multiple cell types in the retina in diabetes, including ganglion cells, Müller 
cells, and pericytes. Repeated injections of high concentrations of VEGF in the eyes of non-
diabetic monkeys result in retinal changes which in some ways resemble those in the early 
stages of diabetic retinopathy, including vascular tortuosity and microaneurysms. 

4.2 Tumor Necrosis Factor-α (TNF-α) 

The levels of several proinflammatory cytokines including IL-1β, TNF-α, IL-6, and IL-8 are 
increased in the vitreous of patients with proliferative diabetic retinopathy and in retinas 
from diabetic rodents. Inflammation is one of the processes implicated in the apoptosis of 
retinal cells , and TNF-α is considered as an important mediator of apoptosis of retinal 
endothelial cells in diabetes. 

Evidence supporting a role for TNF-α in DR comes from studies demonstrating  elevations 
of TNF-α in ocular fibrovascular membranes, platelets, and plasma or serum of patients 
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with DR. Vitreous elevations in TNF-α in patients with proliferative DR were reported in 
one study, although another study found no difference in the vitreous levels of TNF-α 
between those with proliferative DR and those with noninflammatory retinopathies. The 
susceptibility to diabetic retinopathy has been associated with TNF-α gene polymorphism 
and expression of HLA-DR3 and HLA-DR4 phenotypes. In addition, TNF-α is found in the 
extracellular matrix, endothelium, and vessel walls of fibrovascular tissue of eyes with 
proliferative diabetic retinopathy. 

Eternacept is a soluble TNF-α receptor that acts as competitive inhibitor to block effects of 
TNF-α binding to cells. Eternacept reduced leukocyte adherence in retinal blood vessels of 
diabetic rats for 1 week compared to control. Eternacept did not reduce retinal VEGF levels, 
but it inhibited blood-retinal barrier breakdown and NF-κB activation in the diabetic retina.  

4.3 Inter-cellular Adhesion Molecule 1 (ICAM-1) 

White blood cells bind to ICAM-1 on the surface of endothelial cells as a component of a 
multistep process leading to adherence of the white blood cell to the endothelial wall. 
ICAM-1 is a peptide known to mediate leukocyte adhesion and transmigration. ICAM-1 
may be operative in the stasis observed in diabetic retinopathy, because ICAM-1 
immunoreactivity is increased in the diabetic retinal vasculature of humans. 

ICAM-1 is upregulated by several stimuli, including VEGF, PARP activation, oxidative 
stress, and dylipidemia, at least in part by NF-κB. 

4.4 Endothelin-1(ET-1) 

ET-1 is one of the strongest vasoconstrictive factors. The DAG/PKC pathway determines 
blood flow dysregulation by decreasing endothelial NOS activity and/or increasing the 
synthesis of ET-1. Observations indicate that the participation of endothelin in coagulation 
disorders is also essential for the development of proliferative diabetic retinopathy (PDR). 
Some studies point out the fact that thrombosis in the rat microcirculation and a DIC-like 
process in the rabbit circulation develop under the influence of ET-1. An important element 
in the development of this disturbance is the documented mitogen-activated protein (MAPK 
kinase)-dependent ET-1 production. Another study has found that the molecular function of 
ET-1 and PKC is predicted. According to this study, different pathways can be derived from 
ET-1 and PKC; however, ET-1–PKC produces the same pathway as PKC. This could mean that 
the interaction between ET-1 and PKC results in increased activity of the PKC pathway but 
does not generate any new pathway.  

4.5 IL-6 

Clinical reports show that IL-6 in the vitreous fluid increases not only in uveitis but also in 
diabetic retinopathy, retinal vein occlusion, and retinal detachment. Research with 
experimental animals has shown that diffusible factors, IL-6 and other proteins in the IL-6 
family, such as leukemia inhibitory factor (LIF) and ciliary neurotrophic factor (CNTF), are 
expressed in the retina. Both IL-6 and LIF are found in Müller glial cells, and CNTF is found 
in the retinal ganglion cells and astrocytes around the vessels. These endogenous IL-6 family 
proteins are upregulated during inflammation and function to promote pathogenesis of the 
vascular system. 
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IL-6 family proteins use cytokine-specific receptors to activate a transmembrane receptor, 
gp130, which then recruits Janus kinase (JAK) to activate transcription factor signal 
transducer and activator of transcription 3 (STAT3). STAT3 then regulates various molecules 
at the transcriptional level, including suppressor of cytokine signaling 3 (SOCS3). SOCS3 
acts as a negative feedback modulator of STAT3 by inhibiting JAK and subsequent STAT3 
activation. In the retina, SOCS3 is expressed in the photoreceptor cells, Müller glial cells, and 
retinal ganglion cells, and it inhibits STAT3 activation in these cells. Since STAT3 activation 
induces further STAT3-activating factors, such as the IL-6 family ligands, the balance 
between STAT3 activation and SOCS3 level is one of the key determinants of an 
inflammatory reaction. 

5. Anti-inflammatory and effects of anti-inflammatory drug treatment 
5.1 Glucocorticoid 

Glucocorticoids are well-established anti-inflammatory compounds that may be effective in 
reversing or preventing the progression of macular edema, and are currently under 
investigation as a therapy for diabetic retinopathy. Glucocorticoids are effective at reversing 
VEGF-induced permeability in animal models. In addition to the anti-inflammatory effect of 
glucocorticoids, our laboratory has demonstrated that these steroids also induce the 
synthesis and assembly of tight junctions and the dephosphorylation of occluding 
commensurate with a reduction in endothelial permeability. Recent work revealed the 
presence of a novel enhancer element unlike the canonical glucocorticoid response element, 
in the occludin promoter that controls glucocorticoid responsiveness of this gene 
(manuscript submitted). Future studies may reveal more specific means to control 
expression of the tight junction proteins and barrier properties. 

5.2 Nonsteroidal anti-inflammatory drugs 

Nonsteroidal anti-inflammatory drugs (NSAIDs) are one of the most commonly prescribed 
classes of medications worldwide. Aspirin and other chemically related compounds, used 
systemically for many decades for their analgesic, antipyretic, and anti-inflammatory 
properties, have more recently been prepared in topical ophthalmic formulations. As such, 
they have proven useful to enhance mydriasis, reduce postoperative inflammation, and 
prevent and treat cystoid macular edema (CME) associated with cataract surgery. In 
addition, they can be used to decrease pain and photophobia after refractive surgery and to 
alleviate itching associated with allergic conjunctivitis.The development of NSAIDs that 
preferentially inhibit COX-2 provides the potential for relieving pain and inflammation 
without the adverse effects of COX-1 blockade, but the advantages of this approach have 
been questioned. Although COX-2 inhibitors may reduce gastro-intestinal toxicity, they 
appear to have equivalent nephrotoxicity to conventional NSAIDs. 

5.3 VEGF drugs for VEGF in the PDR 

Both clinical and preclinical findings have implicated VEGF in the pathophysiology of 
diabetic retinopathy. 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.  
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Three anti-VEGF pharmacologic agents are currently available commercially. Pegaptanib is 
a paginated aptamer that targets the VEGF165 isoform. It has been shown to inhibit VEGF’s 
endothelial mitogen activity and its vascular permeability effects. The US Food and Drug 
Administration (FDA) has approved Macugen for the treatment of neovascular AMD. The 
VEGF Inhibition Study in Ocular Neovascularization (VISION) trial established its safety 
and efficacy in neovascular AMD. Ranibizumab is a recombinant, humanized antibody 
fragment that binds all isoforms of VEGF, whereas bevacizumab (Avastin, Genentech, Inc.) 
is a recombinant, full-length, humanized antibody that also binds all VEGF isoforms. 
Lucentis is currently FDA-approved for neovascular AMD, while Avastin is used on an off-
label basis for a variety of ophthalmic conditions. Large clinical trials of Avastin are 
currently underway for AMD, DME, and vein occlusions, but the safety and efficacy of 
Avastin for intraocular use remains to be demonstrated. 

6. Conclusions 
Acquired visual impairment of DR is the consequence of diabetic blood-retinal barrier 
breakdown. Peroxisome proliferator-activated receptor-gamma excitomotor (PPAR-γ), 
rosiglitazone, lessened much more of the pericytes, and decreased the number of 
proliferative endothelial cells with the lower permeability value of the blood-retinal barrier 
in our DM model rats research, induced by streptozotocin (STZ).  

Diabetic retinopathy is a common microvascular complication in the eyes of diabetic 
individuals. 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. Numerous defects that develop in retinas as a result of diabetes are consistent with 
diabetes-induced inammatory response in that tissue. These inammatory changes 
apparently are important in the pathogenesis of diabetic retinopathy, since inhibition of this 
inammatory cascade at any of multiple steps can inhibit the early stages of diabetic 
retinopathy in animals. Findings of diabetes induced inammatory changes, generally, in 
the human eye also, are consistent with the postulate that inammatory processes contribute 
to the development of diabetic retinopathy. The evidence in diabetic animals is sufficient to 
warrant further investigations of the role of inammation in the development of diabetic 
retinopathy in patients. 
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1. Epidemiology 
International epidemiological studies indicate that over the last 50 years there has been 
progressive raise in diabetes incidence. According to International Diabetes Federation (IDF) 
currently there are 284 millions of people affected by diabetes worldwide and IDF prognosis 
predicts that in 2030 this number for all countries and human races will reach 438 million 
which will account for 7.7% of global population (IDF Atlas, 2010). The highest prevalence of 
diabetes is in North America where it reached the level of 10.2% of adult population whereas 
in Europe the prevalence is 6.9% of population aged 20 to 79 years. Particularly worrying is 
constant increase in diabetes incidence of both type 1 (Patterson et al., 2009; Jarosz-Chobot et 
al., 2011) as well as type 2 (D'Adamo & Caprio, 2011) in developmental age population. As a 
consequence of increase in diabetes prevalence there is higher number of patients with 
microangiopathic complications including diabetic retinopathy (DR) in children and youth 
(Cho et al., 2011) and in adults (Rosenson et al., 2011). Chronic complications reduce the 
quality of life and are a main cause of disability. Diabetic retinopathy has become a leading 
reason for blindness and visual impairment in developed countries and is constantly 
increasing (Fong et al ., 2004). Nearly all patients with type 1 diabetes will develop some 
manifestation of DR, whereas in type 2 diabetic patients 80% of insulin- dependent patients 
and 50% of patients not requiring insulin therapy will have DR within 20 to 25 years following 
disease onset (Lamoureux & Wong, 2011). Among younger-onset patients with diabetes, the 
prevalence of any retinopathy was 8% at 3 years, 25% at 5 years, 60% at 10 years, and 80% at 15 
years. The prevalence of proliferative diabetic retinopathy (PDR) was 0% at 3 years and 
increased to 25% at 15 years (National Health and Nutrition Examination Survey, 2006). 

2. Pathomechanism of diabetic retinopathy 
Although there is a high incidence of diabetic retinopathy, its pathogenesis still remains 
enigmatic. Before changes in the eye fundus  become visible in ophtalmoscopic examination or 
fluorescein angiography, in immunohistopathological study there are already visible 
morphological changes in precapillary arterioles, capillaries and venules of diameter less than 
100 µm. In initial stage of development of diabetic retinopathy there is thickening of basal 
membrane of small vessels, its narrowing and closure, disappearance of pericytes, weakening 



 
Diabetic Retinopathy 

 

136 

[37] X. Wang, P. Lupardus, S. L. LaPorte, et al.,Structural biology of shared cytokine 
receptors, Annual Review of Immunology, vol. 27, pp. 29–60, 2009.  

[38] A. Yoshimura, Regulation of cytokine signaling by the SOCS and Spred family proteins, 
Keio Journal of Medicine, vol. 58, no. 2, pp. 73–83, 2009. 

[39] Y. Ozawa, K. Nakao, T. Kurihara et al., Roles of STAT3/SOCS3 pathway in regulating 
the visual function and ubiquitinproteasome-dependent degradation of rhodopsin 
during retinal inflammation, Journal of Biological Chemistry, vol. 283,no. 36, pp. 
24561–24570, 2008. 

[40] Y. Ozawa, K. Nakao, T. Shimazaki et al., SOCS3 is required to temporally fine-tune 
photoreceptor cell differentiation, Developmental Biology, vol. 303, no. 2, pp. 591–
600, 2007. 

[41] H. Ogura, M. Murakami, Y. Okuyama et al., Interleukin-17 promotes autoimmunity by 
triggering a positive-feedback loop via interleukin-6 induction, Immunity, vol. 29, 
no. 4, pp.628–636, 2008. 

[42] B. J. Baker, L. N. Akhtar, and E. N. Benveniste, SOCS1 and SOCS3 in the control of CNS 
immunity, Trends in Immunology, vol. 30, no. 8, pp. 392–400, 2009. 

[43] Y. Ozawa, K. Nakao, T. Shimazaki et al., Downregulation of STAT3 activation is 
required for presumptive rod photoreceptor cells to differentiate in the postnatal 
retina, Molecular and Cellular Neuroscience, vol. 26, no. 2, pp. 258–270, 2004.  

[44] T. Kurihara, Y. Ozawa, K. Shinoda et al., Neuroprotective effects of angiotensin II type 1 
receptor (AT1R) blocker,telmisartan, via modulating AT1R and AT2R signaling in 
retinal inflammation, Investigative Ophthalmology and Visual Science, vol. 47, no. 
12, pp. 5545–5552, 2006. 

[45] M. Sasaki, Y. Ozawa, T. Kurihara et al., Neuroprotective effect of an antioxidant, lutein, 
during retinal inflammation, Investigative Ophthalmology&Visual Science, vol. 50, 
no. 3, pp.1433–1439, 2009. 

[46] S. J. Kim, A. J. Flach, and L. M. Jampol., Nonsteroidal Anti-inflammatory Drugs in 
Ophthalmology, SURVEY OF OPHTHALMOLOGY VOLUME 55 _ NUMBER 2 _ 
MARCH–APRIL 2010 

[47] D. S. cLeod, D. J. Lefer, C. Merges, et al.  (1995) Enhanced expression of intracellular 
adhesion molecule-1 and P-selectin in the diabetic human retina and choroid. Am J 
Pathol 147:642–653 

[48] C. Bell, E. Lynam, D. J. Landfair, et al. (1999) Oligonucleotide NX1838 inhibits VEGF165-
mediated cellular responses in vitro. In Vitro Cell Dev Biol Anim 35:533–54  

[49] E. S. Gragoudas, A. P. Adamis, E. T. Jr. Cunningham, et al., VEGF Inhibition Study in 
Ocular Neovascularization Clinical Trial Group (2004) Pegaptanib for neovascular 
agerelated macular degeneration. N Engl J Med 351:2805–2816 

[50] WU Yan, Lü Hong-Bin, et al.(2010), Effect of MG 132 on expression of NF-κB and IκB 
in early period diabetic retinopathy in rats, Recent Advances in Ophthalmology. 
vol30,no.5,pp.441-444 

[51] JIANG Ling, LIAO Hong-xia, WU Yan, Lü Hong-Bin, et al. (2010), Effects of peroxisome 
proliferator-activated receptor-gamma excitomotor on blood-retinal barrier in rat 
with diabetic retinopathy, Chinese Ophthalmic Research, vol28, no11, pp.1054-1058 

[52] Beatrix Kovacs, Stephen Lumayag, Colleen Cowan, Shunbin Xu. MicroRNAs in Early 
Diabetic Retinopathy in Streptozotocin-induced Diabetic Rats. Invest  Ophthalmol  
Vis  Sci, Apr 2011; 10.1167/iovs.10-6879 

8 

Immunological Risk Factors for 
 the Development and Progression 

 of Diabetic Retinopathy 
Katarzyna Zorena, Dorota Raczyńska, and Krystyna Raczyńska 

Medical University of Gdańsk 
Poland 

1. Epidemiology 
International epidemiological studies indicate that over the last 50 years there has been 
progressive raise in diabetes incidence. According to International Diabetes Federation (IDF) 
currently there are 284 millions of people affected by diabetes worldwide and IDF prognosis 
predicts that in 2030 this number for all countries and human races will reach 438 million 
which will account for 7.7% of global population (IDF Atlas, 2010). The highest prevalence of 
diabetes is in North America where it reached the level of 10.2% of adult population whereas 
in Europe the prevalence is 6.9% of population aged 20 to 79 years. Particularly worrying is 
constant increase in diabetes incidence of both type 1 (Patterson et al., 2009; Jarosz-Chobot et 
al., 2011) as well as type 2 (D'Adamo & Caprio, 2011) in developmental age population. As a 
consequence of increase in diabetes prevalence there is higher number of patients with 
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years. The prevalence of proliferative diabetic retinopathy (PDR) was 0% at 3 years and 
increased to 25% at 15 years (National Health and Nutrition Examination Survey, 2006). 
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Although there is a high incidence of diabetic retinopathy, its pathogenesis still remains 
enigmatic. Before changes in the eye fundus  become visible in ophtalmoscopic examination or 
fluorescein angiography, in immunohistopathological study there are already visible 
morphological changes in precapillary arterioles, capillaries and venules of diameter less than 
100 µm. In initial stage of development of diabetic retinopathy there is thickening of basal 
membrane of small vessels, its narrowing and closure, disappearance of pericytes, weakening 
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and distension of small vessel walls and, in consequence, formation of microaneurisms and 
endothelial cell proliferation. Additionally, the following take place: functional changes in 
capillaries, increase in their permeability and disruption of blood-retina barrier. As a result of 
enhanced vascular permeability, oedemas and haemorrhages appear in the retina. Moreover, 
the closure of retinal vessels leads to areas with loss of blood flow within retina, which causes 
its chronic ischaemia and hypoxia and subsequent increase in the production of growth factors 
that, in turn, induce angiogenesis, formation of arterio-venous anastomoses and proliferation 
of fibrous tissue within retina and optic nerve disc (Yoshida et al., 2004; Curtis et al., 2009; Roy 
et al., 2010; Lange et al. 2011). It is commonly accepted that hyperglycaemia plays crucial role 
in pathogenesis of diabetic angiopathy (Roy et al., 2010; Kowluru et al., 2010). Hyperglycaemia 
leads to the formation of advanced glycation end products (AGEs) which are durable, 
irreversible and their characteristic feature is to create cross-links between proteins which in 
turn affects flexibility of vessels (Wa et al., 2007; Roy et al., 2010; Yamagishi et al., 2011). It was 
proved that AGEs interaction with receptor for advanced glycation end products (RAGEs) 
plays a key role in development and progression of late diabetic complications (Thomas et al., 
2011; Yamagishi et al., 2011; Zong et al., 2011). In multiple studies investigating diabetic 
retinopathy pathogenesis more and more attention is paid to inflammatory and angiogenic 
factors (Naldini et al., 2005; Maier et al., 2006;  Campa et al, 2010; Praidou et al., 2010).  

 
Fig. 1. The selected factors involved in the development and progression of diabetic 
retinopathy. AGEs - advanced glycation end products, RAGEs - receptor for advanced 
glycation end products, VEGF- vascular endothelial growth factor, IGF-I - insulin like 
growth factor, PLGF - placental growth factor, HGF – hepatocyte growth factor, PEDF - 
pigment epithelium derived factor, bFGF - basic fibroblast growth factor, TGF-β 
transforming growth factor beta, MMPs – metalloproteinases PDGF-platelet-derived growth 
factor , EGF-Epidermal growth factor, Ang-2 - Angiopoietin-2  
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In the eye of a healthy person endothelial cells are mitotically inactive thanks to pro-
angiogenic and anti-angiogenic factors remaining in balance. Healthy organism maintains 
perfect equilibrium between angiogenesis modulators (Carmeliet, 2003; Kvanta, 2006). 
However in the case of hypoxia or inflammation this balance may be shifted towards 
neoangiogenesis (Kvanta, 2006; Campa et al., 2010). Eye angiogenesis is a complicated multi-
stage process in which new vessels are created from existing ones (Kvanta, 2006; Curtis et 
al., 2009). This usually leads to significant loss of vision in patients with type 1 as well as 
type 2 diabetes (Rosenson et al., 2011; Durham & Herman, 2011). Results of studies 
conducted within last ten years proved that eye angiogenesis may involve choroid, cornea 
as well as retina (Kvanta, 2006; Caporali & Emanueli, 2011). During retinal angiogenesis 
newly formed vessels grow into vitreous where they may break and cause haemorrhage or 
retinal detachment. Fig. 1-3 shows three examples of a fundus of the eyes from normal and 
diabetic individuals.  

   
Fig. 2. Fundus photos of eyes from normal and diabetic individuals. 1. Normal fundus of the 
eye. 2. Proliferative diabetic retinopathy with tractional retinal detachment. 3. Diabetic 
retinopathy accompanied by macular oedema, status after argon laser therapy. 

3. Inflammatory and angiogenic factors of diabetic retinopathy 
3.1 Growth factors 

3.1.1 Vascular Endothelial Growth Factor (VEGF) 

VEGF is the most potent factor stimulating physiological and pathological angiogenesis. It is 
a 46-48 kD of molecular weight glycosylated homo-dimer produced by endothelial cells, 
macrophages, CD4 lymphocytes, plasmatic cells, myocytes, megakaryocytes as well as 
neoplasm cells (Ferrara et al., 2003, Ferrara, 2004). VEGF induces new blood vessel 
formation through binding to receptors. The VEGF family encompasses 6 proteins: VEGF-
A,-B,-C,-D,-E and PLGF. Best known and most frequently used clinically is VEGF-A. There 
are also other VEGF isoforms known: VEGF121, VEGF145, VEGF148, VEGF162, VEGF165, 
VEGF183, VEGF189, VEGF206, with different amino acid chain length, ability to bind 
heparin, mitogenic activity and VEGF receptor affinity (Ferrara, 2004; Simó et al., 2006; 
Wirostko et al., 2008). VEGF stimulates proliferation and migration of endothelial cells and 
increases blood vessel permeability (Aiello et al, 1994; Wirostko et al., 2008). Furthermore it 
induces production of tissue collagenase and increases macrophage and monocytes 
chemotaxis. The authors (Matsumoto et al., 2002; Oh et al., 2010; Suzuki  et al., 2011) 



 
Diabetic Retinopathy 

 

138 

and distension of small vessel walls and, in consequence, formation of microaneurisms and 
endothelial cell proliferation. Additionally, the following take place: functional changes in 
capillaries, increase in their permeability and disruption of blood-retina barrier. As a result of 
enhanced vascular permeability, oedemas and haemorrhages appear in the retina. Moreover, 
the closure of retinal vessels leads to areas with loss of blood flow within retina, which causes 
its chronic ischaemia and hypoxia and subsequent increase in the production of growth factors 
that, in turn, induce angiogenesis, formation of arterio-venous anastomoses and proliferation 
of fibrous tissue within retina and optic nerve disc (Yoshida et al., 2004; Curtis et al., 2009; Roy 
et al., 2010; Lange et al. 2011). It is commonly accepted that hyperglycaemia plays crucial role 
in pathogenesis of diabetic angiopathy (Roy et al., 2010; Kowluru et al., 2010). Hyperglycaemia 
leads to the formation of advanced glycation end products (AGEs) which are durable, 
irreversible and their characteristic feature is to create cross-links between proteins which in 
turn affects flexibility of vessels (Wa et al., 2007; Roy et al., 2010; Yamagishi et al., 2011). It was 
proved that AGEs interaction with receptor for advanced glycation end products (RAGEs) 
plays a key role in development and progression of late diabetic complications (Thomas et al., 
2011; Yamagishi et al., 2011; Zong et al., 2011). In multiple studies investigating diabetic 
retinopathy pathogenesis more and more attention is paid to inflammatory and angiogenic 
factors (Naldini et al., 2005; Maier et al., 2006;  Campa et al, 2010; Praidou et al., 2010).  

 
Fig. 1. The selected factors involved in the development and progression of diabetic 
retinopathy. AGEs - advanced glycation end products, RAGEs - receptor for advanced 
glycation end products, VEGF- vascular endothelial growth factor, IGF-I - insulin like 
growth factor, PLGF - placental growth factor, HGF – hepatocyte growth factor, PEDF - 
pigment epithelium derived factor, bFGF - basic fibroblast growth factor, TGF-β 
transforming growth factor beta, MMPs – metalloproteinases PDGF-platelet-derived growth 
factor , EGF-Epidermal growth factor, Ang-2 - Angiopoietin-2  
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In the eye of a healthy person endothelial cells are mitotically inactive thanks to pro-
angiogenic and anti-angiogenic factors remaining in balance. Healthy organism maintains 
perfect equilibrium between angiogenesis modulators (Carmeliet, 2003; Kvanta, 2006). 
However in the case of hypoxia or inflammation this balance may be shifted towards 
neoangiogenesis (Kvanta, 2006; Campa et al., 2010). Eye angiogenesis is a complicated multi-
stage process in which new vessels are created from existing ones (Kvanta, 2006; Curtis et 
al., 2009). This usually leads to significant loss of vision in patients with type 1 as well as 
type 2 diabetes (Rosenson et al., 2011; Durham & Herman, 2011). Results of studies 
conducted within last ten years proved that eye angiogenesis may involve choroid, cornea 
as well as retina (Kvanta, 2006; Caporali & Emanueli, 2011). During retinal angiogenesis 
newly formed vessels grow into vitreous where they may break and cause haemorrhage or 
retinal detachment. Fig. 1-3 shows three examples of a fundus of the eyes from normal and 
diabetic individuals.  

   
Fig. 2. Fundus photos of eyes from normal and diabetic individuals. 1. Normal fundus of the 
eye. 2. Proliferative diabetic retinopathy with tractional retinal detachment. 3. Diabetic 
retinopathy accompanied by macular oedema, status after argon laser therapy. 

3. Inflammatory and angiogenic factors of diabetic retinopathy 
3.1 Growth factors 

3.1.1 Vascular Endothelial Growth Factor (VEGF) 

VEGF is the most potent factor stimulating physiological and pathological angiogenesis. It is 
a 46-48 kD of molecular weight glycosylated homo-dimer produced by endothelial cells, 
macrophages, CD4 lymphocytes, plasmatic cells, myocytes, megakaryocytes as well as 
neoplasm cells (Ferrara et al., 2003, Ferrara, 2004). VEGF induces new blood vessel 
formation through binding to receptors. The VEGF family encompasses 6 proteins: VEGF-
A,-B,-C,-D,-E and PLGF. Best known and most frequently used clinically is VEGF-A. There 
are also other VEGF isoforms known: VEGF121, VEGF145, VEGF148, VEGF162, VEGF165, 
VEGF183, VEGF189, VEGF206, with different amino acid chain length, ability to bind 
heparin, mitogenic activity and VEGF receptor affinity (Ferrara, 2004; Simó et al., 2006; 
Wirostko et al., 2008). VEGF stimulates proliferation and migration of endothelial cells and 
increases blood vessel permeability (Aiello et al, 1994; Wirostko et al., 2008). Furthermore it 
induces production of tissue collagenase and increases macrophage and monocytes 
chemotaxis. The authors (Matsumoto et al., 2002; Oh et al., 2010; Suzuki  et al., 2011) 
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demonstrated that VEGF increases monocyte chemoattractant protein-1 (MCP-1) mRNA 
expression. VEGF induces MCP-1 most likely through activation of transcription factors 
such as NFκB and AP-1 and signalling pathways dependent and independent from ERKs 
(Mohammad & Kowluru, 2010). It is known that pro-inflammatory protein MCP-1 is a 
potent attractant for monocytes and has been detected in the majority of patients with 
proliferative retinopathy. As it causes monocyte/ macrophage infiltration, it leads to 
vascular abnormalities (Czepluch et al., 2009; Zhang et al., 2009).The hypothesis that 
monocytes / macrophages participate in the pathogenesis of retinopathy is further 
supported by the results (Kataoka et al.,2011). The vitreous macrophages are attracted to the 
pathological vessels induced by retinal ischemia. In children and adolescents with T1DM there 
was a significant increase of VEGF levels in serum, not only in patients with type 1 diabetes 
and non-proliferative retinopathy, but also in patients in whom the ophthalmic examination 
showed no changes in the organ of sight (Chiarelli et al., 2000; Santilli et al., 2002; Zorena et al., 
2007; Myśliwiec et al., 2008). Those findings suggest that VEGF may play  a role in  the 
development of vascular changes within the eye in children and adolescents already in first 
few years of disease when available diagnostic methods can’t detect retinopathic changes. 
Furthermore, in other studies (Zorena et al., 2010) it has been noted that VEGF level has been 
higher in patients with hypertension, retinopathy and nephropathy compared to diabetic 
patients without hypertension although with retinopathy and nephropathy.In addition, there 
were no significant differences in VEGF levels between patients with T1DM group without 
hypertension, but with retinopathy and nephropathy compared to healthy controls group. 
Furthermore, how does hypertension lead to increased production of VEGF in children and 
adolescents with retinopathy is not fully known. It is believed that it is a multidirectional 
process. On one hand it is known that persistent hyperglycaemia leading to the elevation of 
HbA1c levels may lead to the production and accumulation of advanced glycation end 
products. Formation of AGEs promotes production of pro-inflammatory cytokines which may 
further initiate increase of VEGF levels and thus indirectly lead to the development of 
hypertension in T1DM (Gallego et al., 2008; Roy et al., 2010). It was shown that VEGF binds to 
VEGFR-2 receptor at the endothelial cell surface which leads to phosphorylation of 
transcription factors via MAPK (mitogen activated protein kinase) (Suzuma et al., 2001; 
Wirostko et al., 2008). As a consequence, there is increase in expression of adhesive molecules, 
cytokines, chemokines which in turn increase proliferation of endothelial cells and production 
of extracellular matrix with simultaneous impairment of its degradation. This leads to 
progressive fibrosis and closure of vessels’ lumen and subsequently increases blood flow 
resistance. Higher resistance in vascular system results in further raise in VEGF production 
which in turn causes changes in structure and ratio of collagen to elastin which makes blood 
vessels stiffer and leads to increase in blood pressure (Iglesias-de la Cruz  et al., 2002; Kvanta et 
al., 2006; Wirostko et al., 2008). Increased levels of VEGF has been detected in vitreous of adult 
patients with proliferative diabetic retinopathy (Maier et al., 2008; Marek et al., 2010; Lange et 
al., 2011). Moreover, it has been demonstrated that high level of VEGF in vitreous of patients 
with proliferative diabetic retinopathy has been associated with increased VEGF level in 
serum (Maier et al., 2008). The emerging new therapies based on application of anti VEGF 
gave promising results in treatment of proliferative diabetic retinopathy (Adamis et al,. 2006; 
Starita et al., 2007;. Hernández-DaMota et al., 2010; Engelbert et al., 2011). The first drug in this 
group was sodium pegaptanib (Macugen) with anti VEGF165 properties and has been 
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administered intravitreally. Pegaptanib has been used as a treatment of both diabetic macular  
edema (DME) as well as PDR (Adamis et al., 2006;  Querques et al., 2009; Hornan et al., 2010). 
After intravitreal injection of another VEGF-A inhibitor – ranibizumab (registered by FDA in 
June 2006 as a Lucentis) is good antiangiogenic with vision improvement in 95% of patients 
(Jorge et al., 2011; Rosenfeld et al., 2011).  

3.1.2 Insulin like Growth Factor (IGF-I) 

IGF-I is a polypeptide showing high similarity to insulin. Two different forms are 
distinguished: IGF-I and IGF-II. IGF-I circulates in blood in the form of IGF-binding protein 
(IGF-BP), probably inhibiting activity of free IGF. IGF-I is a pivotal growth factor secreted as 
a result of stimulation by human growth hormone. Both in vivo and in vitro studies indicate 
its anti-apoptotic and anti-inflammatory properties (Goes  et al., 1996; Sukhanov et al., 2007; 
Sun et al., 2010). There are reports that IGF-I has protective actions in ischaemic rat kidney 
due to inhibition of inflammatory cytokine production (Goes  et al., 1996) and anti-apoptotic 
in Parkinson disease via inhibition of GSK-3β signalling pathway (Sun et al., 2010). IGF-I 
exerts its protective actions also in central nervous system and cardiomyocytes (Sun et al., 
2010). In premature babies a small concentration of IGF-I is a risk factor of retinopathy of 
prematurity (Pérez-Muñuzuri et al., 2010). IGF-I deficiency after birth may play a role in 
development and deterioration of neurological deficiencies in premature babies (Lofqvist et 
al., 2006). On the other hand in children and youth with T1DM and microangiopathy IGF-I 
levels have been found to be lower compared to group of patients without microangiopathy 
(Peczyńska et al., 2004). Furthermore, IGF-I levels were lowest in children with T1DM for 
over 10 years. Interestingly, the same group of children had raised VEGF levels in serum 
and the longer the duration of the disease, the higher were the levels (with maximum levels 
in patients with diabetes for over 10 years) (Chiarelli  et al., 2000; Santilli  et al., 2001; 
Peczyńska et al. 2004; Zorena et al., 2009). Also much lower IGF-I concentrations were found 
in adolescents with microangiopathy compared to diabetic patients without complications 
and healthy children (Wedrychowicz et al., 2005). However, IGFBP-1 levels in serum were 
much higher whereas IGFBP-3 were lower in patients with microangiopathy compared to 
those without complications. Thus circulating IGFBP-1 may play a role in development of 
diabetic complications while IGFBP-3 may be protective (Kielczewski et al., 2011). In 
adults with PDR, levels of IGF-I and VEGF in vitreous were significantly higher than in 
control group (Simo et al., 2002; Poulaki  et al., 2004; Hartnett et al., 2009). Surprisingly 
there were no differences in levels of both factors in serum in each group. This effect 
could be explained by two mechanisms: higher concentration of IGF-I binding protein 
(IGFBP’s) in vitreous may neutralize the increased IGF-I production or may lower the  
production of free IGF-I in tissues of diabetic patients  (Simo et al., 2002). Additional 
evidence supporting IGF-I in PDR result from use of IGF-I inhibitors. Somatostatin and 
octreotide, a somatostatin analogue, inhibited IGF-I receptor (IGF-1R) phosphorylation 
and decreased VEGF production (Sall et al. 2004). Systemic inhibition of IGF-I signalling 
in a relevant animal model with a receptor-neutralizing antibody, or with inhibitors of PI-
3 kinase (PI-3K), c-Jun kinase (JNK), or Akt, suppressed downstream signalling pathways, 
VEGF expression, ICAM-1 levels, leukostasis, and BRB breakdown. Intravitreal 
administration of IGF-I increased retinal factors AKT, JNK, HIF-1alpha, NF-κB, AP-1 
activity, and VEGF levels. Haurigot et al., 2009 demonstrated that high intra-ocular 
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demonstrated that VEGF increases monocyte chemoattractant protein-1 (MCP-1) mRNA 
expression. VEGF induces MCP-1 most likely through activation of transcription factors 
such as NFκB and AP-1 and signalling pathways dependent and independent from ERKs 
(Mohammad & Kowluru, 2010). It is known that pro-inflammatory protein MCP-1 is a 
potent attractant for monocytes and has been detected in the majority of patients with 
proliferative retinopathy. As it causes monocyte/ macrophage infiltration, it leads to 
vascular abnormalities (Czepluch et al., 2009; Zhang et al., 2009).The hypothesis that 
monocytes / macrophages participate in the pathogenesis of retinopathy is further 
supported by the results (Kataoka et al.,2011). The vitreous macrophages are attracted to the 
pathological vessels induced by retinal ischemia. In children and adolescents with T1DM there 
was a significant increase of VEGF levels in serum, not only in patients with type 1 diabetes 
and non-proliferative retinopathy, but also in patients in whom the ophthalmic examination 
showed no changes in the organ of sight (Chiarelli et al., 2000; Santilli et al., 2002; Zorena et al., 
2007; Myśliwiec et al., 2008). Those findings suggest that VEGF may play  a role in  the 
development of vascular changes within the eye in children and adolescents already in first 
few years of disease when available diagnostic methods can’t detect retinopathic changes. 
Furthermore, in other studies (Zorena et al., 2010) it has been noted that VEGF level has been 
higher in patients with hypertension, retinopathy and nephropathy compared to diabetic 
patients without hypertension although with retinopathy and nephropathy.In addition, there 
were no significant differences in VEGF levels between patients with T1DM group without 
hypertension, but with retinopathy and nephropathy compared to healthy controls group. 
Furthermore, how does hypertension lead to increased production of VEGF in children and 
adolescents with retinopathy is not fully known. It is believed that it is a multidirectional 
process. On one hand it is known that persistent hyperglycaemia leading to the elevation of 
HbA1c levels may lead to the production and accumulation of advanced glycation end 
products. Formation of AGEs promotes production of pro-inflammatory cytokines which may 
further initiate increase of VEGF levels and thus indirectly lead to the development of 
hypertension in T1DM (Gallego et al., 2008; Roy et al., 2010). It was shown that VEGF binds to 
VEGFR-2 receptor at the endothelial cell surface which leads to phosphorylation of 
transcription factors via MAPK (mitogen activated protein kinase) (Suzuma et al., 2001; 
Wirostko et al., 2008). As a consequence, there is increase in expression of adhesive molecules, 
cytokines, chemokines which in turn increase proliferation of endothelial cells and production 
of extracellular matrix with simultaneous impairment of its degradation. This leads to 
progressive fibrosis and closure of vessels’ lumen and subsequently increases blood flow 
resistance. Higher resistance in vascular system results in further raise in VEGF production 
which in turn causes changes in structure and ratio of collagen to elastin which makes blood 
vessels stiffer and leads to increase in blood pressure (Iglesias-de la Cruz  et al., 2002; Kvanta et 
al., 2006; Wirostko et al., 2008). Increased levels of VEGF has been detected in vitreous of adult 
patients with proliferative diabetic retinopathy (Maier et al., 2008; Marek et al., 2010; Lange et 
al., 2011). Moreover, it has been demonstrated that high level of VEGF in vitreous of patients 
with proliferative diabetic retinopathy has been associated with increased VEGF level in 
serum (Maier et al., 2008). The emerging new therapies based on application of anti VEGF 
gave promising results in treatment of proliferative diabetic retinopathy (Adamis et al,. 2006; 
Starita et al., 2007;. Hernández-DaMota et al., 2010; Engelbert et al., 2011). The first drug in this 
group was sodium pegaptanib (Macugen) with anti VEGF165 properties and has been 
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administered intravitreally. Pegaptanib has been used as a treatment of both diabetic macular  
edema (DME) as well as PDR (Adamis et al., 2006;  Querques et al., 2009; Hornan et al., 2010). 
After intravitreal injection of another VEGF-A inhibitor – ranibizumab (registered by FDA in 
June 2006 as a Lucentis) is good antiangiogenic with vision improvement in 95% of patients 
(Jorge et al., 2011; Rosenfeld et al., 2011).  

3.1.2 Insulin like Growth Factor (IGF-I) 

IGF-I is a polypeptide showing high similarity to insulin. Two different forms are 
distinguished: IGF-I and IGF-II. IGF-I circulates in blood in the form of IGF-binding protein 
(IGF-BP), probably inhibiting activity of free IGF. IGF-I is a pivotal growth factor secreted as 
a result of stimulation by human growth hormone. Both in vivo and in vitro studies indicate 
its anti-apoptotic and anti-inflammatory properties (Goes  et al., 1996; Sukhanov et al., 2007; 
Sun et al., 2010). There are reports that IGF-I has protective actions in ischaemic rat kidney 
due to inhibition of inflammatory cytokine production (Goes  et al., 1996) and anti-apoptotic 
in Parkinson disease via inhibition of GSK-3β signalling pathway (Sun et al., 2010). IGF-I 
exerts its protective actions also in central nervous system and cardiomyocytes (Sun et al., 
2010). In premature babies a small concentration of IGF-I is a risk factor of retinopathy of 
prematurity (Pérez-Muñuzuri et al., 2010). IGF-I deficiency after birth may play a role in 
development and deterioration of neurological deficiencies in premature babies (Lofqvist et 
al., 2006). On the other hand in children and youth with T1DM and microangiopathy IGF-I 
levels have been found to be lower compared to group of patients without microangiopathy 
(Peczyńska et al., 2004). Furthermore, IGF-I levels were lowest in children with T1DM for 
over 10 years. Interestingly, the same group of children had raised VEGF levels in serum 
and the longer the duration of the disease, the higher were the levels (with maximum levels 
in patients with diabetes for over 10 years) (Chiarelli  et al., 2000; Santilli  et al., 2001; 
Peczyńska et al. 2004; Zorena et al., 2009). Also much lower IGF-I concentrations were found 
in adolescents with microangiopathy compared to diabetic patients without complications 
and healthy children (Wedrychowicz et al., 2005). However, IGFBP-1 levels in serum were 
much higher whereas IGFBP-3 were lower in patients with microangiopathy compared to 
those without complications. Thus circulating IGFBP-1 may play a role in development of 
diabetic complications while IGFBP-3 may be protective (Kielczewski et al., 2011). In 
adults with PDR, levels of IGF-I and VEGF in vitreous were significantly higher than in 
control group (Simo et al., 2002; Poulaki  et al., 2004; Hartnett et al., 2009). Surprisingly 
there were no differences in levels of both factors in serum in each group. This effect 
could be explained by two mechanisms: higher concentration of IGF-I binding protein 
(IGFBP’s) in vitreous may neutralize the increased IGF-I production or may lower the  
production of free IGF-I in tissues of diabetic patients  (Simo et al., 2002). Additional 
evidence supporting IGF-I in PDR result from use of IGF-I inhibitors. Somatostatin and 
octreotide, a somatostatin analogue, inhibited IGF-I receptor (IGF-1R) phosphorylation 
and decreased VEGF production (Sall et al. 2004). Systemic inhibition of IGF-I signalling 
in a relevant animal model with a receptor-neutralizing antibody, or with inhibitors of PI-
3 kinase (PI-3K), c-Jun kinase (JNK), or Akt, suppressed downstream signalling pathways, 
VEGF expression, ICAM-1 levels, leukostasis, and BRB breakdown. Intravitreal 
administration of IGF-I increased retinal factors AKT, JNK, HIF-1alpha, NF-κB, AP-1 
activity, and VEGF levels. Haurigot et al., 2009 demonstrated that high intra-ocular 
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concentration of IGF-I in retina is sufficient to activate processes leading to disruption of 
blood-retina barrier and increase in vascular permeability as a consequence of high 
expression of IGF-I in retina. 

3.1.3 Placental Growth Factor (PLGF) 

PLGF is a homodimer protein belonging to VEGF family, showing structural similarity to 
VEGF-A. Three PLGF isoforms have been described (PLGF-1,-2,-3). Those isoforms do not 
interact with VEGFR-2 but they bind to VEGFR-1 (Christinger et. al., 2004). PLGF has been 
recently isolated as a factor, stimulating neovascularization. Over the last decade, the 
direct or indirect pro angiogenic effect of PLGF was demonstrated during ischaemia, 
inflammation and wound healing. There are controversies regarding the pro-angiogenic 
activity of placental growth factor in diabetic retinopathy. In the eye, loss of PLGF does 
not hamper retinal development (Feeney et al., 2003) but impairs choroidal 
neovascularization (Rakic et al., 2003). Intravitreal injections of PLGF prevent oxygen-
induced retinal ischaemia, without inducing neovascularization (Campochiaro et al., 
2006). In animals׳ retinal cells only small amounts of PLGF have been detected. However, 
increased levels have been detected in eyes affected by advanced neovascularization in 
retina (Khaliq et al., 1998; Miyamoto et al., 2007).  

3.1.4 Hepatocyte Growth Factor (HGF) 

HGF is a pleiotropic factor derived from mesenchymal tissue regulating growth and 
migration of various cells. HGF is synthesized mainly in liver but also in lungs, kidney, 
smooth muscles and corneal  endothelial cells (Stoker et al., 1987). It is secreted as a single 
chain precursor which is activated by proteolytic cleavage. Simó et al., 2006 have detected 
increased concentrations of both HGF as well as VEGF in vitreous of patients with PDR 
compared to patients with diabetes but without complications and healthy control group. 
However, they have not demonstrated relevant correlation between HGF and VEGF. 
Yoshida et al., 2010 investigating levels of angiopoietin-2 , HGF, bFGF, PDGF, TIMP-1 and 
TIMP-2 in the vitreous body of PDR patients before and after vitrectomy has shown a 
marked decrease of HGF as well as angiopoietin-2 levels in the vitreous body of PDR 
patients after vitrectomy.  

3.1.5 Pigment Epithelium Derived Factor (PEDF) 

PEDF also known as serpin F1 (SERPINF1), is a multifunctional secreted protein that has 
anti-angiogenic and neurotrophic functions. Found in vertebrates, this 50 kD protein holds 
promise in the treatment of such conditions as heart disease, cancer and choroidal 
neovascularization (Filleur et al., 2009). PEDF is secreted by many retinal cells including 
Müller cells, endothelial cells, pericytes, and pigment epithelium cells of retina (Doll et al., 
2003; Barnstable et al., 2004; Tombran-Tink et al., 2010). Studies conducted on PEDF 
depleted mice, showed that lack of this gene results in serious abnormalities in both, cell 
differentiation as well as in retinal  morphology (Doll et. al., 2003). In 2003 the first 
hypothesis emerged that PEDF may hamper angiogenesis by direct reduction of  VEGF gene 
expression (Yamagishi et al., 2003). Most recent data confirm also that PEDF has direct effect 
on vascular endothelial growth factor receptor 1 (VEGFR-1) by increasing g-secretase 
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complex activity (Cai et al., 2011). Activation of g-secretase leads directly to proteolytic 
cleavage within VEGFR-1 and C-end domain of receptor is removed which subsequently 
migrates from cell membrane into cytosol (Cai et al., 2006; Cai et al., 2011). Additionally, 
PEDF inhibits production of reactive oxygen species (ROS) and MCP-1 and furthermore, it 
neutralizes negative effects of AGE (Inagaki et al., 2003). Other studies suggest that 
transcription factor, NF-κB and Fas ligand and its receptor play a role in PEDF mechanism 
of action. Volpert et. al. 2002, proved that anti-FasL antibodies and application of inhibitors 
hampers PEDF action. PEDF may equally prevent cell apoptosis by activation of 
transcription factor NF-κB, as well as lead to programmed cell deaths via increasing Fas 
ligand expression (Volpert et al., 2002). Studies (Cai et al., 2006) have demonstrated that 
PEDF used in bovine retinal microvascular endothelial cells culture (BRMECs) did not affect 
their migration and formation of primary vessel canals. However, when an addition of 
PEDF had been preceded by application of VEGF then this factor reduced significantly 
proliferation and endothelial cells migration induced by VEGF. Studies evaluating the 
antiangiogenic properties of PEDF have also shown that exerts a modulating effect on the 
formation of new retinal blood vessels and promote angiogenesis in hypoxia (Barnstable et 
al., 2004; Elayappan et al., 2009; Subramanian  et al., 2011). 

3.1.6 Basic fibroblast Growth Factor (bFGF) 

Fibroblast growth factors, or FGFs, are a family of growth factors involved in wound 
healing, embryonic development, and angiogenesis.  There are two FGF distinguished: 
acidic (aFGF) and basic (bFGF), the latter being attributed to play the most significant role in 
angiogenesis. This factor has an ability to directly activate endothelial cells, it also affects 
proliferation, migration of endothelial cells and fibroblasts, induces proteolytic enzymes and 
synthesis of fibronectin, collagen, proteoglycans and hyaluronic acid (Shi et al., 2011).  
Synthesis of bFGF takes place in retina cells as well as in cornea and is activated by 
inflammation or a local injury (Polykandriotis et al., 2011). It has been suggested that bFGF 
exerts its paracrine effects on the eye by inhibition of apoptosis. Other studies have 
demonstrated that  beta-FGF works via two pathways a calcium independent FGFR1 
through PI 3-K, P70(S6K) and Akt to increased VEGF from the RPE and a calcium 
dependant FGFR2. The inhibition of those two pathways suppresses bFGF-induced 
choroidal endothelial cells proliferation (Rosenthal  et al., 2005). Deissler et al., 2011, have 
discovered that VEGF165 but not bFGF is mainly responsible for changes in cell 
permeability observed in retinal endothelium.  

3.1.7 Transforming Growth Factor beta (TGF-β) 

TGF-β is a member of transforming growth factor family which has immunomodulatory 
function. It is secreted primarily by monocytes, macrophages, lymphocytes, and dendritic 
cells. This cytokine takes part in angiogenesis, stimulates synthesis and degeneration of 
extracellular matrix proteins, regulates induction of apoptosis and stimulates proliferation 
of mesenchymal cells. 

TGF-β exists in three isoforms coded by different genes β1, β2, β3; best known is TGF- β1  
(Bertolino et al., 2005; Orlova et al., 2011) . TGF-β is believed to be the most important ligand 
in the pathogenesis of fibrotic diseases in the eye. Such ocular fibrotic diseases include 
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concentration of IGF-I in retina is sufficient to activate processes leading to disruption of 
blood-retina barrier and increase in vascular permeability as a consequence of high 
expression of IGF-I in retina. 

3.1.3 Placental Growth Factor (PLGF) 

PLGF is a homodimer protein belonging to VEGF family, showing structural similarity to 
VEGF-A. Three PLGF isoforms have been described (PLGF-1,-2,-3). Those isoforms do not 
interact with VEGFR-2 but they bind to VEGFR-1 (Christinger et. al., 2004). PLGF has been 
recently isolated as a factor, stimulating neovascularization. Over the last decade, the 
direct or indirect pro angiogenic effect of PLGF was demonstrated during ischaemia, 
inflammation and wound healing. There are controversies regarding the pro-angiogenic 
activity of placental growth factor in diabetic retinopathy. In the eye, loss of PLGF does 
not hamper retinal development (Feeney et al., 2003) but impairs choroidal 
neovascularization (Rakic et al., 2003). Intravitreal injections of PLGF prevent oxygen-
induced retinal ischaemia, without inducing neovascularization (Campochiaro et al., 
2006). In animals׳ retinal cells only small amounts of PLGF have been detected. However, 
increased levels have been detected in eyes affected by advanced neovascularization in 
retina (Khaliq et al., 1998; Miyamoto et al., 2007).  

3.1.4 Hepatocyte Growth Factor (HGF) 

HGF is a pleiotropic factor derived from mesenchymal tissue regulating growth and 
migration of various cells. HGF is synthesized mainly in liver but also in lungs, kidney, 
smooth muscles and corneal  endothelial cells (Stoker et al., 1987). It is secreted as a single 
chain precursor which is activated by proteolytic cleavage. Simó et al., 2006 have detected 
increased concentrations of both HGF as well as VEGF in vitreous of patients with PDR 
compared to patients with diabetes but without complications and healthy control group. 
However, they have not demonstrated relevant correlation between HGF and VEGF. 
Yoshida et al., 2010 investigating levels of angiopoietin-2 , HGF, bFGF, PDGF, TIMP-1 and 
TIMP-2 in the vitreous body of PDR patients before and after vitrectomy has shown a 
marked decrease of HGF as well as angiopoietin-2 levels in the vitreous body of PDR 
patients after vitrectomy.  

3.1.5 Pigment Epithelium Derived Factor (PEDF) 

PEDF also known as serpin F1 (SERPINF1), is a multifunctional secreted protein that has 
anti-angiogenic and neurotrophic functions. Found in vertebrates, this 50 kD protein holds 
promise in the treatment of such conditions as heart disease, cancer and choroidal 
neovascularization (Filleur et al., 2009). PEDF is secreted by many retinal cells including 
Müller cells, endothelial cells, pericytes, and pigment epithelium cells of retina (Doll et al., 
2003; Barnstable et al., 2004; Tombran-Tink et al., 2010). Studies conducted on PEDF 
depleted mice, showed that lack of this gene results in serious abnormalities in both, cell 
differentiation as well as in retinal  morphology (Doll et. al., 2003). In 2003 the first 
hypothesis emerged that PEDF may hamper angiogenesis by direct reduction of  VEGF gene 
expression (Yamagishi et al., 2003). Most recent data confirm also that PEDF has direct effect 
on vascular endothelial growth factor receptor 1 (VEGFR-1) by increasing g-secretase 

 
Immunological Risk Factors for the Development and Progression of Diabetic Retinopathy 

 

143 

complex activity (Cai et al., 2011). Activation of g-secretase leads directly to proteolytic 
cleavage within VEGFR-1 and C-end domain of receptor is removed which subsequently 
migrates from cell membrane into cytosol (Cai et al., 2006; Cai et al., 2011). Additionally, 
PEDF inhibits production of reactive oxygen species (ROS) and MCP-1 and furthermore, it 
neutralizes negative effects of AGE (Inagaki et al., 2003). Other studies suggest that 
transcription factor, NF-κB and Fas ligand and its receptor play a role in PEDF mechanism 
of action. Volpert et. al. 2002, proved that anti-FasL antibodies and application of inhibitors 
hampers PEDF action. PEDF may equally prevent cell apoptosis by activation of 
transcription factor NF-κB, as well as lead to programmed cell deaths via increasing Fas 
ligand expression (Volpert et al., 2002). Studies (Cai et al., 2006) have demonstrated that 
PEDF used in bovine retinal microvascular endothelial cells culture (BRMECs) did not affect 
their migration and formation of primary vessel canals. However, when an addition of 
PEDF had been preceded by application of VEGF then this factor reduced significantly 
proliferation and endothelial cells migration induced by VEGF. Studies evaluating the 
antiangiogenic properties of PEDF have also shown that exerts a modulating effect on the 
formation of new retinal blood vessels and promote angiogenesis in hypoxia (Barnstable et 
al., 2004; Elayappan et al., 2009; Subramanian  et al., 2011). 

3.1.6 Basic fibroblast Growth Factor (bFGF) 

Fibroblast growth factors, or FGFs, are a family of growth factors involved in wound 
healing, embryonic development, and angiogenesis.  There are two FGF distinguished: 
acidic (aFGF) and basic (bFGF), the latter being attributed to play the most significant role in 
angiogenesis. This factor has an ability to directly activate endothelial cells, it also affects 
proliferation, migration of endothelial cells and fibroblasts, induces proteolytic enzymes and 
synthesis of fibronectin, collagen, proteoglycans and hyaluronic acid (Shi et al., 2011).  
Synthesis of bFGF takes place in retina cells as well as in cornea and is activated by 
inflammation or a local injury (Polykandriotis et al., 2011). It has been suggested that bFGF 
exerts its paracrine effects on the eye by inhibition of apoptosis. Other studies have 
demonstrated that  beta-FGF works via two pathways a calcium independent FGFR1 
through PI 3-K, P70(S6K) and Akt to increased VEGF from the RPE and a calcium 
dependant FGFR2. The inhibition of those two pathways suppresses bFGF-induced 
choroidal endothelial cells proliferation (Rosenthal  et al., 2005). Deissler et al., 2011, have 
discovered that VEGF165 but not bFGF is mainly responsible for changes in cell 
permeability observed in retinal endothelium.  

3.1.7 Transforming Growth Factor beta (TGF-β) 

TGF-β is a member of transforming growth factor family which has immunomodulatory 
function. It is secreted primarily by monocytes, macrophages, lymphocytes, and dendritic 
cells. This cytokine takes part in angiogenesis, stimulates synthesis and degeneration of 
extracellular matrix proteins, regulates induction of apoptosis and stimulates proliferation 
of mesenchymal cells. 

TGF-β exists in three isoforms coded by different genes β1, β2, β3; best known is TGF- β1  
(Bertolino et al., 2005; Orlova et al., 2011) . TGF-β is believed to be the most important ligand 
in the pathogenesis of fibrotic diseases in the eye. Such ocular fibrotic diseases include 



 
Diabetic Retinopathy 

 

144 

scarring in the cornea and conjunctiva, fibrosis in the corneal endothelium, post-cataract 
surgery fibrosis of the lens capsule, excess scarring of tissue around the extraocular muscles 
in the strabismus surgery and proliferative vitreoretinopathy (Saika et al., 2009; Sumioka et 
al., 2011; Hills et al., 2011). Those properties of TGF-β are confirmed in animal models 
(Yingchuan et al., 2010; Kowluru et al., 2010) as well as in patients with diabetic retinopathy 
(George et al., 2009; Abu El-Asrar et al., 2010). It is believed that TGF-β plays a role in 
pathogenesis of diabetic retinopathy via hyperglycaemia and inflammation. Kowluru et al., 
2010 have reported that both the duration of the initial exposure to high glucose, and normal 
glucose that follows high glucose, are critical in determining the outcome of the alterations 
in the inflammatory mediators such as IL-1 beta, NF-kB, VEGF, TNF-α including with TGF-
β in retinal. 

3.1.8 Angiogenin 

Angiogenin is a small protein that is implicated in angiogenesis. Angiogenin mRNA 
expression is detectable in epithelial cells, fibroblasts and blood cells (Tello-Montoliu et al., 
2006). Higher level of angiogenin was observed in serum in children and adolescents with 
non-proliferative retinopathy as compared to the group of children and adolescents without 
DR (Chiarelli et al., 2002; Raczyńska K et al., 2008). Maier et al., 2006 have revealed that 
angiogenin level has been increasing in the vitreous in diabetic patients. Nevertheless it is 
suggested that the increased level was an effect of blood-retina barrier disruption and 
leakage of growth factors from blood vessels into eye (Maier et al., 2006). Lower levels of 
serum angiogenin was demostrated in patients with type 2 diabetes (Siebert et al., 2007; 
Siebert et al., 2010). Lower level of angiogenin but higher VEGF were found also in the 
vitreous of patients T1DM with PDR (Marek et al., 2011). 

4. Cytokines 
4.1 Interleukin 6 (IL-6) 

Interleukin 6 has been well known as a pro-inflammatory cytokine. However, there is an 
increasing number of reports about its anti-inflammatory character (Sanchez et al., 2003; 
Sappington et al., 2006; Nandi et al., 2010). In vitro in presence of increased pressure and 
injury resulting from ischaemia, IL-6 inhibited apoptosis of retinal ganglion cells (Sanchez et 
al., 2003; Sappington et al.,2006). On the other hand (Dace et al., 2008) M1 macrophages 
prevented  neovascularisation within retina due to high secretion of IL-6, IL-12 and IL-23. 
Although, majority of reports confirm its negative role in the onset and progression of 
diabetic retinopathy (Noma et al., 2009; Funk M et al., 2010; Koleva-Georgieva et al., 2011). 
IL-6 is produced mainly by macrophages, monocytes, lymphocytes T and B, while in the 
eye IL-6 is produced by keratocytes, Müller cells, pigmented epithelium, corneal 
epithelium, iris and ciliary body (Yoshida et al., 2001). IL-6 secretion is activated by 
hypoxia, AGEs, and PKC (protein kinase C) (Giacco & Brownlee, 2010; Adamiec-Mroczek 
et al., 2010; Lange et al., 20011). In children and adolescents with diabetic retinopathy, 
higher levels of IL-6 were demonstrated in serum (Lo Hui-Chen et al., 2004; Zorena et al., 
2007; Myśliwiec et al., 2008 , Bradshaw et al., 2009). A significant increase in the level of 
IL-6 was found in PDR patients compared to NPDR and healthy children. Authors 
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recorded significant gradation in the IL-6 increase when comparing healthy children, 
children with T1DM without abnormalities in the eyes, and diabetic children with non 
proliferative diabetic retinopathy. Higher IL-6 and TNF levels in diabetic children are 
attributed to worse metabolic balance and chronic inflammation (Zorena et al., 2007; 
Myśliwiec et al., 2008). Apart from IL-6 influence on the  set and progression of diabetic 
retinopathy in young patients with diabetes, higher levels of VEGF and C-reactive protein 
were also found (Coulon at al., 2005; Zorena et al., 2007). Coulon et al., discovered in their 
studies that children with long standing diabetes and retinopathy as well as nephropathy 
had five times higher levels of CRP than patients with diabetes but without complications 
(Coulon et al., 2005). Authors concluded that high level of pro-inflammatory cytokines in 
long standing diabetes is a result of ongoing inflammatory process. In inflammatory 
conditions IL-6 levels in serum may increase even 100 times, therefore IL-6 is regarded as 
an early and sensitive but non-specific indicator of inflammatory process affecting the 
organism (Abrahamsson et al, 1997).  High IL-6 levels have been observed also in patients 
with type 2 diabetes and retinopathy as compared to patients without retinopathy (JH Lee 
et al., 2008; Goldberg., 2009). Also in aqueous from eyes with diabetic macular edema 
(Funk et al. 2010) found to be significantly increased IL-6 and VEGF. When patients were 
given bevacizumab, it was noted that VEGF levels dropped below physiological levels. 
Oh et al., 2010, demonstrated positive correlation between the aqueous levels of IL-6 and 
macular thickness indicating that IL-6 may play a central role in the development of 
diabetic macular edema. Other studies concerned the increased levels of IL-6, TNF, ET-1 
vWF, sE-selectin in vitreous detected in patients with type 2 diabetes and PDR (Adamiec-
Mroczek et al., 2010). Furthermore, authors noted correlation between TNF-α, ET-1 and 
HbA1c suggesting that there is close relation between metabolic equilibrium and 
inflammatory factors in T2DM patients. Thus, those studies support pro-inflammatory 
and proangiogenic role of IL-6. 

4.2 Interleukin 10 (IL- 10) 

Several recent studies reported that local IL -10 production may lead to angiogenesis in 
retina. Studies demonstrated that IL-10 may polarize macrophages in proangiogenic 
direction (Apte RS., 2006, Kelly et al., 2007, Dance et al., 2008). In macrophages of 
C57BL/6 mice with induced retinopathy, there has been significantly higher 
proangiogenic cytokine gene expression. This hasn’t been found in macrophages of mice 
with IL-10 -/- phenotype (Dace et al., 2008). In children and adolescents with long-
standing type 1 diabetes more than 60% of patients with symptoms of diabetic 
retinopathy showed no activity of this cytokine in serum. IL-10 levels analysis in group of 
children with T1DM and various grades of diabetic complications in the eye suggests that 
higher secretion of IL-10 may protect from late complications (Myśliwiec et al., 2006). 
Also, there were no significant differences in the IL-10 levels in the vitreous of patients 
with proliferative retinopathy as compared to those without PDR (Hernandez et al., 2005). 
However in T2DM patients, IL-10 was progressively lower with more advanced 
retinopathy (JH Lee et al., 2008). Suzuki et al., 2011 demonstrated higher levels of IL-10 as 
well as positive correlation between IL-10 and VEGF in patients with PDR compared to 
those with central retinal vein occlusion (CRVO). 
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4.3 Interleukin 12 

Interleukin 12 (IL 12) has been described initially as a factor stimulating natural cytotoxic 
cells and causing maturation of cytotoxic lymphocytes. Under physiological circumstances it 
is produced mainly by macrophage, dendritic cells, keratinocytes, granulocytes, and mast 
cells (Trinchieri, 1998).  In vivo, it was demonstrated that IL-12 is a potent antiangiogenic 
cytokine and this effect is mediated through interferon-γ (Voest et al., 1995). Few studies 
conducted in recent years indicate that IL-12 does not affect per se  endothelial cells,  but just 
by IFN-γ (Voest et al., 1995). This in turn regulates production of second line chemokines via 
induction of protein (IP)-10 being recognized as the most important mediator for IL-12 in 
angiogenesis activation (Sgadari et al., 1996). Furthermore, another report suggests that 
inhibition of IL-12 production may be mediated by natural killer cells (NK) (Ghiringhelli et al., 
2006). A significantly lower IL-12 level but higher TNF and VEGF levels were found in a group 
of children and adolescents with diabetes and NPDR as compared to a group of patients 
without DR (Zorena et al., 2007). Another study (Zorena et al., 2008) reported imbalance 
between pro and antiangiogenic factors in serum of children and adolescents with long term 
T1DM. This imbalance was demonstrated between TNF-α and IL-12. It has been observed that 
patients who had both low TNF-α and IL-12 levels did not develop diabetic complications like 
retinopathy or nephropathy. However, when patients had high level of TNF-α and absent IL-
12 they developed microangiopathic complications. Shift in balance towards TNF-α promotes 
late diabetic complications. Loss of equilibrium between pro and antiangiogenic actions of 
TNF-α and IL-12 underpins late diabetic complications. Applied monoclonal antibody against 
p40 subunit of IL-12 – Uteskinumab gave positive results in a patient with Crohn’s disease 
(Sansó Sureda et al., 2011). 

4.4 Tumor Necrosis Factor alpha (TNF-α) 

TNF-α is one of most important inflammatory cytokines. It is produced primarily by 
monocytes and macrophages on which it exerts its endo-, para- and autocrine actions. It 
stimulates cytotoxic properties of monocytes and macrophages and simultaneously is a 
mediator of cytotoxicity. Its biological effects depends strongly on quantity and intensity of 
TNF-α secretion. Apart from taking part in inflammatory processes it also plays important 
role in neovascularisation (Wilson &Balkwill, 2002). TNF-α exerts versatile effects due to its 
ability to induce synthesis of other cytokines functionally related to TNF-α, extracellular 
matrix proteins, monocyte and fibroblast chemotaxis modulation and also influences the 
expression of adhesive molecules in retinal vessels (Doganay et al.,2002; Naldini & Carraro, 
2005). Teflon implants soaked in 3.5 ng TNF-α and implanted into rat cornea caused a 
visible growth of new blood vessels after 7 days (Fajardo et al., 1992). A similar effect was 
achieved on  chicken embryo membranes (Hooper et al., 2005). However, (Patterson et al., 
1996) showed an antiangiogenic action of TNF-α using human endothelial cells. The authors 
showed that incubation of those cells with known proangiogenic factor VEGF for 24h 
augmented their proliferative activity more than two fold, whereas 12h pre-incubation 
abolished this effect. However, TNF-α alone revealed a weak cytotoxic effect towards 
endothelial cells. Inhibition of endothelial cell proliferation by TNF-α was associated with 
reduction in VEGFR-2 (KDR/Flt-1) receptor mRNA transcription level which depends on 
dose and the duration of cytokines. Low concentrations of TNF-α can trigger signalling 
pathways through p55 and p75 receptor, but in high concentrations only through p55 (Bigda 
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et al., 1994). In young patients with newly diagnosed diabetes increased activity of TNF-α 
has been demonstrated (Myśliwiec et al, 2006). High levels of TNF-α have been detected also 
in type 1 diabetic children and adolescents with non-proliferative retinopathy (Myśliwiec et 
al, 2006, Zorena et al. 2007). TNF-α may become a relevant indicator of development and 
risk of diabetic retinopathy. Similar observations were made in adult patients with PDR 
(Gustavsson et al., 2008; Koleva–Georgieva et al., 2011). Levels of TNF-α in vitreous of Type 
2 diabetic patients with PDR were higher than those found in control group. Furthermore a 
correlation between TNF-α and HbA1c  is observed,  suggesting that there is a close relation 
between glycaemic control and inflammatory factors in T2DM patients (Adamiec-Mroczek 
et al., 2008; Lee JH, 2008). TNFRI and TNFRII receptors’ levels in vitreous of patients with 
PDR and proliferative vitreoretinopathy were much higher than in patients with perforation 
in macula (Limb et al., 2001). Attempts are being made to block TNF-α actions with 
monoclonal antibodies (Sfikkakis et al., 2010; Giganti et al., 2010; Biswas et al., 2010). In 
randomized studies, the intravenous use of infliximab has improved visual acuity in 
patients with diabetic macular edema (DME) (Sfikakis et al., 2010). 

Etanercept is a soluble TNF-α receptor that acts as competitive inhibitor blocking effects of 
TNF-α binding to cells. Etanercept reduced leukocyte adherence in retinal blood vessels of 
diabetic rats for 1 week as compared to control. Etanercept did not reduce retinal VEGF 
levels, but it inhibited blood-retinal barrier breakdown and NF-κB activation in the diabetic 
retina (Joussen et al., 2002; Zheng et al., 2004). 

5. Adipocytokines 
5.1 Leptin 

Leptin was discovered as a first adipocytokine in 1994 (Zhang Y et al., 1994). Team of 
researchers (Ates et al., 2008) have found relationship between leptin and retinal vein 
occlusion. The authors suggest that leptin may play a role in pathogenesis of retinal vein 
occlusion probably by influencing vessel wall homeostasis. In diabetes, leptin may affect 
angiogenesis process by induction of vascular endothelial growth factor (VEGF) and 
suppression of pigment epithelium derived factor (PEDF) and also production of intracellular 
reactive oxygen species (ROS) in retinal vascular endothelial cells. (Gariano et al. 2000, 
Yamagishi et al., 2003). However, in other studies the authors reported no association between 
leptin and the development and progression of retinopathy (Sari et al., 2010). 

5.2 Adiponectin 

Adiponectin is a 28 kD protein and its structure is similar to TNF-α, collagen VIII and IX and 
C1q molecule of complement. As demonstrated in vitro adiponectin exerts antyaterogenne, 
by inhibiting the adhesion of monocytes to endothelial cells and the transformation of 
macrophages into foam cells (Diez & Iglesias, 2003; Tan et al., 2004; Abi Khalil et al., 2011). 
Zhou et al., 2011 demonstrated that adiponectin hampers monocytes adhesion to endothelial 
cells in blood vessel walls by reduction in adhesive protein expression. The study also 
reported that adiponectin inhibits macrophages transformation into foam cells, reduces 
smooth muscle proliferation, increases NO synthesis and stimulates angiogenesis. Several 
studies present adiponectin as an anti-inflammatory cytokine (Matzuzawa et al., 2005; 
Goldberg et al., 2009; Zhou et al., 2011). In vitro studies revealed that TNF-α inhibits 
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Goldberg et al., 2009; Zhou et al., 2011). In vitro studies revealed that TNF-α inhibits 
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adiponectin gene expression through inhibition of nuclear factor NFκB, which is activated 
by adiponectin. Increasing insulin resistance and growth of adipose tissue increases TNF- 
alpha expression leading to a decrease of adiponectin concentration (Savino  et al., 2008). 
Additional studies have shown that adiponectin directly stimulates the production of IL10 
by macrophages and decreases the production of proinflammatory cytokines TNF-α and IL6 
(Wulster-Radcliffe et al., 2004, Kumada et al., 2004, Kollias et al., 2011, Zhou et al., 2011). 
Adiponectin inhibits adhesive molecules expression in endothelial cells and also production 
of cytokines in macrophages thus reduces the inflammatory process which is present in 
early stages of atherosclerosis and microangiopathy (Diez & Iglesias, 2003; Goldberg et al., 
2009). Increase in adiponectin level in serum is thought to be a response to endothelium 
damage (Schalwijk et al., 2006; Goldberg et al, 2009).Correlation was found between severity 
of diabetic retinopathy and adiponectin in patients with T1DM  and T2DM (Frystyk  et al., 
2005; Zietz et al., 2008; Kato et al., 2008). 

6. Chemokines 
6.1 Stromal Cell-Derived Factor (SDF-1) 

SDF-1 is a small cytokine of the chemokines family (C-X-C motif) or a ligand 12 (CXCL12). 
SDF-1 plays an important role in the angiogenesis by recruiting endothelial progenitor cells 
from bone marrow (Unoki et al, 2010). In the animal model it has been shown that VEGF, 
SDF-1 alpha and CXCR-4 all play part in the development of diabetic retinopathy. An 
increase in SDF-1 alpha expression has been observed, and it correlated with the duration of 
the disease(Lin et al., 2009) as well as with the level of pro-inflammatory cytokines  IL-6 and 
IL-8 (Otsuka et al, 2010). An increase in SDF-1 concentration in the vitreous has been 
observed also in patients with proliferative retinopathy, the more pronounced, the more 
acute had been the disease course (Meleth et al., 2005; Chen et al., 2008).  

6.2 Monocyte Chemotactic Protein-1 (CCL2/MCP-1) 

Chemokine (C-C motif) ligand 2 (CCL2) is a small cytokine belonging to the CC chemokine 
family that is also known as monocyte chemotactic protein-1 (MCP-1) and small inducible 
cytokine A2. CCL2 is a monomeric polypeptide, with a molecular weight of approximately 
13kD (Yoshimura & Leonard.,  1992). The cell surface receptors that bind CCL2 are CCR2 
and CCR4 (Xia & Sui.,2009). MCP-1, as well as its interaction with CCR2, plays a pivotal role 
in mediating persistent mononuclear phagocyte infiltration that leads to chronic 
inflammatory (Romagnani et al., 2004). Inhibition of CCL2-CCR2 signalling blocks the 
recruitment of inflammatory monocytes, inhibits metastasis in vivo and prolongs the 
survival of tumour-bearing mice (Qian et al., 2011). Also, MCP-1 has been recognized as an 
angiogenic chemokine (Strieter et al.,2005). In vivo angiogenesis assays showed that MCP- 
1-induced angiogenesis was as potent as that induced by vascular endothelial growth factor 
(VEGF). The angiogenic effect of MCP-1 was completely inhibited by a VEGF inhibitor, 
suggesting that MCP-1-induced angiogenesis is mediated through pathways involving 
VEGF (Kim et al., 2005). In young patients with long term diabetes and microangiopathy 
levels of CCL2/MCP-1 were higher than in those without microangiopathy (Zorena et al., 
2010). The authors suggest active role of this chemokine in onset and development of 
diabetic retinopathy. Increased level of CCL2/MCP-1 was higher also in the vitreous of 
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adult patients in PDR. (Hernandez et al., 2005; Abu El-Asrar et al., 2006). The aqueous levels 
of MCP-1, IP-10, IL-8, and VEGF were higher in the eyes of diabetic patients than in the eyes 
of non-diabetic subjects. The aqueous levels of MCP-1 and IP-10 were elevated in the eyes 
with severe NPDR and PDR compared to eyes with less severe DR and eyes of non-diabetic 
subjects  (Oh et al., 2010).  

7. Matrix metalloproteinases (MMPs) and metalloproteinase inhibitors (TIMP) 
7.1 Metalloproteinases (MMPs) 

Increased levels of metalloproteinases such as MMP-2, MMP-9 and MMP-14 have been 
demonstrated in early stages of retinopathy (Giebel et al., 2005). It has been demonstrated 
that high glucose increases the production of MMP-9 in retina cells (Kovluru et al., 2010; 
Mohammad & Kowluru, 2011). Increased level of MMPs leads to faster degradation of 
basement membrane proteins thereby increasing permeability. Pericyte apoptosis and 
basement membrane changes result in dilatation of capillaries and formation of 
microaneurisms. These conditions impair blood flow and in consequence lead to ischaemia 
in the retina. Disruption of physiological blood-retina barrier leads to formation of hard 
exudates. Retinal hypoxia worsens abnormalities in MMP/TIMP system caused by 
hyperglycaemia leading to excessive production of basement membrane material and 
proliferation of pathological capillaries. During retinal hypoxia the production of growth 
factors including VEGF increases, which stimulates metalloproteinases expression in 
extracellular matrix. It has been noted that in proliferative retinopathy the MMP-2 and 
MMP-9 activity increases (Jacqueminet et al., 2006, Kowluru et al., 2010). 

7.2 Tissue inhibitor of matrix metalloproteinase 3 (TIMP-3) 

Tissue inhibitor of matrix metalloproteinase 3 (TIMP-3) belongs to zinc (Zn) binding 
endopeptidases group which takes  part in remodelling and degradation of extracellular 
matrix. In the eye TIMP-3 is closely related to Bruch’s  membrane and regulates angiogenesis 
(Janssen et al., 2008). Analysis of micromatrix demonstrated that out of investigated 
metalloproteinases and its inhibitors: MMP1, MMP2, MMP11, MMP14, MMP25, TIMP1, 
TIMP2, TIMP3 and TIMP4 which were present in pericytes, only TIMIP3 mRNA may play role 
in impairment of microcirculation in diabetic retinopathy (Barth et al., 2007). 

8. Conclusion 
In developed countries diabetic retinopathy has become the most prevalent cause of 
blindness and loss of visual acuity, and its incidence is on the rise. Occurrence and 
progression of diabetic retinopathy may be a result of activation of immunological cells in 
the metabolic imbalance of the disease. Late diabetic complications may also reflect the 
ongoing autoimmunological process that started already in the prediabetic period. It has been 
proved that plasma levels of pro-inflammatory/pro-angiogenic factors was higher in 
patients with proliferative retinopathy than in those with diabetes but without 
morphological changes in the eye fundus. Moreover, high concentrations of VEGF, TNF-α, 
IL-6 has been found not only in plasma but also in the vitreous of PDR patients. High hopes 
have been placed on the use of monoclonal antibodies anti-VEGF and anti-TNF. Particularly 
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etanercept, bevacizumab and ranibizumab have been used to prevent ocular 
neovascularisation. However only concomitant use of several therapeutic methods is 
regarded as effective in achieving plausible results in treatment of proliferative retinopathy. 
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1. Introduction 
Diabetic retinopathy (DR) is a significant cause of global blindness; a major cause of 
blindness in the world.There is emerging evidence that retinopathy is initiated and 
propagated by inflammation and angiogenesis. Increased cytokines and growth factors, in 
conjunction with redox stress, contribute to the development and progression of DR of 
abnormalities of endothelial cells and pericytes in DR. 

The four traditional metabolic pathways involved in the development of DR include: 
increased polyol pathway flux, advanced glycation end-product formation, activation of 
protein kinase Cisoforms and hexosamine pathway flux. These pathways individually 
and synergistically contribute to angiogenic growth factors, anti-angiogenic factors 
resulting in significant microvascular blood retinal barrier remodeling. The pathways are 
associated with inflammation and angiogenesis,either. Preventing or delaying the 
blindness associated with these intersecting abnormal metabolic pathways may be 
approached through strategies targeted to reduction of tissue inflammation. 
Understanding these abnormal metabolic pathways and the accompanying inflammation 
and angiogenesis mayprovide both the clinician and researcher a new concept of 
approaching this complicated disease process.  

2. Diabetic Retinopathy (DR) 
DR is associated with the following structural features: basement membrane (BM) 
thickening, pericyte loss,microaneurysms, intraretinal microvascular abnormalities(IRMA), 
diabetic macular edema (DME) and pre-retinal neovascularization,processes which can lead 
to blindness through hemorrhage and tractional retinal detachment1. Retinal endothelial 
cells (EC) are supported and sealed by a nearly equal number of pericytes in the retinal optic 
nerve fiber, inner and outer plexiform and choroidal layers creating a blood retinal barrier 
(BRB) of closed capillaries1,2. 

The vascular disruptions of DR/DME are characterized by abnormal vascular flow, 
disruptions in permeability,and/or closure or nonperfusion of capillaries. 
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A hallmark of early DR is the change in the structure and cellular composition of the 
microvasculature3. 

In early stages of DME, breakdown of the inner blood-retinal barrier may occur, resulting in 
accumulation of extracellular fluid in the macula4,5.Pericytes are essential cellular components 
in the regulation of retinal capillary perfusion, and damage to these cells in diabetes leads to 
altered retinal hemodynamics, including abnormal autoregulation of retinal blood flow6. Loss 
of retinal pericytes represents another early microaneurysm formation7-9. 

There is evidence that retinal leukostasis may also play an important role in the 
pathogenesis of DR. Leukocytes possess large cell volume, high cytoplasmic rigidity, a 
natural tendency to adhere to the vascular endothelium, and a capacity to generate toxic 
superoxide radicals and proteolytic enzymes10. In diabetes,there is increased retinal 
leukostasis, which affects retinal endothelial function, retinal perfusion, angiogenesis, and 
vascular permeability. And, leukocytes in diabetes are less deformable, a higher proportion 
are activated, and they may be involved in capillary nonperfusion, endothelial cell damage, 
and vascular leakage in the retinal microcirculation10. A study showed that diabetic vascular 
leakage and nonperfusion are temporally and spatially associated with retinal leukostasis in 
streptozotocin induced diabetic rats11. There are many capillary occlusions by leukocytes 
and capillary dropout or degeneration associated with leukocytes in the diabetic retina10. 
Serial acridine orange leukocyte fluorography and fluorescein angiography(FA) show 
trapped leukocytes directly associated with areas of downstream nonperfusion in the 
diabetic retinal microcirculation10.  

A number of proangiogenic, angiogenic and antiangiogenic factors are involved in the 
pathogenesis and progression of diabetic retinal disease, Vascular Endothelial Growth 
Factor (VEGF) being one of the most important. Other growth factors, which are known to 
participate in the pathogenesis of the disease, are: Platelet Derived Growth Factor (PDGF), 
Fibroblast Growth Factor (FGF), Hepatocyte Growth Factor (HGF), Transforming Growth 
Factor (TGF), Placental Endothelial Cell Growth Factor (PlGF), Connective Tissue Growth 
Factor (CTGF). Other molecules that are involved in the disease mechanisms are: intergrins, 
angiopoietins, protein kinase C (PKC), ephrins, interleukins, leptin, angiotensin, monocyte 
chemotactic protein (MCP), vascular cell adhesion molecule (VCAM), tissue plasminogen 
activator (TPA), and extracellular matrix metalloproteinases (ECM-MMPs). 

3. Vascular Endothelial Growth Factor (VEGF) 
The VEGFs are a family of proteins that are mitogenic for vascular endothelial cells and 
increase vascular permeability. VEGF is important in fetal vascular development,with VEGF 
levels diminishing after birth. VEGF is expressed by retinal glial cells12 and vascular 
endothelial cells13. VEGF is secreted by numerous ocular cell types14, and increased levels of 
VEGF have been detected in ocular fluids of patients with proliferative diabetic 
retinopathy15. In vivo, administration of neutralizing VEGF antibodies to experimental 
animals reverses high-glucose–induced vascular hyperpermeability16, which is an early 
manifestation of endothelial dysfunction in diabetic patients17. 

VEGF expression is regulated largely by hypoxia, but it also accumulates in the retina early 
in diabetes, before any retinal hypoxia is yet apparent 18-20. It is produced by multiple cell 
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types in the retina in diabetes, including ganglion cells, Mueller cells, and pericytes. 
Repeated injections of high concentrations of VEGF in the eyes of nondiabetic monkeys 
result in retinal changes which in some ways resemble those in the early stages of diabetic 
retinopathy, including vascular tortuosity and microaneurysm21, 22. Genetic factors are 
important in the pathogenesis of DR; there is a clear association of increased expression of 
VEGF with DR as well as numerous VEGF polymorphisms that are linked to increased 
VEGF levels and DR.23 Their result has demonstrated that the development of different 
stages of diabetic retinopathy is closely correlated with an increased VEGF level in the 
retina24.Clinical trials using anti-VEGF therapies are showing promising results against 
stages of diabetic retinopathy25. 

VEGF is a potent vascular permeability factor, and VEGF upregulation has been linked to 
neovascular eye diseases including diabetic retinopathy23. VEGF-induced neovascular 
changes have previously been demonstrated on animal models based on increasing VEGF 
levels through implants26, recombinant adenovirus-mediated VEGF expression27, 28, or 
transgenic technologies29, 30. 

In the eye, one of the earliest signs of diabetic retinopathy is retinal capillary occlusion, 
blocking blood flow and generating capillary-free areas31. Hypoxic conditions could develop 
in these capillary-free areas, and this in turn could induce the upregulation of angiogenic 
factor production, such as VEGF and intercellular adhesion molecules32, 33. The increased 
concentration of angiogenic factors would then cause vascular changes including vascular 
dilatations, tortuous blood vessels, microaneurysms, and endothelial cell proliferation. 
Subsequently,over an extended period of time, these changes could result in the 
development of poorly matured leaky vessels34, 35.Previous histological studies have 
demonstrated a strong correlation between endothelial cell proliferation, pericyte loss, and 
the development of microaneurysm36. Incidentally, VEGF, which is a known factor of 
endothelial cell proliferation, has also been shown to promote pericyte detachment and 
loss37.  

Troglitazone and rosiglitazone, another thiazolidinediones (TZD), increase VEGF mRNA 
levels in 3T3-L1 adipocytes.Although increased VEGF may be beneficial for subjects with 
macroangiopathy and troglitazone is currently not available for clinical use, vascular 
complications, especially diabetic retinopathy, must be followed with great caution in 
subjects treated with TZD 38.  

Federico et al39 tested selective PPARα and PPARγ synthetic agonists potential ability to 
stimulate neoangiogenesis in well-established in vitro and in vivo assays. They found that 
specific and selective activation of PPARα and PPARγ leads to increased production of 
VEGF, a prototypical angiogenic agent, and formation of endothelial tubules when 
endothelial cells are co-cultured with interstitial cells. In vivo, PPARα and PPARγ synthetic 
agonists stimulate angiogenesis in the mouse corneal neovascularization assay, whereas 
fibrates and TZDs are unable to induce angiogenesis in the same experimental setting. 
PPARα- and PPARγ-angiogenic process is associated with increased expression of VEGF 
and increased phosphorylation of endothelial nitric oxide (NO) synthase(eNOS) and Akt. 
Finally, it may be inhibited by blocking VEGF activity. The ability of PPARa and PPARγ 
agonists to induce neoangiogenesis might have important implications for the clinical and 
therapeutic management of type 2 diabetes39.  
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A hallmark of early DR is the change in the structure and cellular composition of the 
microvasculature3. 
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VEGF have been detected in ocular fluids of patients with proliferative diabetic 
retinopathy15. In vivo, administration of neutralizing VEGF antibodies to experimental 
animals reverses high-glucose–induced vascular hyperpermeability16, which is an early 
manifestation of endothelial dysfunction in diabetic patients17. 

VEGF expression is regulated largely by hypoxia, but it also accumulates in the retina early 
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the development of microaneurysm36. Incidentally, VEGF, which is a known factor of 
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4. Pigmented Epithelial Derived Factor (PEDF) 
PEDF is a member of the serine protease inhibitor (serpin) superfamily with neurotrophic 
and antiangiogenic properties, and a decreased level of PEDF in the eye is important in the 
pathogenesis of proliferative DR40. In the retina, angiogenesis is regulated by two 
counterbalancing systems: angiogenic stimulators, such as VEGF, and angiogenic inhibitors, 
such as angiostatin and pigment epithelium–derived factor (PEDF)40.  

PEDF is a natural extracellular component of the retina and has been found in the vitreous 
and aqueous humors. Decreased levels of PEDF were reported in the ocular fluids of 
patients with angiogenic eye diseases41. PEDF has potent antiangiogenic activity in retinal 
EC growth and migration and suppressed ischemia-induced retinal neovascularization42. 

Pericyte loss is one of the earliest hallmarks of DR and an important reason for pericyte loss 
is reactive oxygen species (ROS)43. In DR, PEDF has a novel benefit since PEDF protects 
retinal pericytes against oxidative stress-induced injury through its anti-oxidative 
properties, which might slow the development of diabetic retinopathy43.PEDF protects 
against high glucose or ROS induced pericyte apoptosis and dysfunction through its anti-
oxidative properties via induction of glutathione44. 

Guoquan et al45 compared susceptibilities of Sprague Dawley(SD) and Brown Norway(BN) 
rats with ischemia-induced retinal neovascularization. They found that the hyperoxia-
treated BN rats showed a significant reduction in retinal PEDF and a substantial increase of 
VEGF at both the protein and RNA levels, resulting in an increased VEGF-to-PEDF ratio. 
The results suggested that BN rats developed more severe retinal neovascularization, which 
correlated with a greater increase of the VEGF-to-PEDF ratio in BN than in SD rats45.  

PEDF, a potent inhibitor of angiogenesis, has been found to be involved in the pathogenesis 
of PDR46, 47. It is well known that there are quite a few stimulators and inhibitors of 
angiogenesis in the eye; among them, VEGF has been identified as a primary angiogenic 
stimulator48 and PEDF as a major angiogenic inhibitor47. The time course of the VEGF-to-
PEDF ratio change correlated with the development and progression of retinal 
neovascularization. The VEGF-to-PEDF ratio represented a dynamic balance between 
angiogenic stimulators and inhibitors; and disturbance of the balance played a key role in 
the pathogenesis of DR45, 49, 50. In vitro study revealed that lowering of the VEGF-to-PEDF 
mRNA ratio could inhibit the migration of uveal melanoma cells51. 

Additionally, PEDF induces the ERK signal cascade which contributes to retinal pigment 
epithelial cell cytoprotection against oxidative stress52. Thus, retinal cells including the BRB 
capillaries and their supportive and protective pericytes may possess a system capable of 
efficiently responding to PEDF43, 44. 

Retinal ischemia induces intraocular neovascularization,presumably by stimulating the 
expression of angiogenic growth factors and by inhibiting the release of antiangiogenic 
cytokines53, 54. Vitreal levels of angiogenic growth factors have been shown to be directly 
associated with the degree of retinal angiogenesis15, 55. PEDF protects cerebellar granule cells 
against neurotoxic agents56 and is also called early population doubling level cDNA-1 (EPC-
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1), reflecting its upregulation during cell cycle arrest (G0) in young but not in senescent 
cultured fibroblasts57. 

PEDF has been shown to be a highly effective inhibitor of angiogenesis in animal and cell 
culture models. The production of PEDF was decreased by hypoxia47, which is also a central 
pathogenic stimulus in PDR. Immunoneutralization of PEDF diminished the ability of 
cadaveric human vitreous to inhibit migration of endothelial cells, thereby demonstrating 
that a loss of PEDF is functionally important in mediating angiogenic properties of human 
vitreous ex vivo. Most importantly, systemically administered PEDF prevented aberrant 
blood vessel growth in a murine model of ischemia-induced retinopathy58.  

PEDF has been shown to be a major antiangiogenic growth factor in the mammalian eye. 
Joachim41 et al analyzed the in vivo regulation of PEDF in patients with and without hypoxic 
eye disease. Their data strongly support the concept that retinal angiogenesis is induced by 
loss of the major angiogenesis inhibitor in the eye, PEDF, in combination with an increased 
expression of angiogenic growth factors such as VEGF. These findings suggest that 
substitution of angiogenesis inhibitors may be an effective approach in the treatment of PDR41.  

In the study of Zhi59 et al ,diabetic rats and control animals were randomly assigned to 
receive perindopril or vehicle for 24 weeks, and bovine retinal capillary endothelial cells 
(BRECs) were incubated with normal or high glucose with or without perindopril. The 
results showed the VEGF-to-PEDF ratio was increased in the retina of diabetic rats; 
perindopril lowered the increased VEGF-to-PEDF ratio in diabetic rats and ameliorated the 
retinal damage. In BRECs, perindopril lowered the hyperglycemia-induced elevation of 
VEGF-to-PEDF ratio by reducing mitochondrial ROS and the decreased ROS production 
was a result of perindopril induced upregulation of PPARY and UCP-2 expression59.  

Although VEGF is the major factor in the initiation of advanced stages of diabetic 
retinopathy, it is increasingly recognized that PlGF is a significant factor in promoting the 
aberrant angiogenesis characteristic of a variety of pathological states.  

5. Adiponectin (ADPN) 
The adipocyte derived factor ADPN is an insulin sensitivity activator, and is correlated to 
retinal redox stress and remodeling in metabolic syndrome and T2DM. Low levels of serum 
ADPN levels were found to be correlated with the severity of retinopathy60. Insulin-
sensitizing agents reduce pathological retinal microvessel formation through ADPN 
mediated modulation of tumor necrosis factor alpha (TNFα) production61. ADPN’s effect 
on diabetic retinopathy is not clear. However, ADPN induces eNO production by 
stimulating phosphorylation and activation of eNOS. ADPN inhibits specific binding of 
oxidized LDL and its uptake by macrophages. ADPN possesses anti-inflammatory 
properties and thus may negatively modulate the process of atherogenesis62, 63. 

In the early phase of diabetic retinopathy, hyperglycemia initiates endothelial cell injury, 
retinal vessel loss, and ischemia,as well as changes in leukocyte adhesion to the vascular 
endothelium64, 65. These conditions subsequently lead to the overproduction of various 
proangiogenic factors and proinflammatory cytokines, which, in turn, promotes abnormal 
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1), reflecting its upregulation during cell cycle arrest (G0) in young but not in senescent 
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cadaveric human vitreous to inhibit migration of endothelial cells, thereby demonstrating 
that a loss of PEDF is functionally important in mediating angiogenic properties of human 
vitreous ex vivo. Most importantly, systemically administered PEDF prevented aberrant 
blood vessel growth in a murine model of ischemia-induced retinopathy58.  
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loss of the major angiogenesis inhibitor in the eye, PEDF, in combination with an increased 
expression of angiogenic growth factors such as VEGF. These findings suggest that 
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(BRECs) were incubated with normal or high glucose with or without perindopril. The 
results showed the VEGF-to-PEDF ratio was increased in the retina of diabetic rats; 
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neovascular changes66.The primary goal for treatment of ischemic retinopathy is to preserve 
vision through the inhibition of abnormal neovascularization and vascular damage. 

Adiponectin is a circulating adipose-derived cytokine with antiinflammatory properties67, 

68.In animal models,adiponectin deficiency is associated with the increased inflammatory 
responses under conditions of stresses including overnutrition and ischemic insult69, 70. In 
addition, adiponectin has been shown to protect against the development of various 
diseases including detrimental cardiac and vascular remodeling,ischemic stroke and 
increased albuminuria69, 71-74. In human populations, circulating adiponectin levels inversely 
correlate with the inflammatory marker C-reactive protein levels in blood stream67, 75, 76. Low 
plasma adiponectin levels are associated with the increased prevalence of type 2 diabetes 
and its macrovascular complications including ischemic heart disease63, 67, 77. 

Clinical studies regarding the relationship between plasma adiponectin level and 
retinopathy in diabetes have been inconclusive78, 79. Higuchi et al investigated whether 
adiponectin affects the retinal vascularization and inflammation in a mouse model of 
ischemia-induced retinopathy.When neonatal mice were subjected to ischemia-induced 
retinopathy, pathological retinal neovascularization during ischemia was exacerbated in 
adiponectin-knockout (APN-KO) mice compared with wild-type mice. APN-KO mice also 
exhibited increased leukocyte adhesion and tumor necrosis factor (TNF)-a expression in 
hypoxic retina. Adenovirus-mediated overexpression of adiponectin attenuated hypoxia-
induced pathological retinal neovascularization by 35% in wild-type mice and by 40% in 
APN-KO mice and leukostasis by 64% in wild-type mice and by 75% in APN-KO mice, 
which were associated with reduced TNF-a production. TNF-a blockade diminished the 
enhanced pathological neovascularization in APN-KO mice, and the inhibitory effects of 
adiponectin overexpression on retinal neovascularization and leukocyte adhesion were 
abolished in mice lacking TNF-a. These data provide evidence that adiponectin protects 
against retinal vessel injury following pathological stimuli through modulation of TNF-a 
inflammatory responses80. 

ADPN suppresses adverse effects of inflammatory cytokines and reduces oxidative stress 
induced by oxidized LDL or high glucose in EC62, 63. ADPN inhibits VEGF-stimulated 
human coronary artery EC migration via cAMP/PKA dependent signaling including VEGF-
induced generation of ROS, which implicates it as an important role in vascular processes 
associated with diabetes. Because ADPN is known to act as an antioxidant, anti-
inflammatory, antiapoptotic and antifibrotic protein then its low levels may predispose it to 
a loss of any or all of the above known protective features of ADPN and directly or 
indirectly affect the capillary BRB including the pericyte. Importantly, ADPN may be used 
in the future as an early candidate biomarker of DR in CMS and T2DM. 

6. Leptin  
Not all patients with poor control of diabetes over long periods of time, develop 
retinopathy, suggesting the involvement of other mechanisms. The adipose tissue is an 
important endocrine organ that secretes many biologically active substances such as free 
fatty acids, adiponectin, and interleukin (IL)-6. They are collectively termed 
adipocytokines81. Leptin is one of adipocytokines, acting directly on the hypothalamus, 
thereby regulating food intake and energy expenditure82. The leptin receptor (Ob-R) is a 
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single transmembrane protein that belongs to the gp130 family of cytokine receptor 
superfamily. The leptin receptor has several alternatively spliced isoforms, one of which, a 
biologically active Ob-Rb isoform, is expressed not only in the hypothalamus but also in a 
variety of peripheral tissues, suggesting the direct action of leptin in the periphery. The 
peripheral actions of leptin include the activation of platelet aggregation , the modulation of 
immune function83, and the stimulation of vascular endothelial cell proliferation and 
angiogenesis84, 85. Upon binding to Ob-Rb, leptin has been shown to activate signal 
transducers and activators of transcription (STAT). 

A study has revealed that plasma leptin concentrations are elevated signicantly in patients 
with proliferative diabetic retinopathy relative to those with nonproliferative retinopathy86. 
Furthermore, vitreous leptin concentrations are higher in patients with proliferative diabetic 
retinopathy or retinal detachment87. 

Using the retinopathy of prematurity model, a mouse model of ischemia-induced retinal 
neovascularization, Eri Suganami 88et al have demonstrated more pronounced retinal 
neovascularization in 17-day-old transgenic mice overexpressing leptin than in age-matched 
wild-type littermates. Leptin receptor expression was also detected in primary cultures of 
porcine retinal endothelial cells, where it upregulated VEGF mRNA expression. This effect 
was thought to be mediated at least partly through the activation of signal transducers and 
activators of transcription(STAT)3, because adenoviral transfection of the dominant negative 
form of STAT3 abolished the leptin-induced upregulation of VEGF mRNA expression in 
retinal endothelial cells. This study provides evidence that leptin stimulates the ischemia-
induced retinal neovasucularization possibly through the upregulation of endothelial VEGF88.  

7. Insulin-like Growth Factor-1 (IGF-1) 
Similar to VEGF, the activation of IGF-1 also increases PKC activation, so IGF-1 may be 
regulated by oxidative stress via the PKC pathway89. Retinal IGF-1 mRNA levels are lower 
in the human and diabetic rat when compared to age matched non-diabetic controls90 and 
IGF-1 can have direct mitogenic effects on retinal EC60.IGF-1 can stimulate glucose transport 
into retinal microvascular EC via activation of PKC and can modulate the expression and 
activity of VEGF91. 

Growth hormone and IGF-I have been suspected of playing a role in the progression of 
diabetic retinopathy. In a previous era, hypophysectomy was shown to lead to regression of 
proliferative retinopathy in a study of 100 patients92. Similarly, diabetic dwarfs with low 
systemic IGF-I levels due to growth hormone deficiency have a reduced incidence of 
proliferative DR compared with age- and sex matched diabetic patients. Such observations 
have raised interest in the use of growth hormone–inhibitory and antiproliferative 
somatostatin analogs to treat severe proliferative DR, however, a growth hormone receptor 
antagonist, pegvisomant, failed to induce regression of neovascularization 93. This negative 
result may have occurred because the treatment was initiated too late; treatment may need 
to have started prior to the development of proliferative DR. In another small-scale trial (23 
patients), octreotide (a somatostatin analog) treatment reduced the requirement for laser 
photocoagulation compared with conventional treatment in patients with either severe 
NPDR or early proliferative DR 94. Over the 15-month study, only1 of 22 octreotide-treated 
patients required photocoagulation compared with 9 of 24 conventionally treated patients. 
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a loss of any or all of the above known protective features of ADPN and directly or 
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single transmembrane protein that belongs to the gp130 family of cytokine receptor 
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8. Interleukin-1 Beta (IL-1β) 
Levels of the proinflammatory cytokine, IL-1β , are known to be increased in retinas from 
diabetic rats95-97. Intravitreal injection of IL-1β or exposure of retinal endothelial cells to the 
cytokine in vitro was shown to be capable of causing degeneration of retinal capillary 
endothelial cells98, but the relevance of these findings to capillary degeneration in vivo is not 
clear because the levels of IL-1β likely were pharmacologically high. The role of IL-1β in the 
pathogenesis of diabetic retinopathy recently has been more directly studied using diabetic 
mice in whom the enzyme responsible for IL-1β production was inhibited or in whom the 
IL-1β receptor was deleted. IL-1β is the predominant product of caspase-1, and the 
biological activity of IL-1β is mediated by binding to the cell surface receptor, IL-1R1. 
Activity of caspase-1 is increased in retinas of diabetic mice, galactosefed mice, and diabetic 
humans, and in retinal Müller cells incubated in elevated glucose concentration99. Inhibition 
of caspase-1 using minocycline inhibited the diabetes induced increase in IL-1β and 
decreased degeneration of retinal capillaries in those animals95. Likewise, inhibition of IL-1β 
signaling using IL-1β receptor knock-out mice protected the animals from diabetes-induced 
retinal pathology at 7 months duration of diabetes95. The results indicate that activation of 
caspase-1 and subsequent production of IL-1β play an important role in the development of 
diabetes induced retinal pathology. One known action of IL-1β is to activate NF-κ B. 

IL-1β gene expression is known to reside in EC and glial cells and its expression is 
significantly upregulated in high glucose conditions allowing for BRB allowing 
inflammatory cells to increase their migration across the BRB98.  

IL-1β is known to increase the expression of VEGF in retinal EC, and induces the expression 
of various genes whose promoters are regulated through complex interactions with 

NFκB100. IL-1β has been found to be increased in streptozotocin diabetic rat models98 and IL-
1β accelerates apoptosis in retinal capillary cells, specifically pericytes,through activation of 
NFκB, which is exacerbated by high glucose conditions101. NFκβ is a key regulator of 
antioxidant enzymes and can initiate transcription of genes involved in apoptosis and 
additionally increases downstream inflammatory cytokines101. Importantly, IL-1β 
activation—stimulation results in the translocation of NFκB from its cytosolic compartment 
to the nucleus where it initiates apoptotic genes and downstream inflammatory cytokines101. 

Additionally, IL-1β is considered as one of the most potent stimuli for inducible NOS 
(iNOS), contributing to ongoing inflammation via induction of iNOS protein and 
augmentation of its activity98. IL-1β receptor antagonism (IL-1 βra) in the retina and IL-
1βhave been shown to interfere with the development of not only diabetic retinopathy but 
also pancreatic islet inflammation and beta cell apoptosis in humans with T2DM102. 

9. Interleukin-6 (IL-6) 
The IL-6 cytokine shares common characteristics with VEGF, in that both are induced by 
hypoxia and hyperglycemia, and both play a role in vascular inflammation, permeability 
and angiogenesis103. Human studies have demonstrated that both VEGF and IL-6 were 
elevated in aqueous humor of patients with DR and even higher in those with proliferative 
DR indicating that VEGF and IL-6 play important roles in the development of DR104. Even 

 
Inflammation and Angiogenesis in Diabetic Retinopathy 

 

171 

peripheral blood levels of IL-6 and TNFα were elevated in humans with DR with the 
highest elevations found in those with proliferative DR105. It has been shown that the AngII-
induced vascular alterations involved activation of NAD(P)H oxidase, IL-6, and increases in 
VEGF expression and further,that deletion of IL-6 prevented these effects of vascular 
inflammation in DR106. 

10. Monocyte Chemoattractant Protein (MCP-1) 
MCP-1 contributes to the recruitment of inflammatory cells (monocytes/monocyte derived 
macrophage/microglia) in injured tissue and ROS injury may play a role in DR and retinal 
detachment107. MCP-1 is a potential angiogenic factor in the proliferative phase of DR and is 
associated with proliferation DR107.Hyperglycemia increases the expression of MCP-1 in 
vascular EC63 and AGE-induced ROS generation induced the MCP-1 gene and mRNA 
expression63. Recently, aqueous samples in humans with DR have revealed higher levels of 
MCP-1 and VEGF when compared to nondiabetic subjects and authors further state that 
inflammatory changes may precede the development of neovascularization in proliferative 
DR108. 

11. Vascular Cell Adhesion Molecule (VCAM)  
Many specific growth factors mediate angiogenic process of diabetic retinopathy. VCAM-1, 
a member of the immunoglobulin supergene family of cellular adhesion molecules, is 
involved in the recruitment of leukocytes, their adhesion to vascular endothelium, and their 
subsequent migration into surrounding tissue. Interestingly, the expression of VCAM-1 has 
been found in epiretinal membranes from diabetic patients with PDR109, 110. In addition, it 
has been demonstrated that VCAM-1 promotes angiogenesis both in vitro and in vivo111, 

112.Olson et al. detected increased serum levels of VCAM-1 in diabetic patients with PDR113. 
Moreover, circulating levels of various adhesion molecules increase in patients with 
progressively worsening retinopathy, presumably as a result of shedding from both 
activated leukocytes and injured epithelium. However, systemic levels of VCAM-1 do not 
reflect the local production of VCAM-1 by the retina. Vitrectomy fluid samples obtained 
from diabetic patients with PDR are currently being used to explore indirectly 

the retinal synthesis of several proteins, including growth factors, cytokines, and adhesion 
molecules. Two previous studies demonstrated that soluble VCAM-1 is increased in the 
vitreous cavity of diabetic patients with PDR compared with the vitreous of patients 
undergoing macular hole repair114or from cadaveric eyes15.  

12. Connective Tissue Growth Factor (CTGF) 
The tissue repair process is regulated by a number of polypeptides including cytokines and 
growth factors. CTGF is a 38-kDa cysteinerich polypeptide that was originally identified 
from conditioned medium of human umbilical vein endothelial cells (HUVECs)115. CTGF, 
considered to be a downstream mediator of transforming growth factor-ß(TGF- ß)116, 117, is 
indicated to induce the production of extracellular matrix,such as collagen and fibronectin, 
and to cause fibrosis118. One study have shown that CTGF is overexpressed in the 
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membranes of eyes with PDR119, suggesting that CTGF might be involved in the 
pathogenesis of PVR and PDR. In addition, A study revealed that CTGF is overexpressed 
also in the vitreous with PVR and PDR and additionally demonstrated that various types of 
vitreoretinal cells could be the sources of CTGF120.  

Furthermore, CTGF has been recently indicated to be one of the regulators of angiogenesis. 
In vitro, CTGF has been demonstrated to have proangiogenic effects on Human umbilical 
vein endothelial cell121 and bovine aortic endothelial cells (BAECs)122, and in vivo, CTGF has 
been indicated to induce angiogenesis in rat corneal pocket implants123 and to be involved in 
tumor angiogenesis124 and choroidal neovascularization125, 126 

In the study of Takeshi et al, they demonstrated CTGF also stimulated the synthesis of 
fibronectin by hyalocytes and BRPEs without significant effect on collagen gel contraction 
by these cells. And CTGF promoted VEGF gene expression by hyalocytes and BRPEs. There 
was no significant correlation between the concentrations of CTGF and VEGF. These 
findings indicate that CTGF appears to be involved in the formation of proliferative 
membranes without direct regulation of their cicatricial contraction in the pathogenesis of 
proliferative vitreoretinal diseases. It is possible that CTGF has indirect effects by 
modulating the expression of VEGF127. 

13. Retinal Intercellular Adhesion Molecule-1 (ICAM-1) and CD18 
The retinal vasculature of diabetic humans contains increased numbers of leukocytes, a 
finding that coincides with the increased expression of ICAM-1 in retinal vasculature128. The 
phenomenon is also present in diabetic animal models and occurs whether the diabetes is 
spontaneous in nature or is induced11, 129, 130. The increased density of leukocytes in the 
retinal vasculature begins as early as 1 week following the onset of experimental diabetes 
and results in injury to the endothelium via a FasL-mediated mechanism; a process that 
leads to breakdown of the BRB 131, 132. Retinal ischemia is a second sight-threatening diabetic 
complication. Histolopathological analyses have shown that areas of angiographic non-
perfusion in vivo frequently co-localize to regions full of acellular capillaries, that is, 
basement membrane tubes devoid any viable endothelial cells or pericytes133.  

The leukocytes that adhere to the diabetic retinal vasculature use specific adhesion molecules 
such as the integrin ligand CD18, which forms the invariable portion of the heterodimers Mac-
1(CD11a/CD18) and LFA-1 (CD11b/CD18)134. Leukocytes use CD18 to tether themselves to 
intercellular adhesion molecule-1 (ICAM-1) on the surface of diabetic retinal vasculature. 

A work has established the role of CD18/ICAM-1 leukocyte adhesion in the pathogenesis of 
early diabetes-induced leukostasis and blood-retinal barrier breakdown131. The study of 
Antonia et al also showed that retinal leukostasis increased within days of developing 
diabetes and correlated with the increased expression of retinal intercellular adhesion 
molecule-1 (ICAM-1) and CD18135. Mice deficient in the genes encoding for the leukocyte 
adhesion molecules CD18 and ICAM-1 were studied in two models of diabetic retinopathy 
with respect to the long-term development of retinal vascular lesions. CD18−/− and ICAM-
1−/− mice demonstrated significantly fewer adherent leukocytes in the 

retinal vasculature at 11 and 15 months after induction of diabetes with STZ. And this 
condition is associated with fewer damaged endothelial cells and lesser vascular leakage. 
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Galactosemia of up to 24 months causes pericyte and endothelial cell loss and formation of 
acellular capillaries. However, these changes are significantly reduced in CD18- and ICAM-
1-deficient mice. Basement membrane thickening of the retinal vessels is increased in long-
term galactosemic animals independent of the genetic strain. Thus,the chronic, low-grade 
subclinical inflammation is responsible for many of the signature vascular lesions of diabetic 
retinopathy.These data highlight the central and causal role of adherent leukocytes in the 
pathogenesis of diabetic retinopathy135.  

Attraction and adhesion of leukocytes to the vascular wall are important components of 
inflammatory processes. This leukostasis has been found to be significantly increased in 
retinas of diabetic animals, and might contribute to the capillary nonperfusion in diabetic 
retinopathy. Leukocyte stiffness has been reported to be increased in diabetes (decreased 
filterability) and to contribute to the development of capillary nonperfusion in retinal 
vessels 136, 137. Diabetes increases expression of ICAM-1 in retinas of animals 11and 
interaction of this adhesion molecule on retinal endothelia with the CD18 adhesion molecule 
on monocytes and neutrophils contributes to the diabetes-induced increase in leukostasis 
within retinal vessels11. Leukostasis has been postulated to be a factor in death of retinal 
endothelial cells in diabetes131.  

White blood cells bind to ICAM-1 on the surface of endothelial cells as a component of a 
multistep process leading to adherence of the white blood cell to the endothelial wall11.This 
leukostasis is known to be increased in retinal blood vessels in diabetes, and this process is 
mediated via ICAM-111. ICAM-1 is upregulated by several stimuli, including VEGF, PARP 
activation, oxidative stress, and dylipidemia138-141, at least in part by NF-κ B.Genetically 
modified C57B1/6J mice have been used to explore the roles of ICAM-1 and its ligand on 
white blood cells (CD18) in the pathogenesis of diabetes-induced retinal vascular disease135.  

14. NF-κB 
NF-κ B is a widely expressed inducible transcription factor that is an important regulator of 
many genes involved in mammalian inflammatory and immune responses, proliferation 
and apoptosis. NF-κ B is composed of homodimers and heterodimers, the most abundant 
and best-studied form in mammalian cells consisting of the p65 and p50 subunits. Diabetes 
has been found to cause migration of the p65 subunit into the nucleus of retinal pericytes101, 
and of the p50 subunit into nuclei of retinal endothelial cells, pericytes, ganglion cells, and 
cells of the inner nuclear layer142. 

Evidence in support of an important role of NF-κ B in the pathogenesis of early stages of 
diabetic retinopathy is twofold. First, inhibition of proteins whose expression is regulated by 
NF-κ B (such as iNOS and ICAM) inhibit diabetes induced degeneration of retinal capillaries 
(described below).Second, compounds known to inhibit NF-κ B likewise inhibit the 
development of the retinopathy. For example, several different antioxidants which inhibit the 
development of capillary degeneration and pericyte loss in retinas of diabetic rats143 also 
inhibit the diabetes-induced activation of retinal NF-κ B138.Likewise, low-intermediate doses of 
salicylates (aspirin, sodium salicylate, and sulfasalazine) which inhibited NF-κ B activation in 
retinas of diabetic rats, also inhibited expression of inflammatory mediators like iNOS and 
ICAM-1, and capillary degeneration and pericyte loss in those animals143, 144. Aspirin is known 
to inhibit also production of prostaglandins, but salicylate and sulfasalazine have much less of 
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this activity, suggesting that the common action of these salicylates to inhibit retinopathy in 
diabetes was not primarily mediated by inhibition of prostaglandins.  

15. iNOS 
Inducible isoform of nitric oxide synthase(iNOS) expression is regulated at least in part by 
NF-κ B. Interestingly, experimental sympathectomy itself increases gene and protein 
expression of iNOS in retinas of nondiabetic rats145, suggesting that loss of sympathetic 
activity, such as which occurs in diabetes, might contribute to the upregulation of this 
inflammatory protein in the retina. 

In retinas of diabetic animals, increased levels of nitric oxide products (nitrotyrosine, nitrite, 
nitrate) have been reported144-146. Upregulation of iNOS has been found in retinas of 
experimental diabetic rodents and patients in most studies145-152. Diabetes-induced 
alterations in expression of other isoforms of nitric oxide synthase also have been 
reported153, 154. A possible role of iNOS in the pathogenesis of diabetic retinopathy is 
suggested by the studies of aminoguanidine. Aminoguanidine is a relatively selective 
inhibitor of iNOS155-158, and has been found to inhibit the diabetes-induced increase nitric 
oxide production and iNOS expression in retina145. 

Aminoguanidine also has been found to inhibit the development of the microvascular 
lesions of diabetic retinopathy in diabetic dogs159and rats160.The role of iNOS in the 
development of the early stages of diabetic retinopathy recently has been investigated 
directly using mice genetically deficient in iNOS161. In that study, wildtype diabetic mice 
developed the expected degeneration of retinal capillaries, as well as increase in leukostasis 
and superoxide generation. In contrast, diabetic mice deficient in iNOS did not develop 
these structural or functional abnormalities.  

16. Fas 
Fas levels are increased in retinas of diabetic rats132, 162. Blocking FasL in vivo has been 
shown to prevent endothelial cell damage, vascular leakage, and platelet accumulation in 
diabetes, suggesting that the Fas/FasL system might contribute to the diabetes-induced 
damage that contributes to the development of the retinopathy132, but its role in the 
development of retinal histopathology has not been assessed. 

17. Angiopoietin-1 
Angiopoietin-1 has been found to have anti-inflammatory actions, including inhibition of 
vascular permeability and adhesion protein expression163. When administered intravitreally 
to diabetic rats, angiopoietin-1 normalized blood-retinal barrier function, leukostasis and 
endothelial injury, and inhibited upregulation of retinal VEGF and ICAM-1mRNA and 
protein164. 

18. Hepatocyte Growth Factor (HGF) 
HGF in the etiopathogenesis of PDR remains to be elucidated. A lot of studies165-169 have 
found high intravitreous concentrations of HGF in patients with PDR. In the present study, 
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we consider all these confounding factors in order to evaluate the vitreous levels of HGF in 
patients with PDR and to investigate its relationship with VEGF and retinopathy activity. A 
total of 28 diabetic patients with PDR, in whom a vitrectomy was performed, were included 
in the study. Thirty nondiabetic patients with other conditions requiring vitrectomy but in 
whom the retina was not directly affected by neovascularization served as a control group. 
Patients in whom intravitreous hemoglobin was detectable by spectophotometry were 
excluded. HGF and VEGF were determined by enzyme-linked immunosorbent assay. 
Vitreal levels of both VEGF and HGF were higher in diabetic patients with PDR than in the 
control group. These differences remained highly significant after adjusting for serum 
levels. To explore the influence of the breakdown of the blood-retinal barrier and, in 
consequence, the increased serum diffusion that occurs in PDR patients, the levels of both 
HGF and VEGF were normalized for total vitreal protein concentration. After correcting for 
total vitreous protein concentration, the ratio of VEGF to vitreal proteins remained 
significantly higher in diabetic patients with PDR than in the control group, respectively. 
However, the ratio of HGF to vitreal proteins was lower in diabetic patients than in 
nondiabetic control subjects. The lower intravitreous levels of HGF obtained after correcting 
for intravitreal proteins in patients with PDR in comparison with nondiabetic control 
subjects suggest that serum diffusion largely explains the differences detected in the 
intravitreous HGF levels between these groups. The vitreous concentrations of VEGF were 
higher in patients with active PDR than in patients with quiescent PDR. By contrast, 
vitreous HGF was not related to PDR activity170.  

19. Angiotensin II 
Angiogenesis, the growth of new vessels, is a physiologic process that occurs under normal 
conditions. During these processes, angiogenesis is well regulated by a balance of positive 
and negative factors. However, in various disease states, such as tumor progression, 
inflammation, and diabetic retinopathy, deregulated overactive angiogenesis contributes to 
disease progression171.Recent reports suggest that receptor tyrosine kinases (RTKs) of 
endothelial cells play a major role in both physiological and pathological angiogenesis171, 172. 
Two distinct RTK subfamilies are characterized by their abundant expression of 
endothelium. One subfamily consists of VEGF receptors Flt-1/VEGF-R1, Flk-1/VEGF-R2, 
and Flt-4/VEGF-R3173-175. VEGF, also known as vascular permeability factor, is an 
endothelial cell-specific mitogen that induces angiogenesis and increases 
vasopermeability171. 

The other endothelium-specific RTK subfamily is the Tie receptor family, consisting of Tie1 
and Tie2176. Tie1-null mice die in utero with defects that may implicate the hemodynamics of 
transcapillary fluid exchange177, 178. Similarly, Tie2-knockout mice die from day 9.5 to 10.5, 
because of immature vessels and lack of microvessel formation178, 179. Unlike the VEGF 
receptor–knockout mouse180, the number of endothelial cells was normal, and tubular 
formation was detected in Tie2-knockout mice. A mutation in Tie2 in humans was reported to 
cause venous malformations, which are typically an imbalance of endothelial cells and smooth 
muscle cells181. These findings suggest that the Tie2 system has a role in endothelialstromal cell 
communication and in maturation and stabilization of vascular structures. 

Ligands for the Tie2 receptor have been identified as angiopoietin (Ang)-1 and Ang2 182, 183 
and, more recently,Ang3 and Ang4184. Ang1 phosphorylates Tie2 in cultured endothelial 
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this activity, suggesting that the common action of these salicylates to inhibit retinopathy in 
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cells182, whereas Ang2 does not induce phosphorylation of Tie2, but rather inhibits the 
Ang1-induced phosphorylation of Tie2 in vascular endothelial cells183.Ang2-overexpressing 
transgenic mice die with vascular defects similar to Tie2- or Ang1-knockout mice178, 185. 
These observations suggest that Ang2 acts as a natural antagonist of Tie2 by blocking 
receptor activation by Ang1183. Recently, wide expression of Tie2 in the quiescent 
vasculature of adult tissues was reported186. A study using a corneal angiogenesis model 
revealed that Ang1 and Ang2 facilitates VEGF-induced neovascularization; Ang1 promotes 
vascular network maturation, whereas Ang2 initiates neovascularization187.These data 
support the idea that angiopoietins/Tie2 may have a role not only in embryonic 
angiogenesis, but also in postnatal angiogenesis. 

The renin-angiotensin system (RAS) is known to be a key factor in the cardiovascular 
homeostasis that regulates blood pressure and fluid electrolyte balance188. RAS 
abnormalities have also been reported to play a role in the progression of diabetic 
retinopathy189. Angiotensin II has been reported to regulate cell growth by inducing several 
growth factors190-192. In 1998 and 2000, Atsushi Otani et al reported that Angitensin II 
potentiates VEGF-mediated angiogenic activities through upregulation of VEGF-R2 
expression in bovine retinal endothelial cells (BRECs) and upregulation of VEGF in bovine 
retinal pericytes (BRPs) 193, 194. As RAS played a major role in the retinal angiogenic 
abnormalities associated with diabetes, Atsushi Otani et al investigated the effect of 
angiotensin II (AII) on Ang1 and Ang2 expression in cultured bovine retinal endothelial 
cells(BRECs). Their results showed that AII stimulated Ang2 but not Ang1 mRNA 
expression in a dose- and time-dependent manner. This response was inhibited completely 
by angiotensin type 1 receptor (AT1) antagonist. AII increased the transcription of Ang2 
mRNA, but did not change the half-life. Protein kinase C (PKC) inhibitor completely 
inhibited AIIinduced Ang2 expression, and the mitogen-activated protein kinase (MAPK) 
inhibitor also inhibited it. In addition, the upregulation of Ang2 in an AII-induced in vivo 
rat corneal neovascularization model was also confirmed. These data suggest that AII 
stimulates Ang2 expression through AT1 receptor-mediated PKC and MAPK pathways in 
BREC, and AII may play a novel role in retinal neovascularization195. 

20. Glial cell-derived cytokines 
BRB is a biological unit of retinal vessels with a well-differentiated network, including glial 
cells such as astrocytes and Müller cells, maintaining the retinal microenvironment and low 
permeability. The substantial apparatus of the BRB is a barrier comprised of tight junctions 
between the capillary endothelial cells that strictly regulate the paracellular pathways 
between the cells196. BRB breakdown is closely associated with a number of retinal diseases 
such as diabetic retinopathy, which is characterized by vascular leakage due to increased 
vascular permeability in its early pathogenesis197. 

Hich is believed to be a critical factor in the development of diabetic retinopathy12, 15, 48. 
However, the molecular pharmacology that directly inhibits activated VEGF has not been 
proven to satisfactorily block microangiopathy in diabetic retinopathy198, 199. Glial cell line–
derived neurotrophic factor (GDNF) was originally identified as a neurotrophic 
differentiation factor for dopaminergic neurons in the central nervous system and retina.The 
certain advanced glycation end products could increase the vascular permeability of the 
BRB in vitro by the induction of VEGF and reduction of GDNF expression from glial cells 
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have been demonstrated, suggesting that phenotypic alteration of glial cells in diabetes is 
responsible for the BRB breakdown200-202. 

The vitamin A metabolite all-trans retinoic acid (ATRA) is a potent regulator of cell 
differentiation and an essential signaling molecule in embryonic development and 
throughout life. A study has shown that ATRA can differentiate pluripotent embryonal 
carcinoma cells into neuronal and glial tissues and that it plays an important role in the 
induction of GDNF responsiveness in these cells203. Nami Nishikiori et al demonstrated that 
retinoic acid receptor (RAR)a stimulants preferentially act on glial cells, resulting in the 
enhanced expression of glial cell line–derived neurotrophic factor (GDNF) through 
recruitment of the RARa-driven trans-acting coactivator to the 5´-flanking region of the gene 
promoter. Conversely, RARa decreases expression of VEGF/vascular permeability factor. 
These gene expression alterations causally limit vascular permeability by modulating the 
tight junction function of capillary endothelium in a paracrine manner in vitro. The 
phenotypic transformation of glial cells mediated by RARa is sufficient for significant 
reductions of vascular leakage in the diabetic retina, suggesting that RARa antagonizes the 
loss of tight junction integrity induced by diabetes. These findings reveal that glial cell–
derived cytokines such as GDNF and VEGF regulate BRB function, implying that the glial 
cell can be a possible therapeutic target in diabetic retinopathy204.  
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1. Introduction 
Diabetic macular edema represents one of the most important causes of visual morbidity in 
diabetes mellitus. The National Diabetes Information Clearinghouse estimates the 
prevalence of diabetes mellitus types 1 and 2 at 11.3% of the population above the age of 20, 
with an annual incidence of 1.9 million cases in the United States alone. In this population, 
the prevalence of diabetic macular edema is estimated at 30% of patients inflicted by the 
disease for 20 years or more. Diabetes mellitus is the leading cause of preventable blindness 
owing to both diabetic macular edema and complications of proliferative diabetic 
retinopathy (NDIC 2011). Thus once can expect that diabetic macular edema is a common 
entity in any Retina specialty practice with serious implications for vision loss if not treated 
in a timely and appropriate manner. Based on the critical findings of the Early Treatment in 
Diabetic Retinopathy Study, the standard of care has been focal laser photocoagulation 
therapy along with strong recommendations for strict blood glucose and blood pressure 
control. However since then, the spectrum of therapies for diabetic macular edema has 
expanded and continues to evolve. The use of steroid therapy and anti-vascular endothelial 
growth factor biologics have been compared to focal laser photocoagulation in order to 
establish more treatment options with equivalent efficacy and safety. 

The following chapter is a comprehensive review of the basic pathophysiology, 
symptomatology, clinical findings, diagnostic methods, indications for intervention, and 
treatment modalities of diabetic macular edema. Careful attention is given to the review of 
treatment modalities, including steroid therapy, Anti-VEGF pharmacotherapy (sister drugs 
Lucentis (ranibizumab) and Avastin (bevacizumab)) and surgical techniques. A literature 
review is also summarized comparing these methods to focal laser photocoagulation 
therapy. Thus this chapter is designed to give the reader a fuller understanding of the 
diabetic macular edema as a clinical entity and how it can be addressed so as to preserve 
vision. 

2. Pathophysiology 
Diabetic macular edema is a microvascular complication of diabetes mellitus with serious 
implications for vision loss. The central pathophysiologic event is retinal capillary 
incompetence and leakage. Several biochemical hypotheses exist to explain the damage to 
retinal capillary constituents in diabetes mellitus. Prolonged hyperglycemia has been 
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implicated in direct injury to retinal capillary endothelial cell and pericytes and to a decline 
in cell division (Engerman 1987). Cells in the body produce energy from the metabolism of 
glucose. The sorbitol (or polyol) pathway concurrently employs aldose reductase to reduce 
unused glucose to sorbitol (Brownlee 2001). Under normal circumstances cells metabolize 
glucose primarily via glycolysis, particularly because at a physiologic serum concentration, 
aldose reductase has a low affinity for glucose. However, high serum glucose concentrations 
can saturate the glycolysis pathway, making excess glucose molecules available for 
reduction to sorbitol by the avidly-binding aldose reductase. Excessive activation of the 
sorbitol pathway in hyperglycemia results in an accumulation of sorbitol in the intracellular 
space which has been considered toxic to cells, in particular to retinal capillary endothelial 
cells and pericytes (Brownlee 2001).  

Retinal capillary walls normally consist of a succinct network of endothelial cells and mural 
pericytes, which exist in a deliberate one-to-one ratio. In the 1950s, Kuwabara and Cogan 
developed Trypsin digest studies in retinal tissue of diabetic human subjects, which made 
possible the close examination of the retinal vasculature by light microscopy (Kuwabara 
1960). These retinal digest studies were the first of their kind to demonstrate the key 
pathologic events of diabetic retinopathy. The biochemical derangements of diabetes 
mellitus cause a preferential loss of pericytes, identified histologically as empty “balloon-
like spaces” or “ghost cells” along retinal capillary walls (Kuwabara 1960). Immunologic 
studies have demonstrated that mural pericytes contain properties that make them 
structurally analogous to the smooth muscle layer of larger scale blood vessels. The 
contractile nature and tonus of pericytes contribute to the structural integrity of the retinal 
capillary wall (Herman 1985). Therefore, a loss of mural pericytes may cause focal 
weakening and saccular dilatation of retinal capillaries, identified biomicroscopically as 
microaneurysms. Microaneurysms are readily detected on close fundoscopic examination 
and by fluorescein angiography and are one of the earliest signs of nonproliferative diabetic 
retinopathy (Freidenwald 1950). They are visually indistinguishable from dot intraretinal 
hemorrhages and thus represent areas of focal retinal vasculature incompetence.  

The breakdown of the inner blood retinal barrier at the level of the retinal capillary 
endothelial cells likewise contributes to capillary incompetence. This breakdown largely 
occurs with an opening of tight junctions, or zonulae occludentes, between adjacent 
endothelial cells (Green 1985). The pathophysiologic outcome of inner blood retinal barrier 
compromise and abnormally permeable microaneurysms is an unchecked leakage of 
erythrocytes, plasma, and lipoproteins into the retinal interstitium. Retinal edema results 
once this fluid leakage overwhelms the capacity of the retinal pigment epithelial pump to 
remove it. The sequelae of vascular incompetence and retinal edema include (1) 
precipitation of serum lipoproteins in the retinal interstitium, causing a disruption of the 
delicate retinal architecture and (2) retinal arteriolar closure, resulting in focal retinal 
ischemia (Ryan 1989).  

Retinal arteriolar closure characterizes a more advanced stage of nonproliferative 
retinopathy and carries more serious implications for widespread retinal ischemia and 
progression to proliferative disease (Ryan 1989). Several mechanisms of arteriolar occlusion 
have been hypothesized, implicating both intraluminal and extraluminal forces. Firstly, 
erythrocyte and platelet agglutination and defective fibrinolysis may cause intraluminal 
occlusion of arterioles (Little 1981) Endothelial cell basement membrane thickening, a 
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general histologic characteristic of diabetes mellitus, potentially causes luminal narrowing 
and occlusion. The accumulation of interstitial fluid and protein leads to increased tissue 
oncotic pressure and tissue turgor which may cause vascular closure by means of direct 
compression (Ryan 1989). Macular ischemia resulting from closure of retinal capillaries and 
arterioles may exacerbate concurrent macular edema.  

Deformational macular edema caused by tractional membranes on the retinal surface is 
often observed in diabetic retinopathy either alone or in the presence of underlying diabetic 
macular edema (Clarkson 1977). Epiretinal membranes and a taut posterior hyaloid are the 
most common examples of tractional membranes. Epiretinal membranes are fibrocellular 
membranes caused by the migration and proliferation of retinal glial cells along the retinal 
surface. Their origin can be idiopathic or as a consequence of diabetic retinopathy or retinal 
vascular disorders. Depending on their severity, epiretinal membranes can cause retinal 
distortion and tractional retinal edema that is evident on both fundoscopy and fluorescein 
angiography (as cystoid macular edema). Epiretinal membranes can thus exacerbate 
underlying DME. The posterior hyaloid face of the vitreous can likewise cause 
deformational macular edema by exerting antero-posterior forces on the macula, as 
observed in the vitreomacular traction (VMT) syndrome. This is an idiopathic condition 
characterized by abnormal adhesion of the posterior hyaloid to the macula. As seen with 
epiretinal membranes, there may be tractional edema causing leakage in the macula and 
from the optic nerve head on fluorescein angiography (Hikichi 1995). Several hypotheses 
have attempted to explain the VMT syndrome: (1) Glycation of the vitreous: abnormal 
crosslinking of cortical vitreous in systemic hyperglycemic with tractional adherence to the 
macula causing a secondary deformation of retinal architecture (Dillinger 2004); (2) 
sequestration of pro-inflammatory factors or compounds in the pre-macular area by the 
posterior hyaloid that increase vascular permeability (Dillinger 2004); (3) frank, idiopathic 
contraction of the posterior hyaloid face with resultant deformational edema (Figueroa 
2008). 

The metabolic derangements of diabetes mellitus take a serious toll on the smallest 
constituents of the retinal vasculature. These early changes eventually manifest themselves 
on a macroscopic level, causing a generalized dysfunction of the blood retinal barrier, 
pathologic retinal edema, retinal vascular compromise and closure, tissue ischemia, and the 
potential for serious loss of visual acuity.  

3. Clinical considerations 
Macular edema is the terminology applied when careful fundoscopic examination reveals 
retinal thickening (with or without retinal exudates) within two disc diameters of the central 
macula. It may be observed at any stage of diabetic retinopathy, from minimal background 
diabetic retinopathy to active proliferative disease. The classic signs of background 
(nonproliferative) diabetic retinopathy are dot-blot hemorrhages, microaneurysms, hard 
exudates, and cotton wool spots. Dot-blot hemorrhages are intraretinal hemorrhages located 
in the outer retinal layers that directly result from incompetent retinal capillaries. Small, dot 
hemorrhages may be clinically indistinguishable from microaneurysms; whereas “blot” 
hemorrhages tend to be larger with indistinct borders located in the outer plexiform layer. 
Hard exudates are discrete, often confluent, yellow-white intraretinal accumulations of 



 
Diabetic Retinopathy 

 

194 

implicated in direct injury to retinal capillary endothelial cell and pericytes and to a decline 
in cell division (Engerman 1987). Cells in the body produce energy from the metabolism of 
glucose. The sorbitol (or polyol) pathway concurrently employs aldose reductase to reduce 
unused glucose to sorbitol (Brownlee 2001). Under normal circumstances cells metabolize 
glucose primarily via glycolysis, particularly because at a physiologic serum concentration, 
aldose reductase has a low affinity for glucose. However, high serum glucose concentrations 
can saturate the glycolysis pathway, making excess glucose molecules available for 
reduction to sorbitol by the avidly-binding aldose reductase. Excessive activation of the 
sorbitol pathway in hyperglycemia results in an accumulation of sorbitol in the intracellular 
space which has been considered toxic to cells, in particular to retinal capillary endothelial 
cells and pericytes (Brownlee 2001).  

Retinal capillary walls normally consist of a succinct network of endothelial cells and mural 
pericytes, which exist in a deliberate one-to-one ratio. In the 1950s, Kuwabara and Cogan 
developed Trypsin digest studies in retinal tissue of diabetic human subjects, which made 
possible the close examination of the retinal vasculature by light microscopy (Kuwabara 
1960). These retinal digest studies were the first of their kind to demonstrate the key 
pathologic events of diabetic retinopathy. The biochemical derangements of diabetes 
mellitus cause a preferential loss of pericytes, identified histologically as empty “balloon-
like spaces” or “ghost cells” along retinal capillary walls (Kuwabara 1960). Immunologic 
studies have demonstrated that mural pericytes contain properties that make them 
structurally analogous to the smooth muscle layer of larger scale blood vessels. The 
contractile nature and tonus of pericytes contribute to the structural integrity of the retinal 
capillary wall (Herman 1985). Therefore, a loss of mural pericytes may cause focal 
weakening and saccular dilatation of retinal capillaries, identified biomicroscopically as 
microaneurysms. Microaneurysms are readily detected on close fundoscopic examination 
and by fluorescein angiography and are one of the earliest signs of nonproliferative diabetic 
retinopathy (Freidenwald 1950). They are visually indistinguishable from dot intraretinal 
hemorrhages and thus represent areas of focal retinal vasculature incompetence.  

The breakdown of the inner blood retinal barrier at the level of the retinal capillary 
endothelial cells likewise contributes to capillary incompetence. This breakdown largely 
occurs with an opening of tight junctions, or zonulae occludentes, between adjacent 
endothelial cells (Green 1985). The pathophysiologic outcome of inner blood retinal barrier 
compromise and abnormally permeable microaneurysms is an unchecked leakage of 
erythrocytes, plasma, and lipoproteins into the retinal interstitium. Retinal edema results 
once this fluid leakage overwhelms the capacity of the retinal pigment epithelial pump to 
remove it. The sequelae of vascular incompetence and retinal edema include (1) 
precipitation of serum lipoproteins in the retinal interstitium, causing a disruption of the 
delicate retinal architecture and (2) retinal arteriolar closure, resulting in focal retinal 
ischemia (Ryan 1989).  

Retinal arteriolar closure characterizes a more advanced stage of nonproliferative 
retinopathy and carries more serious implications for widespread retinal ischemia and 
progression to proliferative disease (Ryan 1989). Several mechanisms of arteriolar occlusion 
have been hypothesized, implicating both intraluminal and extraluminal forces. Firstly, 
erythrocyte and platelet agglutination and defective fibrinolysis may cause intraluminal 
occlusion of arterioles (Little 1981) Endothelial cell basement membrane thickening, a 

 
Diabetic Macular Edema 

 

195 

general histologic characteristic of diabetes mellitus, potentially causes luminal narrowing 
and occlusion. The accumulation of interstitial fluid and protein leads to increased tissue 
oncotic pressure and tissue turgor which may cause vascular closure by means of direct 
compression (Ryan 1989). Macular ischemia resulting from closure of retinal capillaries and 
arterioles may exacerbate concurrent macular edema.  

Deformational macular edema caused by tractional membranes on the retinal surface is 
often observed in diabetic retinopathy either alone or in the presence of underlying diabetic 
macular edema (Clarkson 1977). Epiretinal membranes and a taut posterior hyaloid are the 
most common examples of tractional membranes. Epiretinal membranes are fibrocellular 
membranes caused by the migration and proliferation of retinal glial cells along the retinal 
surface. Their origin can be idiopathic or as a consequence of diabetic retinopathy or retinal 
vascular disorders. Depending on their severity, epiretinal membranes can cause retinal 
distortion and tractional retinal edema that is evident on both fundoscopy and fluorescein 
angiography (as cystoid macular edema). Epiretinal membranes can thus exacerbate 
underlying DME. The posterior hyaloid face of the vitreous can likewise cause 
deformational macular edema by exerting antero-posterior forces on the macula, as 
observed in the vitreomacular traction (VMT) syndrome. This is an idiopathic condition 
characterized by abnormal adhesion of the posterior hyaloid to the macula. As seen with 
epiretinal membranes, there may be tractional edema causing leakage in the macula and 
from the optic nerve head on fluorescein angiography (Hikichi 1995). Several hypotheses 
have attempted to explain the VMT syndrome: (1) Glycation of the vitreous: abnormal 
crosslinking of cortical vitreous in systemic hyperglycemic with tractional adherence to the 
macula causing a secondary deformation of retinal architecture (Dillinger 2004); (2) 
sequestration of pro-inflammatory factors or compounds in the pre-macular area by the 
posterior hyaloid that increase vascular permeability (Dillinger 2004); (3) frank, idiopathic 
contraction of the posterior hyaloid face with resultant deformational edema (Figueroa 
2008). 

The metabolic derangements of diabetes mellitus take a serious toll on the smallest 
constituents of the retinal vasculature. These early changes eventually manifest themselves 
on a macroscopic level, causing a generalized dysfunction of the blood retinal barrier, 
pathologic retinal edema, retinal vascular compromise and closure, tissue ischemia, and the 
potential for serious loss of visual acuity.  

3. Clinical considerations 
Macular edema is the terminology applied when careful fundoscopic examination reveals 
retinal thickening (with or without retinal exudates) within two disc diameters of the central 
macula. It may be observed at any stage of diabetic retinopathy, from minimal background 
diabetic retinopathy to active proliferative disease. The classic signs of background 
(nonproliferative) diabetic retinopathy are dot-blot hemorrhages, microaneurysms, hard 
exudates, and cotton wool spots. Dot-blot hemorrhages are intraretinal hemorrhages located 
in the outer retinal layers that directly result from incompetent retinal capillaries. Small, dot 
hemorrhages may be clinically indistinguishable from microaneurysms; whereas “blot” 
hemorrhages tend to be larger with indistinct borders located in the outer plexiform layer. 
Hard exudates are discrete, often confluent, yellow-white intraretinal accumulations of 



 
Diabetic Retinopathy 

 

196 

precipitated serum lipid. Their presence is likewise strong evidence of retinal capillary 
leakage. Cotton wool spots are thusly named due to their fluffy, white appearance in the 
retina. They represent foci of ischemic retinal whitening in areas of retinal capillary closure. 
Cotton wool spots may resolve over time without necessarily promoting retinal 
neovascularization. However, a high density of cotton wool spots in any single area may 
suggest more severe underlying ischemia and a greater risk of progression to proliferative 
disease. 

Macular edema may exist in several forms, each of which require specific treatment 
strategies and may vary greatly in terms of visual prognosis. Macular edema is primarily 
characterized as focal or diffuse. Focal macular edema represents retinal thickening 
involving localized areas of the macula, usually from a single microaneurysm or of clusters 
of them. Focal edema is often in the form of a microaneurysm with a surrounding circinate 
ring of precipitated hard exudates (or plasma lipoproteins), which delineates edematous 
from non-edematous retina (Gass 1987). Plasma lipoproteins most commonly accumulate in 
the outer plexiform layer but may be deposited in the subretinal space causing an 
independent decline in vision if the fovea is involved. Diffuse macular edema corresponds 
to a more generalized retinal capillary incompetence with extensive fluid leakage in the 
macula. Additionally, although not generally considered an element of diabetic macular 
edema (DME), incompetence in the outer blood-retinal barrier has been implicated in 
diffuse edema (Bresnick 1986). Experimental animal models have suggested that loss of 
retinal pigment epithelial cell tight junctions and RPE necrosis in diabetes mellitus possibly 
lead to abnormal permeability from the choroid (Kirber 1980). This often leads to cystoid 
macular edema and is not necessarily associated with exudates. Both eyes are usually 
symmetrically affected, demonstrating the same severity of edema and visual acuity. 
Systemic factors such as glycemic control, blood pressure, and fluid retention status may 
alter the clinical appearance of diffuse macular edema, with periodic resolution and 
exacerbation even without therapeutic intervention (Ryan 1989). 

Recently, the use of the terminology “focal” versus “diffuse” diabetic macular edema has 
come under scrutiny. Some critics of this terminology have argued that it is not precise as 
there may be great overlap between these two entities in terms of visual morbidity, 
management options, and prognosis. More accurate descriptors should ideally include 
information regarding the following characteristics: location and extent of edema, central 
foveal involvement or sparing, and the extent and location of associated exudation 
(Browning 2008).  

Macular edema is a common cause of visual acuity loss, particularly in the context of poorly 
controlled blood glucose levels. However, vision can be preserved for months to years even 
with clinically significant diabetic macular edema. Thus the presence of excellent visual 
acuity does not contraindicate treatment of diabetic macular edema. In the majority of cases, 
macular edema does eventually lead to a decline in visual acuity, which is potentially 
reversible if the edema is successfully treated once the diagnosis is made. Chronic DME can 
cause a profound disruption of the retinal architecture. Cystoid maculopathy, characterized 
by retinal degeneration and atrophy in the macula, is typically resistant to even aggressive 
therapy and holds a poor visual prognosis. 
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A consequence of retinal capillary and arteriolar closure in diabetic retinopathy is the 
disruption of the fine capillary network surrounding the fovea (Hayreh 2008). The end stage 
of retinal vascular incompetence, capillary and arteriolar closure is macular ischemia, which 
results from compromised oxygen delivery in the macula (Hayreh 2008). Retinal edema and 
exudation in DME will increase the length of the pathway for diffusion of oxygen in to the 
vessel-devoid foveal avascular zone (Hayreh 2008). The inability to sustain the oxygen 
demands of this tissue will invariably have visual consequences, particularly once 
breakdown of the perifoveal capillary network is documented angiographically. Visual 
acuity is generally not affected until the diameter of the foveal avascular zone (usually 500 
microns) exceeds 1000 microns (Ryan 1989). However, once this occurs, irreversible loss of 
visual acuity can be expected. Macular ischemia will compound diabetic macular edema; 
thus, when coexistent, it is often difficult to determine which has a greater effect on visual 
acuity. Such eyes tend to have poorer general prognosis, with a blunted response to focal 
laser therapy.  

4. Clinical assessment 
The characteristics of diabetic macular edema are best assessed by a combination of slit lamp 
biomicroscopy, fundus photography, fluorescein angiography, and more recently optical 
coherence tomography (OCT). The basic pathophysiologic lesions discussed above may be 
readily apparent in the posterior pole on fundoscopic examination with contact or 
noncontact lenses. Macular edema is detected as a thickening in the retinal layers with 
stereoscopic, binocular viewing. Mild retinal edema may escape detection whereas frank 
macular edema is typically quite apparent, particularly with coexisting intraretinal 
hemorrhage and hard exudate. Stereoscopic fundus photographs have been the standard 
method of quantifying diabetic macular edema in clinical trials (Davis 2008). 

In ophthalmoscopically normal eyes, early changes in diabetic retinopathy may be detected 
by fluorescein angiography. A fluorescein angiogram is obtained when information about 
the structure and integrity of the retinal circulation is needed. However, it should not be 
used specifically to evaluate for the presence of DME. Fluorescein dye (a green vegetable-
based dye) is injected into a vein in the antecubital fossa and a series of timed photographs 
are taken of the fundi. As previously stated, diabetic macular edema is a disease of retinal 
capillary incompetence with leakage of serum and blood products into the retinal 
interstitium. While fluorescein is largely bound to protein and the surface of erythrocytes in 
the blood column, approximately 20% of molecules are unbound (Richard 2008). Therefore, 
in the setting of inner blood retinal barrier compromise, there will be an egress of fluorescein 
into the retinal interstitium. The earliest evidence of this in background diabetic retinopathy 
is leakage from retinal microaneurysms, detectable as early punctate hyperfluorescence in 
the posterior pole. Macular edema is demonstrated as expanding hyperfluorescence from 
punctate foci in mid and late phases of the study. When cystoid macular edema is present, 
the leakage may be in a petaloid pattern. 

Time domain and spectral domain optical coherence tomography (OCT) are newer imaging 
modalities commonly employed in the evaluation of diabetic macular edema. OCT provides 
qualitative cross-sectional images and retinal thickness maps as well as quantitative 
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A consequence of retinal capillary and arteriolar closure in diabetic retinopathy is the 
disruption of the fine capillary network surrounding the fovea (Hayreh 2008). The end stage 
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thickness estimates of the central macular subfield. The use of OCT as a diagnostic tool in 
diabetic macular edema has been investigated. Officially, the diagnosis of diabetic macular 
edema is made by specific fundoscopic criteria established by the ETDRS. Recent studies 
have compared OCT to fundus photography in order to validate the role of the former in 
diagnosing DME. For example, a 2008 study by the Diabetic Retinopathy Clinical 
Research Network demonstrated a moderate correlation between retinal thickness 
measurements rendered by time domain OCT (Zeiss Stratus OCT3) and area of retinal 
thickening determined by stereoscopic fundus photographs (Davis 2008). Furthermore, 
the authors report that OCT may be more sensitive than fundus photographs in 
measuring the change in retinal thickness over time and, in particular, after treatment of 
DME. While visual acuity itself remains the most important correlate of the severity of 
diabetic macular edema, this study demonstrated only a weak correlation between OCT 
retinal thickness estimates and visual acuity. Nevertheless, the group concluded that OCT 
is an acceptable method of quantifying diabetic macular edema and suggested the 
possibility of its use in future clinical trials evaluating the efficacy of treatment modalities. 
Furthermore, the use of OCT to guide focal laser photocoagulation therapy was suggested 
in a prospective interventional comparative study comparing it with fluorescein 
angiogram-guided treatment (Gallego-Pinazo 2011). 

OCT has become an indispensible imaging study in the early detection of diabetic macular 
edema and in the assessment of treatment response. OCT is likewise helpful in the diagnosis 
of tractional forces impacting macula edema such as epiretinal membranes and 
vitreomacular abnormalities, which are not as easily assessed by fundoscopy. Prior to such 
imaging techniques assessment of vitreomacular traction was certainly less accurate. 

5. Management 
The Early Treatment in Diabetic Retinopathy Study (ETDRS), sponsored by the National Eye 
Institute in 1979, was a benchmark in the management of diabetic macular edema (ETDRS 
1985). The ETDRS was a large-scale, multicenter, randomized clinical trial designed to 
investigate whether early treatment of macular edema by focal argon laser photocoagulation 
could prevent moderate visual loss, defined as a loss of three lines of vision or a doubling of 
the visual angle. Eyes with macular edema in the setting of mild to moderate 
nonproliferative diabetic retinopathy with a visual acuity of 20/40 or worse were recruited 
and divided into two treatment groups: immediate versus delayed focal laser 
photocoagulation. The standard technique and parameters of focal laser therapy were 
detailed by the ETDRS as follows: a laser spot size of 50-100 microns and duration of 0.10 
seconds to focal microaneurysms observed with contact lens fundoscopy. When the macular 
edema is more diffuse, a grid pattern of similar parameters may be applied. Laser burns are 
titrated to a slight graying of the treated retina (ETDRS 1985; ETDRS 1987). Based on three 
years of follow-up data, the ETDRS concluded that immediate focal photocoagulation 
halved the rate of moderate visual loss. When patients were stratified in terms of severity of 
initial macular edema, the benefit of immediate focal laser therapy was maximized in 
patients with “clinically significant macular edema” (CSME). As such, the ETDRS defined 
CSME, which is characterized as follows:  
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• retinal edema located at or within 500 microns of the foveal center 
• hard exudates at or within 500 microns of the foveal center if associated with thickening 

of adjacent retina  
• a zone of retinal thickening larger than 1 disc area within 1 disc diameter of the foveal 

center (ETDRS 1985) 

This treatment strategy implies that  is that macular edema which does not satisfy the above 
characteristics may be closely observed clinically until the criteria are satisfied (ETDRS 1987).  

Subclinical macular edema (SCME) is a term used to describe macular edema in which fluid 
or leakage is detected on optical coherence tomography or fluorescein angiography, but not 
detected clinically on examination, or if detected on examination, did not meet the definition 
of CSME as defined by the ETDRS. This has been quantified as a central retinal subfield 
thickness ranging from 200 to 300 microns (by third generation Zeiss Stratus OCT). A recent 
retrospective case-controlled study compared type II diabetics with SCME to age, sex, and 
disease duration-matched controls without macular edema (defined as central subfield 
thickness <200 microns). This study aimed to identify the risk factors and relative risk for 
progression to CSME from SCME. It found that a prior history of CSME, advancing age and 
graded increases in central retinal thickness over time increased the likelihood of 
progression to CSME in patients with sublinical edema (Bhavsar 2011).  

Further analysis of ETDRS data revealed that eyes with center-involving CSME (i.e. 
intraretinal fluid involving the fovea) versus eyes with CSME without central involvement 
(i.e. encroaching upon but sparing fixation) demonstrated a differential response to focal 
laser therapy (ETDRS 1985). The ETDRS presented data indicating that treatment of center-
involving CSME resulted in a 67% decrease in the rate of visual loss (defined as 15 or more 
letter at three years). However, the treatment of center-sparing CSME resulted in only an 
approximate 45% decrease in the rate of visual loss. The ETDRS was not designed to 
determine the most appropriate timing for focal laser therapy. However, based on its 
conclusions, immediate focal laser photocoagulation is recommended in both morphologies 
of CSME.  

The management of diabetic macular edema has expanded since publication of the ETDRS 
findings. At present, treatment options are quite broad, incorporating proven and new 
therapies (or combinations of them), each designed to target a central pathophysiologic 
mechanism of the disease. Three proven methods exist to decrease the long-term risk of 
vision loss from DME, namely (1) tight blood sugar control (proven in Diabetes Control and 
Complications Trial (DCCT) and United Kingdom Prospective Diabetes Study (UKPDS)); (2) 
blood pressure control (UKPDS); and (3) focal laser photocoagulation therapy (ETDRS) 
(ETDRS 1985; DCCT 1983; UKPDS 1998). 

Observation with encouragement of tight glycemic and blood pressure control is an option, 
particularly in subclinical macular edema (SCME). While spontaneous resolution of macular 
edema with excellent control of systemic risk factors is entirely possible, observation of 
patients deemed at high risk for clinical worsening is not advisable. In fact, the ETDRS did 
recommend focal laser therapy for macular edema outside 500 microns of fixation in the 
context of poor glycemic control (ETDRS 1985). 
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5.1 Focal laser photocoagulation therapy 

Since the findings of ETDRS, focal laser photocoagulation remains the standard of care for 
the treatment of diabetic macular edema. The effects of focal laser in controlling macular 
edema are relatively long-lasting, demonstrated at up to three years. However, as was 
reported by the ETDRS, only 17% of eyes with baseline vision of worse than 20/40 
experienced modest visual improvement, and a certain proportion of patients did not 
respond to focal laser therapy at all (ETDRS 1985). It is generally accepted that diffuse DME 
or cystoid macular edema in fixation precludes treatment by focal laser by virtue of its 
location. The more severe entities of DME have served as an impetus in the search for 
adjunctive or stand-alone pharmacotherapy in the treatment of diabetic macular edema. 

5.2 Steroid agents 

Steroid agents were an earlier first-line pharmacotherapy for diabetic macular edema. 
Triamcinolone acetonide and its newer, unpreserved formulation (for intravitreal injection) 
have been used as adjuncts of focal laser or stand-alone alternatives. The utility of 
peribulbar and intravitreal steroid injections has been established in the management of 
intraocular inflammation and cystoid macular edema secondary to non-infectious uveitis. 
(Kok, 2005); (Tanner, 1995). As such, attention was turned to employ this method as a 
possible treatment for DME. Initial efficacy studies conducted between 2001 and 2002 

demonstrated a short-term therapeutic effect of a randomly selected 4 mg dose of 
intravitreal triamcinolone injection in DME, and its use became widespread despite a lack of 
data from randomized, prospective clinical trials assessing efficacy or possible adverse 
effects (Jonas 2001; Martidis 2002).  

Peribulbar triamcinolone has likewise been employed as a treatment modality for diabetic 
macular edema. Peribulbar injection is commonly delivered at a dosage of 20 – 40 mg of 
triamcinolone acetonide (40mg/1ml ) solution to one of three potential peribulbar locations: 
(1) anterior subconjunctival or subtenons; (2) posterior subtenons; (3) retrobulbar. Its 
hypothesized mechanism of action in treating diabetic macular edema involves a 
combination of decreasing retinal vascular permeability by downregulation of VEGF 
expression and decreasing leukostasis in retinal capillaries (Kern 2007).  

A review of the literature reveals inconsistent reports of the efficacy of peribulbar steroid 
injection in treating DME. One retrospective study reported the efficacy of 40mg/1 ml 
posterior subtenons triamcinolone injection in eyes with DME and moderate vision loss 
(defined as a mean visual acuity of 20/80). Twenty-two percent of enrolled patients 
maintained a three or more line improvement in vision at 12 months (Bakri 2005). One study 
that compared posterior subtenons triamcinolone to placebo/sham injection in eyes with a 
mean visual acuity of 20/160 and fairly recalcitrant macular edema found no statistically 
significant improvement in visual acuity or decline in central retinal thickness (Entezari 
2005). Another study enrolled patients with only mild diabetic macular edema and a mean 
visual acuity of 20/25. This study employed three arms to compare stand-alone peribulbar 
(anterior and posterior subtenons) therapy with focal laser photocoagulation therapy and a 
combination injection-laser therapy. After 34 weeks of follow-up, there was no conclusive 
improvement in visual acuity or decrement in central macular thickness in any of the 
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treatment arms. However, a statistical trend indicated a decrease in the likelihood of re-
injection if the injection was followed in the short term by focal laser (Chew 2007). A 
retrospective uncontrolled study reported that intravitreal triamcinolone was superior to a 
posterior subtenons delivery of the drug (Ozdek 2006). 

In September 2008, the Diabetic Retinopathy Clinical Research Network published the two-
year results of a multi-center, large scale, randomized clinical trial directly comparing the 
efficacy of focal laser therapy and intravitreal triamcinolone injections (1mg and 4 mg 
dosages) with visual acuity and central retinal thickness as primary outcome variables 
(Figueroa 2008). The original study population met strict inclusion and exclusion criteria 
and had a wide range of visual acuity and DME severity. The findings of this study declared 
a short-term benefit of 4 mg triamcinolone over the other groups at four months, no clear 
benefit of any modality at 12 months, and a clear benefit of focal laser over either steroid 
dosage at two years in terms of improvement in mean visual acuity. Retinal thickness 
parameters generally paralleled the trends in visual acuity in this study. Adverse effects, 
including cataract formation and intraocular pressure increase, were monitored during this 
study. Intravitreal steroids demonstrated higher rates of cataract formation. Importantly, the 
reversal of efficacy of focal laser over intravitreal steroid over two years was not 
confounded by cataract formation (Figueroa 2008). The identical three-year follow-up data 
were reported by this group in 2009 (Beck RW 2009). Thus focal laser therapy was proven to 
have a lasting effect on vision with a much safer side effect profile when compared to 
varying dosages of intravitreal triamcinolone acetonide.  

5.3 Anti-Vascular Endothelial Growth Factor (VEGF) agents  

The newest therapy in diabetic macular edema comprises biologic agents engineered to 
target the root cause of retinal vascular permeability, namely VEGF expression. VEGF-A 
is a known regulator protein of angiogenesis, vascular permeability, and pro-
inflammatory activity (Murugeswari 2008; Roberts 1995). It binds VEGFR1 and VEGFR2 
receptors and is upregulated primarily in response to tissue ischemia, inflammation, pH 
changes, and hormone growth factors (Penn 2008). Ranibizumab and bevacizumab are 
sister molecules of humanized murine monoclonal antibodies with affinity for binding 
VEGF isoforms. Ranibizumab (or Lucentis) is a humanized anti-VEGF-A recombinant Fab 
fragment (molecular weight 48 kDa), which binds all isoforms of VEGF A. Bevacizumab 
(or Avastin) is a full-length humanized antibody to VEGF-A (molecular weight 149 kDa) 
that binds all VEGF isoforms. Similar to triamcinolone acetonide, the delivery of both 
drugs is by intravitreal injection. Ranibizumab (or Lucentis) gained attention after 
approval by the United States Food and Drug administration in the management of 
exudative age-related macular edema (ARMD) in 2006. Bevacizumab (or Avastin) was 
initially approved as adjunctive chemotherapy of metastatic colon cancer and has been 
widely used in an off-label fashion in the treatment of exudative ARMD. These drugs 
have likewise been applied to treat macular edema secondary to diabetic retinopathy and 
retinal vein occlusions. 

The efficacy of the anti-VEGF agents in diabetic macular edema has been the subject of 
several recent investigations. Arevalo and colleagues report efficacy data from the Pan-
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American Collaborative Retina study group (Arevalo 2007). This retrospective 
interventional multicenter study evaluated the retinal thickness and ETDRS acuity data of 
80 consecutive patients receiving intravitreal Avastin injections for center-involving diabetic 
macular edema in eyes not previously treated with focal laser. Eyes received at least one 
Avastin injection (either 1.25mg or 2.50mg) with smaller percentages of patients requiring a 
second or third injection over a six-month period (on average every 11 to 13 weeks). The 
group reported a favorable decline in OCT retinal thickness and visual acuities that were 
stable if not improved from baseline (Arevalo 2007). The 24-month extension of this study 
supported the six-month findings. Patients who received on average 5.8 injections of single 
or double dose Avastin demonstrated a partial resolution of macular edema and 
maintained, if not improved, upon baseline visual acuity (Arevalo 2009). To date, there has 
been no formal large-scale phase III randomized control trial for the efficacy of anti-VEGF 
agents in diabetic macular edema.  

Additional studies have emerged to compare the efficacy of anti-VEGF therapy to focal 
laser photocoagulation in DME. The Bevacizumab or Laser Therapy (or BOLT) study was 
a prospective, randomized phase II clinical trial and a first of its kind to compare anti-
VEGF therapy to focal laser therapy (Michaelidis 2010). The study randomized 80 eyes to 
receive either intravitreal bevacizumab injections (1.25mg/0.50ml) or macula laser 
therapy (MLT) group. Bevacizumab injections were given every six weeks for the first 
three months followed by as needed thereafter. Focal laser was offered initially and every 
four months as needed. Injected eyes received a minimum of three and maximum of nine 
injections, whereas the focal laser eyes received a minimum of one and maximum of four 
treatments in the 12-month study period. The primary outcome measure was ETDRS 
visual acuity. The study reported a statistically significant difference in mean ETDRS 
visual acuity in the bevacizumab group (61.3±10.4) as compared to the MLT group 
(50.0±16.6, P = 0.0006). Patients in the bevacizumab group were 5.1 times as likely to gain 
at least 10 ETDRS letters. Analogously, data on central retinal thickness showed a larger 
decrease from baseline in the bevacizumab group than the focal laser group. The BOLT 
study suggested that intravitreal bevacizumab therapy should be considered as a first 
choice in the management of center-involving DME. However, its use must be undertaken 
prudently in the setting of excellent visual acuity, as intravitreal injection is not without 
risk of complications.  

5.4 Surgical management 

Identification of vitreomacular traction (as in VMT syndrome) highlights the possible utility 
of pars plana vitrectomy in eliminating at least one factor that exacerbates diabetic macular 
edema. This was formally evaluated by the Diabetic Retinopathy Clinical Research network 
in a prospective cohort study (Haller 2010). This study was the first of its kind to 
systematically evaluate the effect of pars plana vitrectomy on visual acuity and retinal 
thickness outcomes in patients with diabetic macular edema who demonstrated 
vitreomacular traction on time-domain (Stratus) OCT. The study evaluated one eye from 87 
diabetic patients with moderate visual loss (defined in the study as VA ranging from 20/63 
– 20/400), a central retinal subfield thickness of >300 microns (by Stratus OCT), and 
evidence by OCT of vitreomacular traction (as assessed by the clinician). These eyes 
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underwent standard pars plana vitrectomy and were followed at 3, 6, and 12 months. Six-
month data from the study has been published. Care was taken to eliminate confounding 
factors with strict exclusion criteria. This study revealed that pars plana vitrectomy for eyes 
with DME and VMT quantitatively decreased the degree of macular edema. However, the 
visual acuity outcomes were less predictable in that study patients exhibited both an 
improvement (38%, 10 letters or more) or a decrement (22%, 10 letters or more). A major 
weakness of this study was the lack of a control group to demonstrate the natural course of 
eyes with vitreomacular traction (which the authors deemed unethical). Given the 
variability in operative outcomes of vitrectomy for vitreomacular traction in diabetic 
macular edema, this treatment modality requires further investigation.  

6. Conclusion 
With the increasing incidence of all types of diabetes mellitus in the United States and 
worldwide, diabetic macular edema will continue to represent a widespread cause of visual 
morbidity. A solid understanding of the basic pathophysiologic mechanisms of this disease 
is critical in the clinical evaluation, severity assessment, appropriate treatment selection, and 
effective patient counseling. Strict glycemic and blood pressure control are the most 
effective methods of treating DME, as they directly target the root cause of the problem: 
hyperglycemia, hypertension, microvascular damage and retinal vessel incompetence. Focal 
laser photocoagulation therapy is an advantageous, though time-limited, treatment that 
remains the standard of care for DME. More recent therapies have targeted the 
inflammatory pathways of this disease on a molecular level and have shown promising 
results. There is a role of surgical intervention when tractional membranes are believed to 
exacerbate macular edema. Further study is required to establish which of the available 
treatment modalities are superior. At present, successful treatment of diabetic macular 
edema requires thorough patient education, counseling, and compliance such that a 
mutually acceptable treatment protocol can be established and pursued.  
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1. Introduction 
Diabetic retinopathy (DR) is the leading cause of blindness in adults less than 70 years of age 
in the western world (Kempen, et al., 2004). It is estimated that 1 in 29 Americans 40 years 
and older has diabetic retinopathy (4.1 million persons) and 1 in 132 persons has vision-
threatening DR (Kempen et al., 2004). Diabetic retinopathy is characterized by microvascular 
changes. Despite the fact that DR is a common complication of diabetes, many cases are 
detected only at a late phase where visual acuity is impaired and some irreversible retinal 
damage has occurred (Aiello, 2003).  

Structural changes in the microvasculature during the progression of diabetic retinopathy 
are well characterized. The earliest detectable changes in diabetic retinopathy are the 
morphological appearance of microaneurisms and capillary occlusions (Apple DJ, 1985). At 
an early stage the diabetic eye loses pericytes and undergoes structural alteration in smooth 
muscle cells, as well as proliferation of endothelial cells (Ansari, et al., 1998, Paget, et al., 
1998). The loss of pericytes causes microaneurysm formation, while basement membrane 
thickening and endothelial cell proliferation lead to vascular occlusion (Dodge & D'Amore, 
1992). The challenge in ophthalmologic management of diabetic patients is to detect 
abnormalities in microvascular hemodynamics before gross morphological changes appear, 
allowing the physician to intervene in the progress of disease before the damage becomes 
irreversible  

Abnormalities detected in the retina can also provide an indication of the effect of 
systemic diseases. Standard ophthalmoscopy, however, is observer dependent, and too 
imprecise to use as a risk indicator of increased cardiovascular morbidity and mortality, 
either in diabetic (van Hecke, et al., 2006) or in hypertensive patients (van den Born, et al., 
2005). A device that automatically assesses functional changes in the retinal 
microvasculature by detecting and quantifying subtle alterations in flow velocity might 
serve to overcome the limits of standard morphological evaluation. The functional results 
obtained by such a method can also help to differentiate between diseases whose 
structural effects, albeit pronounced, may be open to ambivalent interpretation. Therefore, 
it appears that development of additional devices based on new principles to measure 
blood flow and or flow velocity is warranted.  
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Functional optical imaging of the eye represents a novel non-invasive diagnostic approach 
for the measurement of retinal blood flow-velocities, mapping of vascular network 
structure, and for obtaining information about the oximetric (Abramoff, et al., 2006, 
Grinvald, et al., 2004, Hanazono, et al., 2007) and metabolic status of the retina (Grinvald, et 
al., 1986, Nelson, et al., 2005).  

2. Blood flow velocity measurement in patients with diabetes mellitus 
The diabetic pathological processes, which initially are subtle, affect retinal hemodynamics. 
In the normal retina, autoregulated vascular responses keep the blood flow constant over a 
range of systemic blood pressures and intraocular pressures (Riva, et al., 1981, Robinson, et 
al., 1986). Vessels are controlled through local factors, (Haefliger & Anderson, 1997, Matsugi, 
et al., 1997a, atsugi, et al., 1997b, Riva et al., 1981, Shepro & Morel, 1993) which primarily 
target smooth muscle cells in arterioles and capillary pericytes (Shepro & Morel, 1993, Sims, 
1986). In patients with diabetes, however, there are changes in local vasoactive factors as 
well as in the response of pericytes to these factors (Bursell, et al., 1997, de la Rubia, et al., 
1992, Gillies & Su, 1993, Joussen, et al., 2002, King, et al., 1994, Riva et al., 1981).  

 
Fig. 1. Blood-flow velocity imaged by Retinal Function Imager in a healthy subject, the 
velocity (mm/sec) in secondary and tertiary branches of arteries (red) and veins (purple) is 
shown. 
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The flow-velocity modality of the Retinal Function Imager (RFI) identifies the motion of red 
blood cells in retinal vessels by comparing images in a short movie (8- 24 frames) of the 
retina taken under green light. Each series of 8 frames is acquired within a single short 
interval of less than 200 msec. To avoid heart-beat pulsation bias of the measured velocities, 
the timing of a series capture is always triggered on the ECG. The distance traveled by red 
blood cells in a known time is calculated for each of several retinal blood vessel segments, 
using a cross-correlation algorithm (Grinvald et al., 2004) and thus directly measuring their 
average simultaneous velocities. The measured velocity in secondary and tertiary branches 
of arterioles and venules is recorded by superimposing it on the fundus image (mm/sec; 
Figure 1).  

2.1 Blood flow velocity in patients with Diabetic retinopathy (DR)  

To study the effect of DR on the retinal blood flow velocity 42 diabetic patients (58 eyes) and 
32 healthy subjects (51 eyes) were recruited (Burgansky-Eliash, et al., 2010). All of the 
patients in that study group were suffering from adult-onset diabetic mellitus with 
moderate to severe NPDR in the study eye(s) (ETDRS categories D or E). All subjects were 
scanned using the RFI resulting in simultaneous measurement of blood-flow velocities in 
multiple macular vascular segments. In addition, information about medical history and 
smoking habits were recorded, systemic blood pressure and intraocular pressure were 
measured and heart rate recording from the RFI was obtained. 

The retinal blood flow velocity in the DR patients was significantly slower than in the 
healthy subjects. The average flow velocities (in mm/sec) of all arterial segments in an eye 
was 3.74 ± 1.09 for the diabetic patients and 4.19 ± 0.99 for the controls. The difference was 
significant (p<0.001) using model considering parameters variable between the groups 
(gender, age, systolic blood pressure, heart rate, hypertension and smoking status). The 
average velocity of all venous segments in an eye was lower than the average arterial 
velocities: 2.61 ± 0.65 in the diabetic group and 3.03 ± 0.59 in the healthy group. This 
difference was statistically different (p=0.004, table 1).  
 

 NPDR Patients 
N = 58 (eyes) 

Healthy Subjects 
N = 51 (eyes) 

P* 

Arteries 
(mm/sec, mean ± SD) 3.74 ± 1.09 4.19 ± 0.99 <0.001 

Veins 
(mm/sec, mean ± SD) 2.61 ± 0.65 3.03 ± 0.59 0.004 

* Mixed effect model adjusted for gender, age, systolic blood pressure, heart rate, hypertension and 
smoking status, NPDR= nonproliferative diabetic retinopathy. 

Table 1. Blood-Flow Velocity in Arteries and Veins of Diabetic Patients and Healthy Subjects 

The retinal blood-flow velocity and volume in patients with NPDR was compared to 
controls using multiple measuring devices indicating that blood-flow velocity in general is 
decreased in patients with NPDR (Arend, et al., 1995, Grunwald, et al., 1986, Hudson, et al., 
2005), whereas blood-flow volume measured at or near the level of the whole retina is not 
decreased (Grunwald et al., 1986, Hudson et al., 2005) and may even be increased (Yoshida, 
et al., 1983). With the progression of retinopathy, there is evidence showing further 
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reduction in blood flow velocity (Arend, et al., 1991, Blair, et al., 1982, Grunwald et al., 1986, 
Yoshida et al., 1983) though conflicting data exist (Hudson et al., 2005).  

Of the 58 diabetic eyes, 33 (57%) had clinically significant macular edema according to the 
ETDRS criteria (1991), and 36 (62%) had previously undergone focal laser treatment of the 
macula. When the diabetic patients were sub grouped according to the presence or absence 
of macular edema and prior macular laser treatment, differences between subgroups were 
not significant (P = 0.22 in venules 0.52 in arterioles; in the mixed-effect model, blood-flow 
velocity is compared between the subgroups taking into account the repeated measures of 
velocities in the two eyes, gender and age; table 2). These results are consistent with 
previous findings from examination of arteriole diameters (Jeppesen & Bek, 2006), from 
laser Doppler flowmetry (Guan, et al., 2006), and from SLO FA videos (Arend et al., 1995) 
but not in a more recent SLO FA study (Sakata, et al., 2006). Landa et al. found a correlation 
between RFI average blood flow velocity in retinal veins and the degree of retinal edema 
represent by OCT central retinal volume(Landa, et al., 2009). 
 

  
Diabetic Macular Edema 

No
(n = 25)

Yes 
(n = 33) 

Macular laser 
treatment 

No 
(n = 22) 

(n = 13)
A*: 4.16 ± 1.22 
V**: 2.73 ± 0.42

(n = 9) 
A: 3.27 ± 1.0 
V: 2.3 ± 0.49 

Yes 
(n = 36) 

(n = 12)
A: 3.8 ± 0.8 
V: 2.8 ± 0.71

(n = 24) 
A: 3.65 ± 1.1 
V: 2.56 ± 0.71 

*A = arteries; **V = veins  

Table 2. Effects of Macular Edema and Prior Laser Treatment on Retinal Blood Flow Velocity 

2.2 Blood flow velocity in patients with pre-retinopathy diabetes mellitus 

After confirming blood flow velocity alternation in the patients with existing DR, a study 
was performed utilizing the RFI in order to discover hemodynamic changes in patients with 
diabetes mellitus before morphological changes occur in the retina. This study compared the 
blood-flow velocity in the retinal vasculature of adult-onset diabetic mellitus patients with 
no evidence of diabetic retinopathy (23 eyes of DM patients) to that of aged-matched 
healthy controls (51 eyes of 31). Retinal blood flow velocity was measured using the RFI. 
Measurement of systemic blood pressure, intraocular pressure, blood glucose level, 
glycosylated haemoglobin (HbA1C) and body mass index (BMI) were recorded, and heart 
rate recording from the RFI was obtained. 

The average blood-flow velocity in the arteries was 4.7±1.7 mm/sec in the DM group. This 
was significantly higher than in the healthy subjects (4.1±0.9 mm/sec, p=0.03, table 2). As 
expected, in both groups venous velocity was slower than in the arteries. The DM group had 
significantly increased venous velocity compared to healthy controls (3.8±1.2 mm/sec vs. 
2.9±0.5 mm/sec, respectively; p<0.0001). In the DM group, the velocity values of either 
arteries or veins were not correlated to the duration of diabetes or the levels of glucose, 
HbA1C or BMI. 
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 Early DM 
(N=23) 

Healthy 
(N=51) P* 

Arteries 
(mm/sec, mean ± SD) 4.7 ± 1.7 4.1 ± 0.9 0.03 

Veins 
(mm/sec, mean ± SD) 3.8 ± 1.2 2.9 ± 0.5 < 0.001 

* Mixed effect model adjusted for gender, age and repeated measures of velocity for both eyes of some 
patients, DM=diabetes mellitus  

Table 3. Blood-Flow Velocity in Arteries and Veins of Diabetic Patients and Healthy Subjects 

The increased velocity found in pre-retinopathy patients compared to healthy has the 
opposite direction to the findings in NPDR patients (Burgansky-Eliash et al., 2010). Thus, the 
patient/healthy blood-flow velocity relationship reverses during the development of 
morphological alterations in the retina, as arteries reach the end of their compensating 
range, or capillary resistance assumes dominance in determining flow volume. In 
longitudinal studies(Konno, et al., 1996, Rimmer, et al., 1989) decreasing blood-flow velocity 
over time was found in some but not all diabetic patients.  

Considering other causes, the increased velocity found in the DM group might reflect 
counteracted perfusion abnormalities in diabetic patient retina, stimulated, for example, by 
changes in blood rheological properties or increased vascular resistance. In diabetic patients 
there is increased aggregation and reduced deformability of red blood cells, with increased 
plasma viscosity (Burgansky-Eliash et al., 2010, McMillan, 1975, McMillan, 1978), translating 
to increased capillary resistance. Vascular resistance can result also from multiple molecular 
changes associated with long term hyperglycemia as well as endothelial dysfunction. Many 
of these pathways are interrelated and may be simultaneously activated in retinal cells 
(Schmetterer & Wolzt, 1999). Some known vasoconstrictor effectors are related to diabetic 
changes like increased expression of endothelin-1 (ET-1)(Takagi, et al., 1996), and over 
activation of protein kinase C (PKC)(Grunwald, 1996). Other vasodilatory mechanisms were 
identified as well, like ET-1 resistance, inhibition of calcium-influx channel in smooth 
muscle cells, tissue hypoxia(Gardiner, et al., 2007), and increased activity of Nitric oxide 
syntase(do Carmo, et al., 1998). In addition, in diabetes there is increased leukocytes 
adhesion to endothelium which is caused by increased expression of adhesion molecules 
(Miyamoto, et al., 1998) and is associated with endothelial dysfunction(Abiko, et al., 2003). 
Indeed, in vivo studies found elevated levels of markers of endothelial dysfunction in 
patients with diabetic retinopathy (soluble intercellular adhesion molecule-1 (sICAM-1) and 
soluble vascular cell adhesion molecule-1(sVCAM)(van Hecke, et al., 2005). However, 
studies mimicking retinal capillary obstruction by leukocytes did not detect an effect on 
retinal blood flow(Abiko et al., 2003). The most physiologically plausible scenario consistent 
with the findings reported here is that arteries widen in response to impaired capillary 
perfusion, while venous diameter remains relatively constant. An increase in the 
arterial/venous diameter ratio is implied by the finding of a greater relative increase in 
venous velocity (31%) compared to arterial velocity (15%). Excluding an increase in blood 
pressure, this also implies increased flow volume. Either excessive vasodilatation as a 
feedback to local ischemia or inhomogeneity in capillary resistance where some capillaries 
close while other dilate, could produce this over-compensation and increased flow volume. 
These changes could join a vicious cycle, according to the hemodynamic 
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hypothesis(Parving, et al., 1983, Zatz & Brenner, 1986) that increased blood flow in diabetes 
patients induces further endothelial damage due to increased shear stress(Kohner, et al., 
1995). The decreased vessel density in early diabetes that was found here, was reported 
previously(Arend et al., 1991). 

2.3 The correlation of blood flow velocity to physiological parameters  

2.3.1 Correlation to blood pressure 

In the healthy group the flow velocity in the arterioles, but not in the venules, was found to 
be positively correlated with the mean arterial pressure (r = 0.29, p = 0.006; Figure 2, systolic 
BP: r=0.3, p=0.04, diastolic BP: r=0.4, p=0.009). 

 
Fig. 2. Correlation between the blood-flow velocity imaged by the Retinal Function Imager 
and the mean arterial pressure in healthy subjects.  

However, there was no significant correlation between flow velocity and mean arterial 
pressure in the diabetic retinopathy or the pre-retinopathy cohorts. This reduced correlation 
in the diabetic group compared to the healthy group does not necessary implies that a 
fundamental dependency is lost. One possibility is that the dependency relationship itself 
changes as diabetes develops, so that statistical significance is obscured by uncontrolled 
factors between patients, such as the progress of the disease.  

2.3.2 Correlation to heart rate 

The average heart rate did not correlate with average velocity of either the healthy, the DM 
or DR groups. The relationship between retinal blood-flow-velocity and heart rate in 
individual participants was assessed by correlating the heart rate recorded by the 
instrument in parallel with each velocity measurement. For each participant we obtained a 
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series of three separate paired measurements of heart rate and flow-velocity. Each value was 
normalized by the corresponding subject's average. In healthy subjects there is a positive 
correlation between the heart rate and both arterial and venous velocity (r=0.4, p<0.0001 for 
both arteries and veins, figure 3A). In the DM patients a small correlation exists only with 
the arterial velocity and not with the venous velocity (r=0.4, p=0.0008 for arteries, r=0.06 
p=0.6 for veins, figure 3B). In the diabetic group, points showed a tendency to cluster 
around a normalized heart-rate value of 1, because in some members of this group the heart 
rate over the series was relatively stable. These patients apparently did not differ clinically 
from the rest of the diabetic retinopathy population. Overall, our diabetic patients 
demonstrated a correlation between blood-flow velocity and heart rate, although the 
relationship was less pronounced than in the healthy subjects, possibly because normalized 
heart rates in the latter group were distributed more widely. 

 
Fig. 3. Correlation between retinal blood flow-velocity and heart rate of all individual series 
data normalized by the corresponding subject average. A. Healthy group , B. Diabetes 
mellitus group, C. Diabetic retinopathy group 

These findings are consistent with derangement of autoregulatory control mechanisms in 
diabetic patients (Frederiksen, et al., 2006, Sinclair, et al., 1982), and might be an important 
characteristic of diabetic retinopathy that warrants future research. 

3. Non-invasive Capillary-Perfusion Maps (nCPM)  
The retinal function imager (RFI) incorporates a noninvasive method of imaging and 
mapping the capillaries using the intrinsic contrast chromophore, hemoglobin. Fast 
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acquisition of images at a wavelength strongly absorbed by hemoglobin enables the 
motion of RBCs to be detected, and by tracing the paths of this perfusing motion, the 
capillaries can be visualized to create non-invasive capillary-perfusion maps (nCPMs, 
figure 4). Fifty-eight eyes of 47 patients with diabetes were scanned (average age, 60.3 ± 
11.5); 38 had non-proliferative DR (NPDR) and 20 had proliferative diabetic retinopathy 
(PDR). 

 
Fig. 4. A. Non-invasive capillary perfusion map in a healthy subject B. corresponding 
fluorescein angiography (FA) image Scale bar, 500 μm. 

Vascular abnormalities seen in the nCPMs of patients with NPDR demonstrate details such 
as vascular loops and arteriovenous shunts (Figures 5A, 5B). Images of patients with NPDR 
also demonstrate areas of capillary non-perfusion (Figures. 5C, 5D).  

The nCPM images obtained by RFI scanning from eyes with PDR display 
neovascularization at the optic disc and elsewhere (Figure 6). These coarse, tortuous vessels 
can be seen protruding from the retina or optic disc surface . 

The nCPM provided good capillary perfusion maps that were comparable to the images 
acquired with an extrinsic contrast agent. Acquisition of nCPM images is non-invasive, 
comfortable and fast and can be repeated as often as clinically required.  

In 14 eyes with DR, a clear image of the fovea was available (in 2 with PDR and in 12 with 
NPDR). The mean foveal avascular zone (FAZ) diameter and area in these patients were 
641.5 ± 82.3 µm and 0.201 ± 0.07 mm2, respectively (Figure 7b). This was significantly larger 
than the corresponding values recorded above for healthy subjects (n = 37, Figure 7a; P < 
0.001 for both diameter and area). Patients with DR were older (average age, 59.2 ± 10.6) 
than the healthy subjects (average age, 34.8 ± 10.1; P < 0.001). However, the correlation 
between age and FAZ size was not significant. Good correlation was found between FAZ 
diameter and visual acuity in these patients (R2 = 0.34, P < 0.05); thus, poorer visual acuity 
was associated with larger FAZ diameter. 
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Fig. 5. Non-invasive capillary perfusion map and fluorescein angiographic (FA) images from 
patients with non-proliferative diabetic retinopathy. A. nCPM of a patient with NPDR. B. 
Corresponding FA scanning. The nCPM demonstrates vascular loops (red ellipse) and 
vascular shunts (green arrow). C. nCPM a patient with NPDR. D. Corresponding FA image; 
yellow arrows demonstrate non-perfusion.  
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Fig. 6. Non-invasive capillary perfusion imaging of patients with proliferative diabetic 
retinopathy (PDR). A. nCPM image demonstrating neovascularization of the optic disc 
(NVD), and B. equivalent fluorescein angiography (FA) images at different stages after 
fluorescein injection. C. Another example of an nCPM image demonstrating NVD. D. nCPM 
images showing abnormal vasculature E. Corresponding FA and. F. nCPM image of 
neovascularization elsewhere (NVE). 

 
Fig. 7. Foveal avascular zone (FAZ) measurements. A) healthy subject, B) DR patient. Area 
and diameter, respectively, of FAZ: a) 0.114 mm2, 464 µm; b) 0.225 mm2, 672 µm. The green 
dotted line encircles the FAZ. Scale bar, 500 μm. 
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The size of the FAZ reflects the condition of the capillary circulation surrounding the foveal 
area, and can be a valuable staging tool as it increases under pathological conditions 
(Conrath, et al., 2005, Yap, et al., 1987). FAZ was measured noninvasively as long as 20 years 
ago by the entoptic method (Bradley, et al., 1992), revealing an increase in FAZ size in DR 
patients (Applegate, et al., 1997). That method, however, is subjective and depends on 
patient training and compliance. Our measurements revealed a significant increase in FAZ 
size in patients with DR relative to the healthy group. The FAZ measurement obtained by 
nCPMs in healthy subjects was within the documented range of the FAZ diameter (350–750 
µm) (Tyrberg, et al., 2008). Loss of capillaries in the fovea is common in patients with 
ischemic retinopathies, and FAZ size has been shown to correlate with the visual prognosis 
in these cases (Mintz-Hittner, et al., 1999, Tyrberg et al., 2008). As previously reported 
(Applegate et al., 1997), we found a correlation between poorer visual acuity and larger FAZ 
diameter. Thus, the use of nCPM images should make it possible to measure FAZ easily, 
and provide a convenient and safe way to monitor this zone for an increase in size and other 
related changes during follow-up. Measurement of FAZ size can also help to assess 
suitability for treatment, given that different treatments are needed for a highly ischemic 
fovea and one that is well perfused (Chung, et al., 2008). 

 
Fig. 8. Qualitative oximetric image obtained with the RFI from the retina of a healthy 
volunteer. Arteries, veins, and capillaries appear in different colors because of the different 
oxygen saturation levels of blood. 
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3. Oxymetry 
The balance of oxygen supply and demand in the retina is closely regulated to maintain the 
processes of visual perception. Alterations in either oxygen supply or consumption might 
directly indicate the early onset of retinal abnormalities. The difference between the 
absorption spectra of oxyhemoglobin and deoxyhemoglobin can be used to determine the 
oxygenation of blood with multispectral imaging methods. Evaluation of retinal oxygen 
utilization may provide essential information about metabolic state of the retina, and assist 
in early detection of retinovascular diseases. 

In multispectral imaging mode, the RFI can perform spectroscopic decomposition to 
qualitatively assess the oximetric state of the retina (Izhaky, et al., 2009). A qualitative 
oximetry map of a healthy volunteer was obtained by acquiring retinal images at two 
wavelengths (oximetric, 575 ± 5 nm, and isosbestic, 569 ± 5 nm). Differential decomposition 
analysis was used to generate the oximetry image (Figure 8). 

Quantitative retinal oximetry was studied previously in healthy subjects revealing 
reproducible results that were sensitive to changes in oxygen concentration (Hardarson, et 
al., 2006). In patients with central retinal vein occlusion, oxygen saturation in veins of the 
affected eye was lower than in the fellow eye (Hardarson & Stefansson, 2010). Retinal 
oxymetric evaluation using imaging oximeter (oxygen module by Imedos,GmbH, Jena) of 
diabetic patients revealed an increase in venous oxygen saturation in patients with diabetic 
retinopathy, which was in correlation with the severity of the retinopathy (Hammer, et al., 
2009). This implies reduced oxygen release to the tissue and tissue hypoxia which was 
attributed to either capillary closure and formation of arterio-venous shunt vessels or 
disturbance of vascular auto-regulation. 

4. Functional assessment of visual tests and ERG  
Retinal reflectance changes in response to photic stimulation carry information about 
metabolic processes underlying light responses in the retina. High-resolution, contrast 
agent-free optical imaging based on intrinsic signals in vivo has significantly contributed to 
understanding of the functional architecture of the neocortex (Grinvald et al., 1986). It 
reveals activity dependent changes in light reflectance, recorded using a digital camera with 
high spatial and temporal resolution. Such functional signals are usually small, originating 
from activity-dependent metabolic, hemodynamic, and fast and slow light-scattering 
changes (Frostig, et al., 1990, Malonek & Grinvald, 1996). 

The RFI is capable of imaging outside the absorption range of photoreceptors under near-
infrared light (750–840 nm), and can be used to optically monitor retinal activity in response 
to a well-defined visual stimulus (562 ±20 nm). The difference between the poststimulated 
and prestimulated images is used to determine the metabolic state of the retinal 
compartments. Change in light reflectance in response to a visual stimulus flashing were 
recorded in the cat retina (Izhaky et al., 2009). Similar experiments conducted on cats, 
monkeys, and humans have provided functional maps resulting from photic pattern 
activation(Abramoff et al., 2006, Hanazono, et al., 2008, Hanazono et al., 2007, Srinivasan, et 
al., 2009). 
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Electrophysiological studies of visual function in patients with diabetes mellitus 
demonstrate that functional alterations in the middle and inner retinal layers are present 
even prior to the development of clinical retinopathy (Bresnick & Palta, 1987, Tzekov & 
Arden, 1999, Zaharia, et al., 1987). Therefore, the diabetes induces changes in vision function 
may be not only secondary to vascular damage but also to neurosensory abmormality 
(Shirao & Kawasaki, 1998). Once diabetic retinopathy develops, additional 
electroretinogram (ERG) parameters are altered suggesting that photoreceptor abnormalities 
also occur. The changes are more pronounced compared to preretinopathy stage and there is 
a significant correlation between retinopathy severity and the magnitude of the functional 
loss (Holopigian, et al., 1992, van der Torren & Mulder, 1993, Weiner, et al., 1997). Multifocal 
ERG (mfERG), which maps local function, are abnormal in eyes of diabetic subjects without 
retinopathy and, to a greater degree, in eyes with mild or moderate NPDR. Moreover, 
abnormal mfERG implicit times are predictive of the development of new diabetic 
retinopathy over one and two years and are spatially associated with the retinopathy 
(Bearse, et al., 2006).  

5. Conclusions  
This chapter discuss the functional effect of diabetes mellitus on the retina. Retinal blood 
flow velocity measurements using the retinal function imager (RFI), discovered abnormal 
results in patients with various stages of diabetic-related ophthalmic condition. The result 
shows a significant decrease in arterial and venous velocity of patients with diabetic 
retinopathy and increase in diabetic patients with apparently normal retina compared to 
normals. The velocity correlation to blood pressure and heart rate was partially lost in the 
diabetic population either with or without retinopathy. The same technology was used to 
visualize capillary details without injecting contrast agents. Various vascular abnormalities 
like shunts and vascular loops were shown. In addition, examples of enlarged avascular 
zones in the fovea and ischemic retinal areas were presented. Multi-spectral imaging with 
the RFI was used to create qualitative oxymetry maps. Oxymetry measurement discovered 
increase in venous oxygen saturation. Imaging and analysis of changes in retinal reflectance 
in response to photic stimulation provides important information about retinal 
functionality. Electrophysiological alternations are present in early diabetes prior to the 
appearance of overt diabetic retinopathy.  
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examination of the fundus at the slit-lamp or on stereoscopic color fundus photographs is 
the standard method, as defined by the Early Treatment Diabetic Retinopathy Study 
(ETDRS), for evaluating macular thickening and for starting treatment when the clinical 
significant macular edema level has been reached (ETDRS Report Number 10, 1991). 
Fluorescein angiography is a complementary method for further detecting vascular leakage. 
However, these methods are subjective and seem to be insensitive for small changes in 
retinal thickness (Hee et al., 1995; Shahidi et al., 1991). In 1991 a revolutionary device was 
introduced in ophthalmology – optical coherence tomography (OCT) – and it dramatically 
improved the diagnosis of macular pathology (Huang et al., 1991). OCT provides detailed 
information about retinal microstructure and measures retinal thickness with high precision 
and reproducibility (Diabetic Retinopathy Clinical Research Network [DRCRN], 2007; 
Paunescu et al., 2004; Polito et al., 2005; Puliafito et al., 1995). The recently introduced 
spectral-domain OCT (SD OCT) machines have numerous improvements that enhance our 
ability to examine retinal microstructure and obtain more reliable measurements. 

2. OCT principles and interpretation 
2.1 OCT principles 

OCT is a modern imaging technique for non-invasive and non-contact “in vivo” 
examination of the retina and the vitreoretinal interface on cross-section images or on a 3D 
image reconstruction, and for objective measurement of retinal thickness (Hee et al., 1995; 
Huang et al., 1991; Schuman et al., 2004). Its high resolution (5-10μm) is unobtainable for 
any other device. The operating principle resembles echography, but instead of ultrasound a 
low-coherent light signal is used. The first OCT devices are referred to as time-domain OCT 
(TD OCT). TD OCT technology relies on an optical technique known as Michelson low 
coherence interferometry (Shuman et al., 2004). The image acquisition and thickness 
measurements are achieved by detecting the echo time delay of the backreflected or 
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traveled a known path length. This is obtained by moving a reference mirror and the signal 
collection is a function of time (Brancato & Lumbroso, 2004; Schumann et al., 2004).  

In the past few years SD OCT technology was introduced. At present there are two 
techniques for SD OCT. The first uses a spectrometer for detecting and measuring the light 
spectrum returning from tissue and a stationary reference mirror. Here mathematical 
operations, called Fourier transforms, are used. Thus SD OCT is also referred to as Fourier-
domain OCT. As this technology allows detecting all echoes of backreflected light 
simultaneously and there are no moving parts, the imaging speed and resolution of SD OCT 
are higher than those of TD OCT (Podoleanu, 2005; van Velthoven et al., 2007). The second 
SD OCT technique is called “swept source-OCT”. It uses a light source in which the 
emission wavelength is tuned rapidly over a broad wavelength range (Choma et al., 2003; 
Podoleanu, 2005). The main advantages of SD OCT over TD OCT are the increased imaging 
speed, the higher resolution and sensitivity, the possibility of obtaining a 3D retinal image 
reconstruction, more reliable thickness measurements and topographic retinal analyses.  

2.2 OCT interpretation 

The interpretation of OCT is based on analysis of various qualitative and quantitative data 
(Brancato & Lumbroso, 2004; Schuman et al., 2004). Before performing these analyses, an 
assessment of the OCT scan quality has to be made and the presence of scan artifacts has to be 
detected, since they can lead to retinal thickness measurement errors and false conclusions. 
The artifacts may be operator-induced (defocusing, depolarization and out of range image), 
patient-induced (off-center fixation resulting in incorrectly centered retinal thickness maps, 
blink and motion artifacts) or may be due to the limitations of the imaging technique (TD OCT 
has lower imaging speed and frequent blink and motion artifacts). All these artifacts have been 
recognized to cause breakdown in the performance of the segmentation software and thus 
leading to incorrect automated retinal thickness measurements (Ho et al., 2009; Ray et al., 2005; 
Sadda et al., 2006). Several studies have pointed out that segmentation breakdown may also be 
possible in high quality scans if there are pathological features such as full-thickness macular 
hole, pigment epithelial detachment, subretinal fluid, retinal fibrosis and hard exudates 
(Domalpally et al., 2009; Ho et al., 2009; Krebs et al., 2009; Sadda et al., 2006). The presence of 
media opacities (cataract, vitreous hemorrhage, ect.) and low signal intensity (low signal-to-
noise ratio) may also induce segmentation breakdown. Although much progress has been 
made in improving the accuracy of the segmentation software, and the SD OCT devices 
perform better than the TD OCT, segmentation breakdown still occurs with the current SD 
OCT software. There is possibility of manual correction, but still it is time consuming and not 
always feasible in clinical settings. At this point it seems prudent to note this limitation of the 
current OCT software. Thus, until improvement in the segmentation algorithm is available, the 
clinician may minimize possible diagnostic and therapeutic errors when working with the 
current OCT devices by anticipating and recognizing automated retinal thickness 
measurement errors. 

2.2.1 OCT characteristics of normal macular morphology 

The interpretation of qualitative data is based on analyzing tissue reflectivity. As OCT has 
histological correspondence (Toth et al., 1997), the interpretation of the OCT image seems to 
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be quite intuitive.  However, it should be always remembered that OCT technology depicts 
tissue reflectivity. It is dependent on tissue optical properties, i.e. microscopic variations in 
the refractive index of subcellular structures, and on the amount of light signal absorbed by 
the overlying tissues (Brancato & Lumbroso, 2004; Schumann et al., 2004). Normal macular 
histology is divided into 10 distinct layers: inner limiting membrane (ILM), nerve fiber layer 
(NFL), ganglion cell layer (GCL), inner plexiform layer (IPL), inner nuclear layer (INL), 
outer plexiform layer (OPL), outer nuclear layer (ONL), external limiting membrane (ELM), 
rod and cone layer, and retinal pigment epithelium layer (RPE), (fig.1). They are formed by 4 
cell types: RPE, photoreceptors, bipolar and ganglion cells. The reflectivity of the various 
layers is represented in the OCT scans by the so called false colors (a color coded way – 
white and red for high reflectivity, and blue and black for low reflectivity). The ILM is the 
first detected layer on the OCT scan, due to the contrast between the non-reflective vitreous 
and the reflective retina. Immediately behind it lies the NFL. It consists of horizontal axonal 
structures of high optical reflectivity and is depicted on OCT scans by red color. The NFL is 
thicker on the nasal side, because of the density of the papillomacular bundle. The plexiform 
layers are of medium reflectivity and appear yellow on the scans. The nuclear layers (GCL, 
INL and ONL) are of low optical reflectivity and appear as blue-black. The GCL is thickest 
in the parafoveal area. In the fovea there is thinning of the retina with absence of the inner 
layers and an increase in thickness of the ONL. It is easily recognized on the scans by its 
characteristic depression. The RPE, which contains melanin, is highly reflective and is the 
outermost red layer on the OCT scan. Behind it is the medium reflective choriocapillaris. 

 
Fig. 1. Normal macular structure – SD OCT representation of retinal layers: inner limiting 
membrane (ILM), nerve fiber layer (NFL), ganglion cell layer (GCL), inner plexiform layer 
(IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), 
external limiting membrane (ELM), inner segments (IS) and outer segments (OS) of the 
photoreceptors, IS/OS junction (IS/OS), and the retinal pigment epithelium layer (RPE). 

In front of the RPE on Stratus TD OCT scans and on SD OCT scans there is another highly 
reflective (red) layer – it is the boundary between the inner segments (IS) and the outer 
segments (OS) of the photoreceptors. On TD OCT two highly reflective lines in the outer 
retina are visualized (as described above). On SD OCT there are three highly reflective lines 
in the outer retina – the innermost being the IS/OS junction, the outermost being the RPE, 
and the middle one is described to be the outermost tips of the OS, containing discs, rich in 
rhodopsin (Ooto et al., 2010; Srinivasan et al., 2006). On SD OCT despite these three highly 
reflective layers, a forth thinner high-to-medium reflective line is also visible in front of the 
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traveled a known path length. This is obtained by moving a reference mirror and the signal 
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detected, since they can lead to retinal thickness measurement errors and false conclusions. 
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current OCT software. Thus, until improvement in the segmentation algorithm is available, the 
clinician may minimize possible diagnostic and therapeutic errors when working with the 
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characteristic depression. The RPE, which contains melanin, is highly reflective and is the 
outermost red layer on the OCT scan. Behind it is the medium reflective choriocapillaris. 

 
Fig. 1. Normal macular structure – SD OCT representation of retinal layers: inner limiting 
membrane (ILM), nerve fiber layer (NFL), ganglion cell layer (GCL), inner plexiform layer 
(IPL), inner nuclear layer (INL), outer plexiform layer (OPL), outer nuclear layer (ONL), 
external limiting membrane (ELM), inner segments (IS) and outer segments (OS) of the 
photoreceptors, IS/OS junction (IS/OS), and the retinal pigment epithelium layer (RPE). 

In front of the RPE on Stratus TD OCT scans and on SD OCT scans there is another highly 
reflective (red) layer – it is the boundary between the inner segments (IS) and the outer 
segments (OS) of the photoreceptors. On TD OCT two highly reflective lines in the outer 
retina are visualized (as described above). On SD OCT there are three highly reflective lines 
in the outer retina – the innermost being the IS/OS junction, the outermost being the RPE, 
and the middle one is described to be the outermost tips of the OS, containing discs, rich in 
rhodopsin (Ooto et al., 2010; Srinivasan et al., 2006). On SD OCT despite these three highly 
reflective layers, a forth thinner high-to-medium reflective line is also visible in front of the 
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IS/OS layer and it represents the ELM. If an OCT scan intersects a retinal blood vessel it can 
be identified by the increased reflectivity and shadowing of the deeper structures. 

2.2.2 OCT interpretation – qualitative analysis (morphology and reflectivity) 

While performing qualitative analysis one should simultaneously perform morphological 
examination (changes in retinal profile – surface and posterior layers, and presence of 
abnormal structures) and reflectivity examination (hyper-reflectivity, hypo-reflectivity, and 
shadowing effects) (Brancato & Lumbroso, 2004). Pathological changes in retinal surface 
contour may represent disappearance of the normal foveal depression (in macular edema). 
Steepening of the foveal contour may be associated with epiretinal membranes, macular 
pseudoholes or lamellar holes. OCT can distinguish between lamellar holes, pseudoholes or 
various stages of full thickness macular holes. Pathological changes in posterior layers may 
be RPE detachments (form steep angles with the choriocapillaris) and neurosensory retinal 
detachments (form shallow angles with the RPE and protrude less). Retinal drusen produce 
wavy undulations of the pigment epithelium line. Abnormal intraretinal structures may be 
cotton wool spots (superficial hyper-reflective nodules with indistinct margins in the NFL), 
hard exudates (round numerous or plaque-like hyper-reflective spots usually in the inner 
layers, shadowing the deeper structures), choroidal neovascular membranes (nodular or 
rounded fusiform hyper-reflective structures in front of the RPE, or sometimes visualized as 
localized thickening of the RPE, choriocapillaris and OS, usually associated with edema or 
serous retinal detachment), fibrous scars (hyper-reflective structures in the outer retina that 
deform reduced in thickness retinal layers).  

Retinal pathological features can be associated with changes in optical properties of the 
tissue and thus be detected on the OCT scan as changes in reflectivity. While performing 
this reflectivity analysis one should always remember that the reflectivity displayed on the 
scan is a result from the tissue reflectivity, the amount of light absorbed by overlying 
structures, and the amount of light that reaches the sensor after it has been further 
attenuated by interposing tissues. Thus care is required in interpreting OCT images when 
media opacities, poor alignment of the OCT instrument while imaging, high astigmatism or 
poorly centered intraocular implants are present, as these may reduce signal intensity. 

Pathological features that can be hyper-reflective are: epiretinal and thick vitreal 
membranes, cotton wool spots, hard exudates, thick hemorrhages, retinal fibrosis, RPE 
hyperplasia or pigmented choroidal nevi, neovascular membranes, atrophy of the retina and 
RPE (the later cause increased reflectivity of the underlying choroid). Reduced reflectivity 
(hypo-reflectivity) is most often caused by fluid accumulation: intraretinal edema (it may be 
associated with formation of optically non-reflective cystoid spaces), or subretinal edema 
(serous neuroepithelial retinal detachment, serous pigment epithelial detachment). Hypo-
reflectivity may also be present in retinal and RPE atrophy or RPE hypopigmentation, 
where along with tissue hypo-reflectivity there is increase of the reflectivity of the 
underlying choroid. 

2.2.3 OCT interpretation – quantitative analysis 

The quantitative analysis is a very important part of OCT interpretation. Quantitative 
measurements of retinal thickness, volume, and a variety of structures (i.e. retinal 
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morphometry) provide objective information for diagnosing disease, tracking disease 
progress, and evaluating response to therapy. The availability of highly reproducible and 
repeatable retinal thickness measurements (DRCRN, 2007; Paunescu et al., 2004; Puliafito et 
al., 1995) is prerequisite for early diagnosis of macular edema. 

Retinal thickness and volume are automatically calculated by the computer software and are 
displayed in numerical values (table format) or in color coded topographic retinal thickness 
maps. Retinal thickness is calculated for central fixation point, 9 ETDRS-like macular regions 
and total macular thickness. Retinal volume is displayed for 9 ETDRS-like macular regions 
and total macular volume (not all OCT devices display volume). The 9 ETDRS-like macular 
regions consist of one central circle of 500 μm radius (the foveal region), an inner and outer 
ring, each divided into four quadrants. The topographic color coded retinal thickness map 
(white and red for high thickness values, and blue for low thickness values) provides more 
graphic information that can be compared directly to the fundus image. 

The automatic calculation of retinal thickness is dependent on a computer image-processing 
algorithm called segmentation. It allows automatic detection of the inner and outer retinal 
boundaries. After that automatic calculation of the measurements between these boundaries 
is performed (Schuman et al., 2004). At this point several important notes have to be made. 
First, in TD OCT the retinal thickness topographic map is displayed after interpolation of 
the measured retinal thickness form 6 radial cross-section scans (overall 6x512=3072 A-
scans, or 6x128=768 A-scans for the entire macular area). The interpolation may miss 
pathologic areas with increased/decreased thickness between the 6 radial lines. In SD OCT 
retinal thickness topographic map is displayed after performing measurements from a great 
number of A-scans (27 000 A-scans for Cirrus HD-OCT (Carl Zeiss Meditec) and Spectral 
OCT/SLO (OPKO/OTI), 40 000 A-scans for Spectralis (Heidelberg Engineering), and over 
50 000 A-scans for high resolution OCT devices). Thus retinal thickness measurement with 
SD OCT provides more precise and reliable data. Second, the different OCT devices have 
different segmentation algorithms, and there is published evidence of significant differences 
between TD OCT and SD OCT, as well as between different SD OCT machines (Han et al., 
2009; Leung et al., 2008; Wolf-Schnurrbusch et al., 2009). The difference is mainly caused by 
the way of delineating the outer retinal boundary (at the level of the first, second or third 
hyper-reflective line in the outer retina). Thus measurements from different OCT devices 
cannot be compared in studies, as well as in the follow-up of patients in clinical settings. 
Third, the segmentation algorithm may not perform correctly in the presence of scan 
artifacts or particular pathological features and lead to thickness measurement errors (as 
described in 2.2.OCT interpretation). 

The data base for normal retinal thickness should be different for the different OCT devices. 
There are a lot of studies on retinal thickness measurements in healthy eyes, and their 
number is even increasing with the introduction of new OCT machines. Normal values for 
the central point and foveal thickness according to several studies, using TD OCT and SD 
OCT are presented on table 1. The diversity of data for normal eyes seems to be much more 
confusing, than helpful. There is a general trend of measuring higher values of retinal 
thickness with more refined OCT technology. All measurements with SD OCT have higher 
values than measurements with TD OCT. The greater axial resolution of SD OCT (5-6 μm) 
compared to TD OCT (10 μm) and the higher precision of the software may explain the 
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al., 1995) is prerequisite for early diagnosis of macular edema. 
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and total macular volume (not all OCT devices display volume). The 9 ETDRS-like macular 
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difference between TD OCT and SD OCT. The differences among the several types of SD 
OCT devices may also be significant and are due to the segmentation of the outer retinal 
boundary. The presented data on table 1 also suggest differences even in measurements 
with identical OCT devices. This may be due to the specific characteristics and composition 
of the examined populations – age, gender, race, refraction, ect. 

 

Study Number of 
examined eyes OCT device CFP Fovea 

Hee et al., 1995  20 Time-domain OCT prototype 147 ± 17 - 
Hee et al., 1998 73 Time-domain OCT prototype 152 ± 21 174 ± 18 
Otani et al., 1999  10 Time-domain OCT 1 133 ± 9 - 
Schaudig et al., 2000  25 Time-domain OCT 1 152 ± 17 - 
Massin et al., 2002 60 Time-domain OCT 1 146 ± 20 170 ± 18 
Paunescu et al., 2004 10 Time-domain OCT 3 (Stratus) 164 ± 21 204 ± 20 
Chan A et al., 2006 37 Taim-domain OCT 3 (Stratus) 182 ± 23 212 ± 20 
Bressler et al., 2008 97 Time-domain OCT 3 (Stratus) 166 ± 23 201 ± 22 
Kelty PJ et al., 2008 83 Time-domain OCT 3 (Stratus) - 205 ± 27 
El-Ashry et al., 2008 200 Time-domain OCT 3 (Stratus) 173 ± 23 203 ± 24 
Leung CK et al., 2008 35 Time-domain OCT 3 (Stratus) 

Spectral OCT - Topcon 3D OCT 
155 ± 16 

- 
196 ± 17 
216 ± 12 

Huang et al., 2009 32 Time-domain OCT 3 (Stratus) 
Spectral OCT – RTVue-100 

164 ± 26 
175 ± 17 

193 ± 22 
208 ± 21 

Wolf-Schnurrbusch UEK 
et al., 2009 

20 Time-domain OCT 3 (Stratus) 
Spectral OCT: 
Spectralis OCT 
Spectral OCT/SLO 
Cirrus HD OCT 
SOCT Copernicus 
RTVue-100 

- 
 
- 
- 
- 
- 
- 

213 ± 19 
 

288 ± 16 
243 ± 25 
276 ± 17 
246 ±23 
245 ± 28 

Koleva-Georgieva et al, 
2010 

39 Spectral OCT/SLO 176 ± 17 198 ± 21 

Grover S et al., 2010 36 Time-domain OCT 3 (Stratus) 
Spectral OCT - Spectralis OCT 

167 ± 21 
225 ± 17 

202 ± 23 
271 ± 20 

Ooto S et al., 2010 248 Spectral OCT – 3-D OCT-1000 - 222 ± 19 

Table 1. Normal retinal thickness measurements for central fixation point (CFP) and fovea, 
represented in μm (mean ± standard deviation), obtained by different OCT devices. 

There is not a commonly accepted opinion about the variation of retinal thickness with age. 
Several authors have reported a lack of relation between retinal thickness and age 
(Browning et al., 2008; Chan et al., 2006; Grover et al., 2010; Hee et al., 1995; Massin et al., 
2002; Sanchez-Tochino et al., 2002). Others have found negative correlation between retinal 
thickness and age in all 9 ETDRS regions (Alamouti & Funk, 2003; Erikson & Alm, 2009), 
and in five of the 9 ETDRS areas not including the fovea (Ooto et al., 2010). There is a well 
known decrease in thickness of the NFL with age. According to Erikson and Alm the 
thinning of the macula with age is 20-25% due to thinning of NFL and 75-80%due to 
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thinning of other retinal layers (Erikson & Alm, 2009). Thus the reduction of retinal 
thickness with age cannot be contributed to thinning of NFL alone.  

It has been reported that men have thicker retinas than women (Browning et al., 2008; 
Guedes et al., 2003; Hee et al., 1995; Kelty et al., 2008; Massin et al., 2002; Ooto et al., 2010). 
However, Chan and coauthors and Grover and coauthors did not detect significant inter-sex 
difference in retinal thickness, but their studied groups had uneven sex distribution (Chan et 
al., 2006; Grover et al., 2010).  

There is published evidence of racial differences in retinal thickness. It has been reported 
that Blacks and Asians have thinner retinas compared with whites in age-matched groups 
(Asenfzadeh et al., 2007; Guedes et al., 2003; Kelty et al., 2008). Thus, race may be taken into 
consideration while interpreting OCT thickness measurements. 

The relation of macular thickness to axial length and presence of high myopia has also been 
described. Retinal thickness in highly myopic eyes (>6D) was higher in the fovea, but lower 
in the inner and outer regions compared to non-myopic eyes in a study with age-matched 
groups (Wu et al., 2008). Thus it may be an indication for change in retinal contour of highly 
myopic eyes and care is needed while interpreting macular pathology on OCT scans of such 
eyes. The studies of Lam and coauthors and Lim and coauthors showed negative correlation 
of retinal thickness and axial length (Lam et al., 2007; Lim et al., 2005). However, both 
studies included highly myopic eyes together with non-myopic eyes, and did not perform 
age-adjusted analysis. In their investigation on 248 eyes, Ooto and associates found no 
correlation between macular thickness and age-adjusted axial length (Ooto et al, 2010).  

We performed a study including 39 healthy eyes, with almost even sex distribution (21 men; 
18 women), accepting refractive error of no more than ± 3D, without glaucoma and all 
subjects being of Caucasian descent (Koleva-Georgieva & Sivkova, 2010). The automated 
retinal thickness and volume measurements were obtained by Spectral OCT/SLO 
Combination Imaging System (OPKO/OTI). A negative correlation between age and retinal 
thickness and volume in all ETDRS regions, except the temporal inner and temporal outer 
regions was found, and this relation remained after controlling for gender. Men had thicker 
retinas than women, and this remained so after controlling for age. These results are in 
consent with some authors and in discrepancy with others. One reason may be the small 
sample size in many of the studies, or the heterogeneity of retinal thickness in different 
populations. Additional studies with larger sample sizes are needed to clarify the situation. 
If quantitative analysis should be meticulous the normative database for retinal thickness 
probably should be population-based and obtained for each OCT machine type separately. 
Still our findings, supported by others, indicate that age, sex, and high myopia must be 
considered while interpreting retinal thickness data.  

3. OCT findings in DME 
3.1 Retinal thickness 

Retinal edema is defined as any detectable retinal thickening due to fluid accumulation 
(ETDRS Report Number 10, 1991). Stereoscopic examination of the fundus is the standard 
method, as defined by the ETDRS, for evaluating macular thickening. However, it is 
subjective and seems to be insensitive for small changes in retinal thickness (Hee et al, 1995; 
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difference between TD OCT and SD OCT. The differences among the several types of SD 
OCT devices may also be significant and are due to the segmentation of the outer retinal 
boundary. The presented data on table 1 also suggest differences even in measurements 
with identical OCT devices. This may be due to the specific characteristics and composition 
of the examined populations – age, gender, race, refraction, ect. 
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Spectral OCT - Topcon 3D OCT 
155 ± 16 

- 
196 ± 17 
216 ± 12 

Huang et al., 2009 32 Time-domain OCT 3 (Stratus) 
Spectral OCT – RTVue-100 

164 ± 26 
175 ± 17 

193 ± 22 
208 ± 21 

Wolf-Schnurrbusch UEK 
et al., 2009 

20 Time-domain OCT 3 (Stratus) 
Spectral OCT: 
Spectralis OCT 
Spectral OCT/SLO 
Cirrus HD OCT 
SOCT Copernicus 
RTVue-100 

- 
 
- 
- 
- 
- 
- 

213 ± 19 
 

288 ± 16 
243 ± 25 
276 ± 17 
246 ±23 
245 ± 28 

Koleva-Georgieva et al, 
2010 

39 Spectral OCT/SLO 176 ± 17 198 ± 21 

Grover S et al., 2010 36 Time-domain OCT 3 (Stratus) 
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Ooto S et al., 2010 248 Spectral OCT – 3-D OCT-1000 - 222 ± 19 

Table 1. Normal retinal thickness measurements for central fixation point (CFP) and fovea, 
represented in μm (mean ± standard deviation), obtained by different OCT devices. 

There is not a commonly accepted opinion about the variation of retinal thickness with age. 
Several authors have reported a lack of relation between retinal thickness and age 
(Browning et al., 2008; Chan et al., 2006; Grover et al., 2010; Hee et al., 1995; Massin et al., 
2002; Sanchez-Tochino et al., 2002). Others have found negative correlation between retinal 
thickness and age in all 9 ETDRS regions (Alamouti & Funk, 2003; Erikson & Alm, 2009), 
and in five of the 9 ETDRS areas not including the fovea (Ooto et al., 2010). There is a well 
known decrease in thickness of the NFL with age. According to Erikson and Alm the 
thinning of the macula with age is 20-25% due to thinning of NFL and 75-80%due to 
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thinning of other retinal layers (Erikson & Alm, 2009). Thus the reduction of retinal 
thickness with age cannot be contributed to thinning of NFL alone.  

It has been reported that men have thicker retinas than women (Browning et al., 2008; 
Guedes et al., 2003; Hee et al., 1995; Kelty et al., 2008; Massin et al., 2002; Ooto et al., 2010). 
However, Chan and coauthors and Grover and coauthors did not detect significant inter-sex 
difference in retinal thickness, but their studied groups had uneven sex distribution (Chan et 
al., 2006; Grover et al., 2010).  

There is published evidence of racial differences in retinal thickness. It has been reported 
that Blacks and Asians have thinner retinas compared with whites in age-matched groups 
(Asenfzadeh et al., 2007; Guedes et al., 2003; Kelty et al., 2008). Thus, race may be taken into 
consideration while interpreting OCT thickness measurements. 

The relation of macular thickness to axial length and presence of high myopia has also been 
described. Retinal thickness in highly myopic eyes (>6D) was higher in the fovea, but lower 
in the inner and outer regions compared to non-myopic eyes in a study with age-matched 
groups (Wu et al., 2008). Thus it may be an indication for change in retinal contour of highly 
myopic eyes and care is needed while interpreting macular pathology on OCT scans of such 
eyes. The studies of Lam and coauthors and Lim and coauthors showed negative correlation 
of retinal thickness and axial length (Lam et al., 2007; Lim et al., 2005). However, both 
studies included highly myopic eyes together with non-myopic eyes, and did not perform 
age-adjusted analysis. In their investigation on 248 eyes, Ooto and associates found no 
correlation between macular thickness and age-adjusted axial length (Ooto et al, 2010).  

We performed a study including 39 healthy eyes, with almost even sex distribution (21 men; 
18 women), accepting refractive error of no more than ± 3D, without glaucoma and all 
subjects being of Caucasian descent (Koleva-Georgieva & Sivkova, 2010). The automated 
retinal thickness and volume measurements were obtained by Spectral OCT/SLO 
Combination Imaging System (OPKO/OTI). A negative correlation between age and retinal 
thickness and volume in all ETDRS regions, except the temporal inner and temporal outer 
regions was found, and this relation remained after controlling for gender. Men had thicker 
retinas than women, and this remained so after controlling for age. These results are in 
consent with some authors and in discrepancy with others. One reason may be the small 
sample size in many of the studies, or the heterogeneity of retinal thickness in different 
populations. Additional studies with larger sample sizes are needed to clarify the situation. 
If quantitative analysis should be meticulous the normative database for retinal thickness 
probably should be population-based and obtained for each OCT machine type separately. 
Still our findings, supported by others, indicate that age, sex, and high myopia must be 
considered while interpreting retinal thickness data.  

3. OCT findings in DME 
3.1 Retinal thickness 

Retinal edema is defined as any detectable retinal thickening due to fluid accumulation 
(ETDRS Report Number 10, 1991). Stereoscopic examination of the fundus is the standard 
method, as defined by the ETDRS, for evaluating macular thickening. However, it is 
subjective and seems to be insensitive for small changes in retinal thickness (Hee et al, 1995; 
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Shahidi et al, 1991). The particular value of OCT is the possibility for objective, reliable and 
repeatable retinal thickness measurements. Since the introduction of OCT several authors 
have studied the possibility of OCT for early diagnosis of macular edema, and have 
suggested criteria to detect the so called subclinical diabetic macular edema (Hee et al., 1995, 
1998; Massin et al., 2002). There are studies reporting significant differences in retinal 
thickness between controls and eyes with diabetic retinopathy (without clinically detectable 
DME) in the fovea (Sanchez-Tochino et al., 2002; Schaudig et al., 2000), superior and nasal 
quadrants (Schaudig et al., 2000). Difference was also found between healthy eyes and 
diabetics without diabetic retinopathy in the fovea (Sanchez-Tochino et al., 2002), the 
paramacular ring (Schaudig et al., 2000) and the superior zone (Sugimoto et al., 2005). When 
comparing eyes of diabetics with and without retinopathy (and no clinical evidence of 
macular edema) Sanchez-Tochino and coauthors did not find any significant difference 
(Sanchez-Tochino et al., 2002), but Schaudig and associates found statistically significant 
difference in the superior nasal quadrant (Schaudig et al., 2000). 

In a clinical study we compared retinal thickness between diabetic patients without clinical 
evidence of DME (1st group – 57 eyes of 29 patients without diabetic retinopathy; 2nd group 
– 63 eyes of 32 patients with diabetic retinopathy) and a control group (39 healthy eyes), 
(Koleva-Georgieva & Sivkova, 2010).  All groups were age-matched and with nearly even 
sex distribution. The tendency of men having thicker retinas than women, and decrease of 
thickness with age were noted also for diabetic patients from both groups, although not 
reaching significance for all macular areas. We found significant differences in retinal 
thickness between controls and diabetics with diabetic retinopathy (group 2) in all macular 
regions, and also between controls and diabetics without retinopathy (group 1) in all regions 
except superior inner, inferior inner and nasal inner. It was present also after controlling for 
age and gender. The differences were present in more macular regions than detected by 
other authors. It might be due to the greater resolution and precision of the SD OCT that we 
used. So, OCT could detect early and subtle increase in retinal thickness in eyes with or even 
without retinopathy in comparison to healthy eyes. When comparing eyes of diabetics 
without retinopathy (group1) to those with diabetic retinopathy (group 2) we found 
significant difference in the central fixation point, fovea, superior inner, temporal inner, 
nasal inner regions and total retinal thickness. This indicated that SD OCT could further 
distinguish early macular damage in eyes with diabetic retinopathy compared to eyes 
without retinopathy. These early changes were more likely to develop in the central region 
and superior macular hemisphere (Koleva-Georgieva & Sivkova, 2010; Schaudig et al., 2000; 
Sugimoto et al., 2005). This evidence, published by many authors, suggests the possibility of 
OCT for the early detection of macular edema in diabetic patients. 

If we need to know whether a given diabetic patient has early macular damage, detectable 
by OCT, we have to apply some criteria. Ever since the pioneers of OCT have examined this 
possibility they have given several criteria: retinal thickness exceeding mean+3SDs 
(standard deviations) from normal subjects (Hee et al., 1995), retinal thickness exceeding the 
maximal thickness in normal eyes, difference between the right and left eyes exceeding 
mean difference in healthy eyes+2SDs, comparison with the database from normal 
population, and comparison with previous measurements (Hee et al., 1995, 1998). Hee and 
associates found 3 eyes (from 55 eyes) of diabetics without retinopathy with evidence of 
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early damage according to their criterion on difference between right and left eyes (Hee et 
al., 1998).  Massin and coauthors suggested early macular edema to be present if retinal 
thickness of an area was greater than the mean +2SDs in the corresponding area of normal 
subjects (Massin et al., 2002). This will exceed the variation in 95% of the normal population. 
They detected early macular thickening in 12 eyes (from 70 eyes) of diabetic patients 
without edema on ophthalmoscopy. In our study we did not apply the criterion of 
difference between right and left eyes, because Spectral OCT/SLO does not give this 
information automatically as Stratus TD OCT does. We applied the criterion of retinal 
thickness exceeding mean+2SDs from normal values for both the central fixation point and 
the fovea (both being in the clinically significant zone) to distinguish eyes with early 
subclinical DME (Koleva-Georgieva & Sivkova, 2010). Thirteen eyes were detected with 
retinal thickness exceeding both 209.6 µm for the central fixation point (176 µm+2x16.8 µm) 
and 241.1 µm for the fovea (198.3 µm +2x21.4 µm). All 13 eyes had retinopathy – 12 eyes 
with mild non-proliferative diabetic retinopathy and 1 eye with moderate non-proliferative 
diabetic retinopathy. In contrast to the finding of Browning and coauthors that only eyes 
with late stages of retinopathy (severe non-proliferative or proliferative) with no clinically 
detectable edema had thicker retinas than healthy eyes (Browning et al, 2008), we detected 
early subclinical macular damage also in eyes with mild and moderate non-proliferative 
diabetic retinopathy. That’s why we believe that OCT examination could be useful in 
patients with any severity of diabetic retinopathy, even in the earliest stages, and this would 
be at least for two reasons: first – to screen for early DME and eventually consider a closer 
follow-up, and second – to have a baseline measurement of retinal thickness for future 
comparison. This evidence confirms that SD OCT can possibly detect early subclinical 
macular edema in eyes with diabetic retinopathy. In the clinical setting, it is not advisable to 
use the above reported values of normal retinal thickness due to differences in population 
characteristics. However, the preset criteria defining early macular damage may be used, 
and attention should be paid to age, gender, ethnicity and presence of high myopia.  

OCT is also a valuable method for quantifying treatment effects after laser 
photocoagulation, vitrectomy, or intravitreal application of steroid and anti-VEGF 
injections. The assessment of the effect of each treatment has to be judged both by the 
improvement of visual acuity and by the observation of structural changes induced. OCT 
has proved to be beyond comparison for the latter, and has the value of objectively 
quantifying even subtle changes in retinal thickness. The high reproducibility of retinal 
thickness measurements allows OCT to be used for longitudinal objective monitoring of the 
treatment efficacy. A change in macular thickness of more than 10% of the baseline 
measurement has been considered as significant and not due to the variability of the method 
(Massin et al., 2001; Polito et al., 2005). It is worth noting here that fluorescein angiography 
also has its value in verifying macular ischemia. Several studies have stated that macular 
ischemia is a possible explanation for the lack of functional improvement in patients with 
good structural outcome after conservative or surgical treatment (Massin et al., 2003; Otani 
& Kishi, 2000). However, OCT is becoming the mainstay of objective treatment monitoring 
and follow-up of patients with macular edema. It is widely accepted in trials and studies 
(DRCRN, 2010; Estabrook et al., 2007; Otani & Kishi, 2000; Ozdemir et al., 2005; Patel et al., 
2006), as well as in clinical settings. 
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Shahidi et al, 1991). The particular value of OCT is the possibility for objective, reliable and 
repeatable retinal thickness measurements. Since the introduction of OCT several authors 
have studied the possibility of OCT for early diagnosis of macular edema, and have 
suggested criteria to detect the so called subclinical diabetic macular edema (Hee et al., 1995, 
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thickness between controls and eyes with diabetic retinopathy (without clinically detectable 
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early damage according to their criterion on difference between right and left eyes (Hee et 
al., 1998).  Massin and coauthors suggested early macular edema to be present if retinal 
thickness of an area was greater than the mean +2SDs in the corresponding area of normal 
subjects (Massin et al., 2002). This will exceed the variation in 95% of the normal population. 
They detected early macular thickening in 12 eyes (from 70 eyes) of diabetic patients 
without edema on ophthalmoscopy. In our study we did not apply the criterion of 
difference between right and left eyes, because Spectral OCT/SLO does not give this 
information automatically as Stratus TD OCT does. We applied the criterion of retinal 
thickness exceeding mean+2SDs from normal values for both the central fixation point and 
the fovea (both being in the clinically significant zone) to distinguish eyes with early 
subclinical DME (Koleva-Georgieva & Sivkova, 2010). Thirteen eyes were detected with 
retinal thickness exceeding both 209.6 µm for the central fixation point (176 µm+2x16.8 µm) 
and 241.1 µm for the fovea (198.3 µm +2x21.4 µm). All 13 eyes had retinopathy – 12 eyes 
with mild non-proliferative diabetic retinopathy and 1 eye with moderate non-proliferative 
diabetic retinopathy. In contrast to the finding of Browning and coauthors that only eyes 
with late stages of retinopathy (severe non-proliferative or proliferative) with no clinically 
detectable edema had thicker retinas than healthy eyes (Browning et al, 2008), we detected 
early subclinical macular damage also in eyes with mild and moderate non-proliferative 
diabetic retinopathy. That’s why we believe that OCT examination could be useful in 
patients with any severity of diabetic retinopathy, even in the earliest stages, and this would 
be at least for two reasons: first – to screen for early DME and eventually consider a closer 
follow-up, and second – to have a baseline measurement of retinal thickness for future 
comparison. This evidence confirms that SD OCT can possibly detect early subclinical 
macular edema in eyes with diabetic retinopathy. In the clinical setting, it is not advisable to 
use the above reported values of normal retinal thickness due to differences in population 
characteristics. However, the preset criteria defining early macular damage may be used, 
and attention should be paid to age, gender, ethnicity and presence of high myopia.  

OCT is also a valuable method for quantifying treatment effects after laser 
photocoagulation, vitrectomy, or intravitreal application of steroid and anti-VEGF 
injections. The assessment of the effect of each treatment has to be judged both by the 
improvement of visual acuity and by the observation of structural changes induced. OCT 
has proved to be beyond comparison for the latter, and has the value of objectively 
quantifying even subtle changes in retinal thickness. The high reproducibility of retinal 
thickness measurements allows OCT to be used for longitudinal objective monitoring of the 
treatment efficacy. A change in macular thickness of more than 10% of the baseline 
measurement has been considered as significant and not due to the variability of the method 
(Massin et al., 2001; Polito et al., 2005). It is worth noting here that fluorescein angiography 
also has its value in verifying macular ischemia. Several studies have stated that macular 
ischemia is a possible explanation for the lack of functional improvement in patients with 
good structural outcome after conservative or surgical treatment (Massin et al., 2003; Otani 
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3.2 Retinal microstructure 

The main characteristic OCT features of macular edema are: increased retinal thickness, 
reduced intraretinal reflectivity, irregularity of the layered structure, and flattening of the 
foveal depression (fig. 2). If edema persists, cystoid cavities may appear (Brancato & 
Lumbroso, 2004; Saxena & Meredith, 2006; Schumann et al., 2004). In macular edema serous 
fluid may be present under a detached neurosensory retina as a serous macular detachment 
(SMD). Hard exudates, hemorrhages and cotton-wool spots may also be present in macular 
tissue and their characteristics have been described (2.2.2.OCT interpretation – qualitative 
analysis).  

 
Fig. 2. Simple non-cystoid diabetic macular edema: increased retinal thickness, flattening of 
the foveal depression, irregularity of the layered structure, hard exudates (multiple red 
spots with shadowing of underlying tissue), without cystoid spaces. 

The accumulation of intraretinal fluid leads to increase in retinal thickness and reduction of 
optical reflectivity. The layered macular structure becomes irregular. In our studies (Koleva-
Georgieva & Sivkova, 2008; 2009), and also in others (Kim et al., 2006; Otani et al, 1999) it 
was described that areas with reduced reflectivity were located mainly in the outer retinal 
layers and the inner layers were displaced anteriorly. This was noted especially for simple 
macular edema, which is the beginning of retinal disruption. According to histopathologic 
studies of eyes with macular edema, fluid accumulation starts with intracytoplasmic 
swelling of Müller cells in the outer plexiform layer of Henle (Yanoff et al., 1984). Areas with 
reduced reflectivity on OCT images probably represent the swollen Müller cells. If macular 
edema persists, necrosis of Müller cells and the adjacent neurons occurs (Yanoff et al., 1984). 
This leads to cystoid cavity formation in the retina.  

 
Fig. 3. Mild cystoid diabetic macular edema: intraretinal cystoid spaces with horizontal 
diameter < 300μm. 
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Fig. 4. Intermediate cystoid diabetic macular edema: intraretinal cystoid spaces with 
horizontal diameter ≥ 300μm < 600μm (star), note smaller cystoid spaces located in the inner 
layers (white arrowheads), epiretinal membrane with focal adhesions and distortion of 
retinal contour (white arrow), and posterior hyaloid detached from retinal surface (yellow 
arrows) with peripapillary adhesion (not shown on this scan). 

 
Fig. 5. Severe cystoid diabetic macular edema: intraretinal cystoid spaces with horizontal 
diameter ≥ 600μm (star), note smaller cystoid spaces located in the inner layers (white 
arrowheads). 

On OCT images cystoid cavities appear as black non-reflective spaces, surrounded by 
medium-to-low reflective septa (fig. 3, 4 and 5). On en face OCT images cystoid spaces have 
well defined septae and, since this scan lies in the coronal plane, we may draw out 
additional information about the extent and location of the cystoid spaces. The cystoid 
cavities were observed to be located in the outer layers in newly developed edema, and to 
engage the inner layers in well-established edema forming large confluent cystoid cavities 
(Otani et al., 1999). In our study we found correlation between the size of cystoid spaces and 
retinal thickness and visual acuity (Koleva-Georgieva & Sivkova, 2008). We decided to 
subdivide cystoid DME into mild, moderate, and severe according to the size of cystoid 
spaces (fig. 3, 4 and 5). The mild cystoid DME presents with small cysts mainly in the outer 
retinal layers. The cystoid spaces in eyes with intermediate and severe cystoid DME were 
mainly located in the outer layers, predominantly in the fovea. Still, some of these eyes also 
had small cysts in the inner layers. We assume that fluid accumulation in cystoid spaces in 
the inner retinal layers could be a result of the progression of macular edema. With 
progression, disruption of cystic septae may ensue. Large confluent cystoid cavities may 
form to involve almost the entire thickness of the retina and give a retinoschisis appearance. 
In these cases a thin layer of atrophic retinal tissue remains over the retinoschisis spaces, and 
the eyes have profound visual loss. This probably represents the last stage of retinal 
disruption. The lower visual acuity in eyes with severe cystoid DME and the statistically 
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significant difference when comparing with the milder cystoid DME types show that the 
subtypes of cystoid DME could be consecutive stages of macular edema progression with 
worsening of visual function. We recommend that the size of cystoid spaces should be 
analyzed when evaluating patients with DME.  

 
Fig. 6. Serous macular detachment: a dome-shaped hypo-reflective area under the detached 
neurosensory retina and over the hyper-reflective layer of the pigment epithelium (white 
arrow), note the association with severe cystoid space (white star), confluent cystoid spaces 
with retinoschisis appearance (yellow stars), and the small cystoid spaces in the inner layers 
(arrowheads). 

 
Fig. 7. 3D OCT image reconstruction with consequent coronal and longitudinal slicing: 
represents serous macular detachment (black arrow) and cystoid spaces (black arrowhead), 
note that the reflectivity of the serous macular detachment border (representing 
photoreceptor IS/OS) is more reflective than the cystoid septae. 

In eyes with macular edema the pattern of SMD may also be found (Alkuraya et al., 2005; 
Catier et al., 2005; Kaiser et al., 2001; Kim et al., 2006; Koleva-Georgieva & Sivkova, 2009; 
Otani et al., 1999; Panozzo et al. 2004). This feature can be detected “in vivo” only by means 
of OCT, as it does not show on ophthalmoscopy or fluorescein angiography. However, it 
has been well documented by Wolter in a histopathology study on eyes with DME (Wolter, 
1981). The pathogenesis of SMD is not completely understood, and its significance still 
remains unknown. The most debatable factor is macular traction. Some authors point out 
traction as a leading cause (Kaiser et al., 2001), while others completely reject this hypothesis 
(Catier et al., 2005). There are statements that SMD is innocuous and transient (Ozdemir et 
al., 2005), while others state it is the last stage of chronic edema (Brancato & Lumbroso, 
2004). 

On OCT scans SMD appears as a low-reflective area under the detached neurosensory retina 
and over the hyper-reflective line of the pigment epithelium. It is usually confined to the 
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foveal area (fig. 6). On en face OCT scans SMD appears as round area of low reflectivity, 
surrounded by a medium reflectivity line (fig. 7). In our study on 79 eyes with DME, we 
found SMD in 9 eyes (11.4%), (Koleva-Georgieva & Sivkova, 2009). This prevalence is 
comparable to other studies (Alkuraya et al., 2005; Kang et al., 2004; Kim et al., 2006; Otani et 
al., 1999).  In our cohort of studied eyes, SMD was combined predominantly with cystoid 
edema pattern (intermediate cystoid in 5 eyes, severe cystoid in 3 eyes), and was combined 
with simple edema pattern only in 1 eye. The cystoid spaces were located in the outer retinal 
layers and the largest ones leaned to the center of fovea. In 6 eyes we also observed smaller 
cystoid spaces in the inner retinal layers that tended to be outside the fovea. Hard exudates 
were seen in 5 eyes. On fluorescein angiography the eyes with SMD presented with diffuse 
leakage in one eye and cystoid edema pattern in 8 eyes. Macular ischemia was found in 6 
eyes. There was similarity in the distribution of macular traction types among eyes with 
SMD (no traction – 3 eyes, questionable – 3 eyes, and definite – 3 eyes). So, our findings may 
be in support of the statement that macular ischemia plays important role in the 
development in SMD, and that macular traction is of equivocal significance (Catier et al., 
2005). The height of SMD did not correlate with retinal thickness or with best corrected 
visual acuity. Eyes with SMD had lower visual acuity than eyes with simple and mild 
cystoid DME type, and thicker retinas than eyes with simple, mild cystoid and intermediate 
cystoid DME. The difference was not significant between eyes with SMD and eyes with 
severe cystoid DME. Some authors state that SMD may be just a transient edema and leaves 
no functional consequences (Ozdemir et al., 2005). Our findings differ from this statement. 
In our cohort, SMD was predominantly accompanied by intermediate and severe cystoid 
edema pattern, there was macular ischemia in 6 of 9 eyes, and visual acuity was worse than 
that in eyes with simple non-cystoid and mild cystoid DME. On one hand it seemed that the 
SMD presence did not determine visual function and the low visual acuity could be due to 
the association of the SMD with large cystoid spaces and presence of macular ischemia. On 
the other hand we still observed SMD predominantly in eyes with intermediate and severe 
cystoid edema, which are meant to be advanced and graver types of edema and this 
association may be meaningful. The number of eyes with SMD in our study was too small 
and the published data from other studies are controversial. Further larger studies are 
needed to elucidate the pathogenesis and reveal the functional consequences of SMD. 
Nevertheless, SD OCT proved to be useful in detecting SMD and accompanying changes in 
retinal morphology and vitreoretinal interface. 

In the past few years, since the introduction of SD OCT, it became possible to accurately 
visualize the outer retinal layers. The integrity of these layers has has been reported to 
correlate with with retinal function and discussion in literature is still ongoing about its 
prognostic value. Several authors have found out that visual acuity has a positive 
correlation with the survival rate of ELM and IS/OS (Otani et al., 2010), and that the 
postoperative status of the photoreceptors is related to the final visual function after 
resolution of normal retinal morphology morphology following surgery surgery for 
persistent DME (Sakamoto et al., 2009) or epiretinal membrane (ERM), (Mitamura et al., 
2009; Oster et al., 2010). The percentage disruption of the photoreceptor IS/OS junction layer 
is a significant predictor of visual acuity (Maheshwary et al, 2010). Analysis of the integrity 
of IS/OS and ELM on SD OCT scans should be a part of macular edema evaluation (fig. 8). 
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photoreceptor IS/OS) is more reflective than the cystoid septae. 
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remains unknown. The most debatable factor is macular traction. Some authors point out 
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foveal area (fig. 6). On en face OCT scans SMD appears as round area of low reflectivity, 
surrounded by a medium reflectivity line (fig. 7). In our study on 79 eyes with DME, we 
found SMD in 9 eyes (11.4%), (Koleva-Georgieva & Sivkova, 2009). This prevalence is 
comparable to other studies (Alkuraya et al., 2005; Kang et al., 2004; Kim et al., 2006; Otani et 
al., 1999).  In our cohort of studied eyes, SMD was combined predominantly with cystoid 
edema pattern (intermediate cystoid in 5 eyes, severe cystoid in 3 eyes), and was combined 
with simple edema pattern only in 1 eye. The cystoid spaces were located in the outer retinal 
layers and the largest ones leaned to the center of fovea. In 6 eyes we also observed smaller 
cystoid spaces in the inner retinal layers that tended to be outside the fovea. Hard exudates 
were seen in 5 eyes. On fluorescein angiography the eyes with SMD presented with diffuse 
leakage in one eye and cystoid edema pattern in 8 eyes. Macular ischemia was found in 6 
eyes. There was similarity in the distribution of macular traction types among eyes with 
SMD (no traction – 3 eyes, questionable – 3 eyes, and definite – 3 eyes). So, our findings may 
be in support of the statement that macular ischemia plays important role in the 
development in SMD, and that macular traction is of equivocal significance (Catier et al., 
2005). The height of SMD did not correlate with retinal thickness or with best corrected 
visual acuity. Eyes with SMD had lower visual acuity than eyes with simple and mild 
cystoid DME type, and thicker retinas than eyes with simple, mild cystoid and intermediate 
cystoid DME. The difference was not significant between eyes with SMD and eyes with 
severe cystoid DME. Some authors state that SMD may be just a transient edema and leaves 
no functional consequences (Ozdemir et al., 2005). Our findings differ from this statement. 
In our cohort, SMD was predominantly accompanied by intermediate and severe cystoid 
edema pattern, there was macular ischemia in 6 of 9 eyes, and visual acuity was worse than 
that in eyes with simple non-cystoid and mild cystoid DME. On one hand it seemed that the 
SMD presence did not determine visual function and the low visual acuity could be due to 
the association of the SMD with large cystoid spaces and presence of macular ischemia. On 
the other hand we still observed SMD predominantly in eyes with intermediate and severe 
cystoid edema, which are meant to be advanced and graver types of edema and this 
association may be meaningful. The number of eyes with SMD in our study was too small 
and the published data from other studies are controversial. Further larger studies are 
needed to elucidate the pathogenesis and reveal the functional consequences of SMD. 
Nevertheless, SD OCT proved to be useful in detecting SMD and accompanying changes in 
retinal morphology and vitreoretinal interface. 

In the past few years, since the introduction of SD OCT, it became possible to accurately 
visualize the outer retinal layers. The integrity of these layers has has been reported to 
correlate with with retinal function and discussion in literature is still ongoing about its 
prognostic value. Several authors have found out that visual acuity has a positive 
correlation with the survival rate of ELM and IS/OS (Otani et al., 2010), and that the 
postoperative status of the photoreceptors is related to the final visual function after 
resolution of normal retinal morphology morphology following surgery surgery for 
persistent DME (Sakamoto et al., 2009) or epiretinal membrane (ERM), (Mitamura et al., 
2009; Oster et al., 2010). The percentage disruption of the photoreceptor IS/OS junction layer 
is a significant predictor of visual acuity (Maheshwary et al, 2010). Analysis of the integrity 
of IS/OS and ELM on SD OCT scans should be a part of macular edema evaluation (fig. 8). 
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Fig. 8. Outer retinal layers inner segment (IS)/outer segment (OS) and external limiting 
membrane (ELM): A – intact IS/OS and ELM in eye with mild cystoid diabetic macular 
edema, B – disturbed integrity in eye with severe cystoid diabetic macular edema. 

3.3 Vitreoretinal interface and macular traction 

Macular traction is a factor implemented in the pathogenesis of macular edema and there 
is increasing evidence that releasing it via vitrectomy may be beneficial (DRCRN, 2010; 
Patel et al., 2006; Yanyali et al., 2007). Macular traction may be induced by vitreoretinal 
interface abnormalities such as incomplete posterior vitreous detachment (PVD) or ERM. 
In 1984 Shepens and coauthors postulate the role of incomplete PVD in the formation or 
progression of macular edema in susceptible eyes, such as of diabetics. Before the 
introduction of OCT, Hikichi and associates and Nasrallah and associates have evaluated 
the presence and characteristics of PVD in eyes with DME by ophthalmoscopy. They 
found relatively small prevalence of complete PVD (27% and 20%) and great number of 
eyes lacking PVD (64.6% and 77%) in diabetic eyes (Hikichi et al, 1997; Nasrallah et al., 
1988). They observed incomplete PVD in 8.4% and 3% of cases and it was 
ophthalmoscopically detected by a thickened and taut posterior hyaloid. Such cases of 
thick taut and attached to the top of the raised macular surface posterior hyaloid are 
easily recognizable on ophthalmoscopy and indicate obvious vitreomacular traction. In 
other cases, when the posterior hyaloid is thin and slightly detached from the macular 
surface, it is not visible on ophthalmoscopy, but can be demonstrated on OCT. This type 
of incomplete PVD is quite common and it resembles the early stages of PVD in normal 
eyes (Uchino et al., 2001; Gaucher et al., 2005). The role of this type of incomplete PVD in 
the pathogenesis of macular edema is not fully understood. Several studies have classified 
the incomplete PVD in order to define its relation with macular edema (Gaucher et al., 
2005; Koizumi et al, 2008; Panozzo et al., 2004). 
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Fig. 9. Questionable macular traction: incomplete posterior vitreous detachment with 
peripapillary adhesion, without signs of distortion of retinal contour. 

 
Fig. 10. Questionable macular traction: incomplete posterior vitreous detachment (PVD) in 
severe cystoid macular edema (A – OCT B-scan, B and C – OCT en face C-scan images with 
fundus overlay), broad based incomplete PVD without distortion of retinal contour at points 
of adhesion (white arrow), cystoid space (white star), retinoschisis space (yellow stars), hard 
exudates (yellow arrow), note that on the en face OCT image the extent and location of the 
hard exudates, cystoid spaces and the retinoschisis space can be visualized.  

 
Fig. 11. Definite macular traction caused by incomplete posterior vitreous detachment with 
distortion of retinal contour at points of adhesion (white arrows), A – accompanying severe 
cystoid macular edema, note the presence of large confluent cystoid cavity with retinoschisis 
appearance (star), B – accompanying mild cystoid macular edema. 
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On OCT scans the posterior hyaloid appears as thin hyper-to-medium reflective line in the 
non-reflective vitreous cavity at a distance from the retinal surface (fig. 4, yellow arrows, fig. 
9, 10 and 11, white arrows). In case of incomplete PVD it may have adhesions to foveal (fig. 
10 and 11) or peripapillary (fig. 9) retinal tissue (Gaucher et al., 2005). The vitreomacular 
adhesion may be broad-based (broad) or narrow-based (focal), (Forte et al., 2007; Koizumi et 
al. 2008). Panozzo and coauthors have described 3 types of epimacular traction: (1) flat 
hyper-reflective line, adherent to the retina without significant retinal distortion, (2) 
continuous hyper-reflective line with multiple points of adhesion, with significant retinal 
distortion, and (3) antero-posterior traction with “gull wings” configuration. Types (1) and 
(2) resemble ERM and tangential epiretinal traction, and type (3) represents incomplete PVD 
with antero-posterior traction and retinal distortion. They do not speculate the cause of 
traction (ERM or incomplete PVD), but just stress on the presence of distortion of the retinal 
surface. According to this statement and our clinical findings (Koleva-Georgieva & Sivkova, 
2008, 2009), we presume that it is worth to examine retinal surface on OCT scans and 
differentiate the presence of distortion of the retinal contour at the points of adhesion as this 
may indicate definite mechanical traction. 

 
Fig. 12. Definite macular traction: epiretinal membrane (ERM) with distortion of retinal 
surface contour (white arrows), A – fundus image, B – OCT B-scan, C and D – 3D OCT 
reconstruction, E – en face C-scan, F – OCT C-scan/fundus image overlay, note the 
characteristic “brush-like” appearance of the ERM on en face scans. 

In patients with diabetic retinopathy secondary ERM may develop and cause tangential 
macular traction. On OCT scans ERM appears as hyper-reflective line lying on retinal 
surface (fig. 4, white arrow, fig. 12 B). On en face coronal OCT scan ERM has a characteristic 
“star-like” or “brush-like” appearance (fig. 12 C, D, E and F). It may lead to loss of foveal 
depression, increase in macular thickness, and formation of cystoid spaces or pseudoholes. 
ERMs may have global or focal adherence. Mori and coauthors have described that cases of 
globally adherent ERMs represent earlier stages of ERM development and are associated 
with less morphologic changes. ERMs with focal adhesions represent a more advanced stage 
with significant macular thickening, loss of foveal depression and formation of cystoid 
spaces (Mori et al., 2004). Secondary ERMs were more likely to have focal adhesions, 
whereas primary ERMs tended to be globally adherent (Mori et al., 2004).  ERM with 
multiple points of adhesion usually cause distortion of retinal contour which is detectable 
on SD OCT (Koleva-Georgieva & Sivkova, 2008, 2009) and may indicate more obvious 
mechanical traction on retina. OCT is helpful in the detection of incomplete PVD and ERM. 
Since macular traction is one of the causes for the development and persistence of DME, the 
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evaluation of its presence is a substantial part in OCT macular edema assessment. OCT 
proves to be very useful in diagnosing these vitreoretinal interface abnormalities and follow 
the postoperative morphological outcome. 

4. OCT classification of DME 
The first OCT-classification of DME (Otani et al., 1999) is based on retinal morphological 
changes: “sponge-like swelling”, cystoid edema, and serous retinal detachment. Other 
published classifications are presented by several authors (Kang et al., 2004; Kim et al., 2006; 
Panozzo et al., 2004). We propose and use in our clinical practice a classification, which 
summarizes several quantitative and qualitative OCT data: retinal thickness, retinal 
morphology, retinal topography, macular traction and foveal photoreceptor status. It is 
based on published data by previous authors and our clinical observations and studies. 

I. Retinal thickness:  

1. No macular edema – normal macular morphology and thickness not reaching the 
criteria for subclinical DME;  

2. Early subclinical macular edema – no clinically detected retinal thickening on 
ophthalmoscopy, OCT measured retinal thickness exceeding normal +2SDs for central 
fixation point and fovea; 

3. Established macular edema – retinal thickening and evident morphological 
characteristics of edema. 

II. Retinal morphology: 

1. Simple non-cystoid macular edema – increased retinal thickness, reduced intraretinal 
reflectivity, irregularity of the layered structure, flattening of the foveal depression, 
without presence of cystoid spaces (fig. 2); 

2. Cystoid macular edema – the above criteria, associated with presence of well defined 
intraretinal cystoid spaces 
2.a mild cystoid macular edema – cystoid spaces with horizontal diameter < 300μm 
  (fig.3) 
2.b intermediate cystoid macular edema – cystoid spaces with horizontal diameter ≥ 
  300μm < 600μm (fig. 4) 
2.c severe cystoid macular edema – cystoid spaces with horizontal diameter ≥ 600μm, 
  or large confluent cavities with retinoschisis appearance (fig. 5, 10, and 11 A); 

3. Serous macular detachment – any of the above, associated with serous macular 
detachment (hypo-reflective area under the detached neurosensory retina and over the 
hyper-reflective line of the pigment epithelium), (fig. 6 and 7).  

III. Retinal topography: 

1. Non-significant macular edema;  
2. Clinically significant macular edema, as defined by ETDRS and evaluated on the OCT 

retinal topography map. 

IV. Presence and severity of macular traction (incomplete PVD and/or ERM):  

1. No macular traction – presence of complete PVD (Weiss ring detected on 
ophthalmoscopy), or no PVD (no visible posterior hyaloid line on SD OCT), and no 
ERM (fig. 2, 5, and 6); 
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On OCT scans the posterior hyaloid appears as thin hyper-to-medium reflective line in the 
non-reflective vitreous cavity at a distance from the retinal surface (fig. 4, yellow arrows, fig. 
9, 10 and 11, white arrows). In case of incomplete PVD it may have adhesions to foveal (fig. 
10 and 11) or peripapillary (fig. 9) retinal tissue (Gaucher et al., 2005). The vitreomacular 
adhesion may be broad-based (broad) or narrow-based (focal), (Forte et al., 2007; Koizumi et 
al. 2008). Panozzo and coauthors have described 3 types of epimacular traction: (1) flat 
hyper-reflective line, adherent to the retina without significant retinal distortion, (2) 
continuous hyper-reflective line with multiple points of adhesion, with significant retinal 
distortion, and (3) antero-posterior traction with “gull wings” configuration. Types (1) and 
(2) resemble ERM and tangential epiretinal traction, and type (3) represents incomplete PVD 
with antero-posterior traction and retinal distortion. They do not speculate the cause of 
traction (ERM or incomplete PVD), but just stress on the presence of distortion of the retinal 
surface. According to this statement and our clinical findings (Koleva-Georgieva & Sivkova, 
2008, 2009), we presume that it is worth to examine retinal surface on OCT scans and 
differentiate the presence of distortion of the retinal contour at the points of adhesion as this 
may indicate definite mechanical traction. 

 
Fig. 12. Definite macular traction: epiretinal membrane (ERM) with distortion of retinal 
surface contour (white arrows), A – fundus image, B – OCT B-scan, C and D – 3D OCT 
reconstruction, E – en face C-scan, F – OCT C-scan/fundus image overlay, note the 
characteristic “brush-like” appearance of the ERM on en face scans. 

In patients with diabetic retinopathy secondary ERM may develop and cause tangential 
macular traction. On OCT scans ERM appears as hyper-reflective line lying on retinal 
surface (fig. 4, white arrow, fig. 12 B). On en face coronal OCT scan ERM has a characteristic 
“star-like” or “brush-like” appearance (fig. 12 C, D, E and F). It may lead to loss of foveal 
depression, increase in macular thickness, and formation of cystoid spaces or pseudoholes. 
ERMs may have global or focal adherence. Mori and coauthors have described that cases of 
globally adherent ERMs represent earlier stages of ERM development and are associated 
with less morphologic changes. ERMs with focal adhesions represent a more advanced stage 
with significant macular thickening, loss of foveal depression and formation of cystoid 
spaces (Mori et al., 2004). Secondary ERMs were more likely to have focal adhesions, 
whereas primary ERMs tended to be globally adherent (Mori et al., 2004).  ERM with 
multiple points of adhesion usually cause distortion of retinal contour which is detectable 
on SD OCT (Koleva-Georgieva & Sivkova, 2008, 2009) and may indicate more obvious 
mechanical traction on retina. OCT is helpful in the detection of incomplete PVD and ERM. 
Since macular traction is one of the causes for the development and persistence of DME, the 
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evaluation of its presence is a substantial part in OCT macular edema assessment. OCT 
proves to be very useful in diagnosing these vitreoretinal interface abnormalities and follow 
the postoperative morphological outcome. 

4. OCT classification of DME 
The first OCT-classification of DME (Otani et al., 1999) is based on retinal morphological 
changes: “sponge-like swelling”, cystoid edema, and serous retinal detachment. Other 
published classifications are presented by several authors (Kang et al., 2004; Kim et al., 2006; 
Panozzo et al., 2004). We propose and use in our clinical practice a classification, which 
summarizes several quantitative and qualitative OCT data: retinal thickness, retinal 
morphology, retinal topography, macular traction and foveal photoreceptor status. It is 
based on published data by previous authors and our clinical observations and studies. 

I. Retinal thickness:  

1. No macular edema – normal macular morphology and thickness not reaching the 
criteria for subclinical DME;  

2. Early subclinical macular edema – no clinically detected retinal thickening on 
ophthalmoscopy, OCT measured retinal thickness exceeding normal +2SDs for central 
fixation point and fovea; 

3. Established macular edema – retinal thickening and evident morphological 
characteristics of edema. 

II. Retinal morphology: 

1. Simple non-cystoid macular edema – increased retinal thickness, reduced intraretinal 
reflectivity, irregularity of the layered structure, flattening of the foveal depression, 
without presence of cystoid spaces (fig. 2); 

2. Cystoid macular edema – the above criteria, associated with presence of well defined 
intraretinal cystoid spaces 
2.a mild cystoid macular edema – cystoid spaces with horizontal diameter < 300μm 
  (fig.3) 
2.b intermediate cystoid macular edema – cystoid spaces with horizontal diameter ≥ 
  300μm < 600μm (fig. 4) 
2.c severe cystoid macular edema – cystoid spaces with horizontal diameter ≥ 600μm, 
  or large confluent cavities with retinoschisis appearance (fig. 5, 10, and 11 A); 

3. Serous macular detachment – any of the above, associated with serous macular 
detachment (hypo-reflective area under the detached neurosensory retina and over the 
hyper-reflective line of the pigment epithelium), (fig. 6 and 7).  

III. Retinal topography: 

1. Non-significant macular edema;  
2. Clinically significant macular edema, as defined by ETDRS and evaluated on the OCT 

retinal topography map. 

IV. Presence and severity of macular traction (incomplete PVD and/or ERM):  

1. No macular traction – presence of complete PVD (Weiss ring detected on 
ophthalmoscopy), or no PVD (no visible posterior hyaloid line on SD OCT), and no 
ERM (fig. 2, 5, and 6); 
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2. Questionable macular traction – incomplete PVD with perifoveal or peripapillary 
adhesion and/or globally adherent ERM without detectable distortion of retinal surface 
contour at the points of adhesion (fig. 9 and 10);  

3. Definite macular traction – incomplete PVD with perifoveal adhesion and/or focal ERM 
with detectable distortion of retinal contour at the points of adhesion (fig. 4, white 
arrow, 11, and 12). 

V. Retinal outer layers integrity (IS/OS and ELM):  

1. IS/OS and ELM intact (fig. 8 A); 
2. IS/OS and ELM with disrupted integrity (fig. 8 B).  

5. Future developments in OCT 
In 2001, Drexler and associates introduced Ultrahigh Resolution OCT (Drexler et al., 2001). 
The technology is similar to standard resolution OCT, but the light source is replaced by a 
broadband Ti:Sapphire short pulse laser. It generates axial resolution of 3 μm in the eye. The 
advantage of Ultrahigh Resolution OCT is the improved delineation of all retinal layers, 
more detailed structure imaging  and more precise measurements.  

In 1997 Podoleanu and associates pioneered the development of a different OCT imaging 
approach – en face OCT, or scanning the coronal plane (Podoleanu et al., 1997). En face OCT 
is possible with TD OCT or SD OCT, but the scanning regime has changed from fast 
scanning in the Z-axis to fast scanning in the XY plane. The axial resolution of en face OCT is 
similar to conventional OCT, but the transverse resolution is better, leading to a subjectively 
higher image resolution. En face OCT is combined with confocal Scanning Laser 
Ophthalmoscopy (SLO), using a single light source. The images in the confocal and the OCT 
channels are produced simultaneously using the same light source and are therefore in strict 
pixel-to-pixel correspondence. The SLO provides a high quality fundus image. The exact 
correspondence allows obtaining of an OCT – SLO fundus image overlay (fig. 10 B and C; 
fig. 11 F). Analyzing C-scan OCT images is more difficult than B-scan retinal images, but it 
offers complementary information. The en face plane is the conventional plane of 
ophthalmoscopy, so analyzing retinal pathology on en face C-scans and on OCT C-
scan/SLO fundus image overlays provides additional information about the size, extent and 
location of pathological features. OCT C-scans may be overlaid with other en face imaging 
or functional diagnostic methods (fluorescein angiography, ICG angiography, 
microperimetry, and multifocal electroretinography) thus offering a complex approach to 
the diagnostic evaluation of macular pathology. 

In 2002, Dubois and coworkers reported the development of the ultrahigh resolution full-
field en face OCT, which achieves 0.8 μm axial and 1.8 μm transverse resolution (Dubois et 
al., 2002). It has been used for ex vivo microscopic imaging of subcellular details of animal 
ocular tissues. In the recent years much research progress has been done in developing 
adaptive optics to OCT machines. Conventional OCT has good axial resolution (5μm for SD 
OCT), but low transverse resolution (15-20 μm). It is because of the numerous aberrations of 
the optics of the system and the eye itself. Adaptive optics corrects these aberrations by 
wavefront detection and modulation (van Velthoven et al., 2007). Functional OCT methods 
are also under development, such as polarization-sensitive OCT (combines OCT with tissue 
birefringence analysis for precise examination of NFL), color Doppler OCT (for 
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supplementary evaluation of retinal blood flow), retinal optophysiology on Ultrahigh 
Resolution OCT scans (detects changes in the optical properties during a provoked action 
potential), molecular contrast OCT and nanoparticle based molecular contrast OCT 
(analyzing tissue or cell structures by use of specific targeted molecules or nanoparticles).  

6. Conclusion 
OCT is a novel imaging modality that has made significant impact in the diagnostic 
evaluation of patients with DME. It was a complementary device to stereo-ophthalmoscopy 
and fluorescein angiography, and now it has become a new imaging standard in retinal 
diagnostics. The major contribution of OCT is the possibility of obtaining objective and 
reliable retinal thickness measurements along with “in vivo” visualization of retinal and 
vitreo-retinal microstructure. The early diagnosis of DME, precise estimation of the different 
morphologic patterns and presence of macular traction are of uppermost significance in 
determining the therapeutic approach and prognosis. OCT has proved to achieve these 
requirements and to ensure objective monitoring of treatment results.  
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2. Questionable macular traction – incomplete PVD with perifoveal or peripapillary 
adhesion and/or globally adherent ERM without detectable distortion of retinal surface 
contour at the points of adhesion (fig. 9 and 10);  

3. Definite macular traction – incomplete PVD with perifoveal adhesion and/or focal ERM 
with detectable distortion of retinal contour at the points of adhesion (fig. 4, white 
arrow, 11, and 12). 

V. Retinal outer layers integrity (IS/OS and ELM):  

1. IS/OS and ELM intact (fig. 8 A); 
2. IS/OS and ELM with disrupted integrity (fig. 8 B).  

5. Future developments in OCT 
In 2001, Drexler and associates introduced Ultrahigh Resolution OCT (Drexler et al., 2001). 
The technology is similar to standard resolution OCT, but the light source is replaced by a 
broadband Ti:Sapphire short pulse laser. It generates axial resolution of 3 μm in the eye. The 
advantage of Ultrahigh Resolution OCT is the improved delineation of all retinal layers, 
more detailed structure imaging  and more precise measurements.  

In 1997 Podoleanu and associates pioneered the development of a different OCT imaging 
approach – en face OCT, or scanning the coronal plane (Podoleanu et al., 1997). En face OCT 
is possible with TD OCT or SD OCT, but the scanning regime has changed from fast 
scanning in the Z-axis to fast scanning in the XY plane. The axial resolution of en face OCT is 
similar to conventional OCT, but the transverse resolution is better, leading to a subjectively 
higher image resolution. En face OCT is combined with confocal Scanning Laser 
Ophthalmoscopy (SLO), using a single light source. The images in the confocal and the OCT 
channels are produced simultaneously using the same light source and are therefore in strict 
pixel-to-pixel correspondence. The SLO provides a high quality fundus image. The exact 
correspondence allows obtaining of an OCT – SLO fundus image overlay (fig. 10 B and C; 
fig. 11 F). Analyzing C-scan OCT images is more difficult than B-scan retinal images, but it 
offers complementary information. The en face plane is the conventional plane of 
ophthalmoscopy, so analyzing retinal pathology on en face C-scans and on OCT C-
scan/SLO fundus image overlays provides additional information about the size, extent and 
location of pathological features. OCT C-scans may be overlaid with other en face imaging 
or functional diagnostic methods (fluorescein angiography, ICG angiography, 
microperimetry, and multifocal electroretinography) thus offering a complex approach to 
the diagnostic evaluation of macular pathology. 

In 2002, Dubois and coworkers reported the development of the ultrahigh resolution full-
field en face OCT, which achieves 0.8 μm axial and 1.8 μm transverse resolution (Dubois et 
al., 2002). It has been used for ex vivo microscopic imaging of subcellular details of animal 
ocular tissues. In the recent years much research progress has been done in developing 
adaptive optics to OCT machines. Conventional OCT has good axial resolution (5μm for SD 
OCT), but low transverse resolution (15-20 μm). It is because of the numerous aberrations of 
the optics of the system and the eye itself. Adaptive optics corrects these aberrations by 
wavefront detection and modulation (van Velthoven et al., 2007). Functional OCT methods 
are also under development, such as polarization-sensitive OCT (combines OCT with tissue 
birefringence analysis for precise examination of NFL), color Doppler OCT (for 
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supplementary evaluation of retinal blood flow), retinal optophysiology on Ultrahigh 
Resolution OCT scans (detects changes in the optical properties during a provoked action 
potential), molecular contrast OCT and nanoparticle based molecular contrast OCT 
(analyzing tissue or cell structures by use of specific targeted molecules or nanoparticles).  

6. Conclusion 
OCT is a novel imaging modality that has made significant impact in the diagnostic 
evaluation of patients with DME. It was a complementary device to stereo-ophthalmoscopy 
and fluorescein angiography, and now it has become a new imaging standard in retinal 
diagnostics. The major contribution of OCT is the possibility of obtaining objective and 
reliable retinal thickness measurements along with “in vivo” visualization of retinal and 
vitreo-retinal microstructure. The early diagnosis of DME, precise estimation of the different 
morphologic patterns and presence of macular traction are of uppermost significance in 
determining the therapeutic approach and prognosis. OCT has proved to achieve these 
requirements and to ensure objective monitoring of treatment results.  
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Diabetic retinopathy is caused by changes in the blood vessels of the retina. For the most of the
cases its detection in an early stage would allow for a treatment with a high healing rate. This
is why the screening processes are a very valuable method for prevention of this pathology.
Typically, a large amount of fundus images (photo of the back of the inside of the eye) have
to be analyzed as diabetic patients have both their eyes examined at least once a year. These
photos are then examined by an ophthalmologist (eye-doctor) who can determine if there
are any visible signs of the disease present. To effectively manage all this information and the
workload it produces, automatic techniques for analyzing the images would represent a major
improvement, since manual analysis of this amount of information is a very complex and error
prone process. These techniques must be robust, sensitive and specific to be implemented in
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2 Will-be-set-by-IN-TECH

One important symptom of diabetic retinopathy is the development of red lesions such as
microaneurysm and white lesions such us exudates and cottonwool spots. Here only red
lesions will be located, since they are among the first absolute sign of diabetic retinopathy.

Several studies have been presented to deal with the problem of hard exudates detection.
(Leistritz & Schweitzer, 1994) showed that using size, shape, texture, etc. in isolation is
insufficient to detect hard exudates accurately. This fact is used in this work too. Several
other attempts have been made to detect hard exudates using histogram segmentation. If the
background color of a retinal image is sufficiently uniform, a simple and effective method to
separate exudates from the background is to select proper thresholds (Leistritz & Schweitzer,
1994; Philips et al., 1993; Ward et al., 1989). In (Goldbaum et al., 1990) Mahalanobis distance is
used as the classifier criteria, but results were inconclusive. Many other approximations can
be found in literature, like mathematical morphology based (Cree et al., 1997; Spencer et al.,
1996) or neural network based (Gardner et al., 1996), with results ranging in sensitivity from
85% and specificity of 76%(Hipwell et al., 2000), sensitivity of 77.5% and specificity of 88.7% in
(Sinthanayothin et al., 2002) or sensitivity 93.1% and specificity of 71.4%(Larsen et al., 2003),
this last obtained using a commercially available automatic red lesion detection system. More
recently, García et al. (García et al., 2009) developed several techniques to deal with the
problem of feature detection for the diabetic retinopathy diagnosis and screening, using neural
nets like the multilayer perceptron classifier (García et al., 2008) or a radial basis function fed
with the output of a logistic regression process, and obtained values ranging in sensitivity
from 86.1% to 92.1% and from 71.4% to 86.4% in positive predicted results.

In our work an algorithm for the detection of red lesions in digital color fundus photographs
is proposed. The method performs in three stages: in the first stage points candidates to be
red lesions are obtained by using a set of correlation filters working in different resolutions,
allowing that way the detection of a wider set of points. Then, in the second stage, a region
growing segmentation process rejects the points from the prior stage whose size does not fit
in the red lesion pattern. Finally, in the third stage three test are applied to the output of the
second stage: a shape test to remove non-circular areas, an intensity test to remove that areas
belonging to the fundus of the retina and finally a test to remove the points which fall inside
the vessels (only lesions outside the vessels are considered). Evaluation was performed on a
test composed on images representative of those normally found in a screening set. Moreover,
comparison with manually-obtained results from clinical experts are performed, to set the
accuracy and reliability of the method.

2. Red lesion detection algorithm

In this work an algorithm for the detection of red lesions in digital color fundus photographs
is proposed. The method performs in three stages, as depicted in Fig. 2. In the first stage,
working on the green channel of the input (color) image, several correlation filters are applied,
each with a different resolution, detecting this way a wider spectrum of features and getting
the initial set of candidate lesions. The output of this stage serves as input for the second stage,
where a region growing process is used to preprocess the red lesion candidates set obtaining
a more accurate set. Finally, in the third stage the previous set of candidates is filtered by
means of four filtering processes: a shape (circularity) filter, which rejects regions with “low
circularity”, an intensity filter, which removes from the set the candidates which does not
fulfill the intensity criteria, a correlation mean filter, which removes the candidate areas which
represent an outliers in the correlation filter response and finally a last filter which, using the
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creases of the digital angiography López et al. (2000); Mariño et al. (2006), removes that areas
inside or next to vessels. In the following sections each of these stages will be described.

In section 3 description of the correlation filters of the first stage is included. Section 4 provides
details on the region growing algorithm. Once the regions have been obtained, the filtering
process to discard false positives is described in section 5. Experiments and results are given
in section 6 for the different stages of the algorithm, and finally section 7 provides discussion
and conclusions.

DETECTED LESIONS

Candidates preprocessing Candidates filtering

IMAGE ACQUISITION

CANDIDATE LESION DETECTION

CANDIDATE LESION ANALYSIS

Fig. 2. General schema of the proposed methodology. Once the image is acquired, the
correlation filters are applied to get an initial set of candidate lesions.These candidates are
analyzed, first preprocessing them using a growing regions algorithm and then applying
several filters in order to obtain the final lesions set.

3. Correlation filters set

The goal in this stage is to get the set of candidate red lesions. Since the regions corresponding
to lesions have a wide variety of sizes, three correlation filters with different resolutions, F1, F2
and F3, are applied to the image. As proposed in Niemeijer et al. (2005), since red lesions
have the highest contrast in the green plane Hoover & Goldbaum (2000), in place of applying
the correlation to the gray-level version of the image, green plane Ig is used as the input. In
Figure 3 the histogram of the three RGB channels is shown. As depicted, red channel pixels
distribution is very scattered, with low frequencies except the very high frequencies. Blue
channel is biased to low values with a very short range. Finally, red channel shows a wide
range of values within an acceptable frequency range.
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Fig. 3. Histogram of the different RGB channels.

Figure 4 shows an example of the results obtained by an expert clinician working in each of
the RGB channels.

Red lesions present three common characteristics:
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The goal in this stage is to get the set of candidate red lesions. Since the regions corresponding
to lesions have a wide variety of sizes, three correlation filters with different resolutions, F1, F2
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Fig. 3. Histogram of the different RGB channels.

Figure 4 shows an example of the results obtained by an expert clinician working in each of
the RGB channels.

Red lesions present three common characteristics:
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4 Will-be-set-by-IN-TECH

(a) (b)

(c) (d)

Fig. 4. Result of manual analysis obtained by an expert clinician working on the different
RGB channels of a digital retinography. Squares mark the lesions detected by the specialist.
4(a): original retinography, 4(b): results on the red channel, 4(c): results on the green channel
and 4(d): results on the blue channel.

Area: red dots are small regions in the image. Figure 5 depicts an histogram of 157 lesions
detected by a clinician in the set of available images, showing that the size of the red lesions
is never above 200 pixels (a very small size in the 1024 × 768 pixels sized images used in
our work, being in fact 0�0153% of the image).
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Fig. 5. Histogram of the areas of the red dots. Size of the red lesions is never higher than 200
pixels.

Shape: red dots have an approximately circled shape, although their borders are very
irregular. In Figure 6 histogram of the radii of the red lesions is depicted, assuming a
perfect circled shape.

252 Diabetic Retinopathy Preventing Diabetic Retinopathy: Red Lesions Detection in Early Stages 5

1 2 3 4 5 6 7 8
0

5

10

15

20

25

T
ot

al

Radio

Fig. 6. Histogram of the radii of the red lesions. Radius is always between 2 and 7 pixels long.

Color and intensity: as their name points out, red lesions are mainly red colored, with
a color similar to the blood vessels, and are much darker than the surrounding retinal
tissues.

Figure 7(a) shows the aspect of a typical red lesion in the green channel of the original image,
with the profile in the center of the lesion depicted in 7(b).

In order to design the shapes and sizes of the filter’s kernels, red lesions from the images in the
test set are isolated and analyzed. As it can be observed in Figure 7(b), a red lesion template
can be forged using a Gaussian pattern.

Assuming symmetry in the red lesion, the Gaussian pattern can be described as a
one-dimensional function, being the variable the distance (or radius) to the center of the lesion
as showed in Equation 1.

f (r) = ae−br2
(1)

where parameters a and b control the shape of the generated Gaussian curve. In Figure 8 a
two-dimensional Gaussian template is depicted.

But, since the red lesions have a circular shape, a second, more "ideal", template was tried
to correlate with the red lesions, and results from both templates compared. The kernels of
these second filters were designed to be again square-shaped, this time with a circle inside
simulating the red lesion. Figure 9 shows one of the kernels used with this approximation.

Our first results were obtained by correlating one filter with the images. This filter was
designed with following parameters: 4 pixels of radius, size of 19 × 19 pixels, depth (b in
the equation which models the Gaussian shape) of 30 units (taken from the maximum depth
obtained from the red dots marked by clinician in the test images) and for the intensity the
mean green channel value of the analyzed image. But with this approximation poor results
were obtained, with a high level of false positives (230). Analyzing the results, we concluded
that the variability in size of the red lesions lead to these poor results.
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Fig. 5. Histogram of the areas of the red dots. Size of the red lesions is never higher than 200
pixels.
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Fig. 6. Histogram of the radii of the red lesions. Radius is always between 2 and 7 pixels long.

Color and intensity: as their name points out, red lesions are mainly red colored, with
a color similar to the blood vessels, and are much darker than the surrounding retinal
tissues.

Figure 7(a) shows the aspect of a typical red lesion in the green channel of the original image,
with the profile in the center of the lesion depicted in 7(b).

In order to design the shapes and sizes of the filter’s kernels, red lesions from the images in the
test set are isolated and analyzed. As it can be observed in Figure 7(b), a red lesion template
can be forged using a Gaussian pattern.

Assuming symmetry in the red lesion, the Gaussian pattern can be described as a
one-dimensional function, being the variable the distance (or radius) to the center of the lesion
as showed in Equation 1.
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(1)

where parameters a and b control the shape of the generated Gaussian curve. In Figure 8 a
two-dimensional Gaussian template is depicted.

But, since the red lesions have a circular shape, a second, more "ideal", template was tried
to correlate with the red lesions, and results from both templates compared. The kernels of
these second filters were designed to be again square-shaped, this time with a circle inside
simulating the red lesion. Figure 9 shows one of the kernels used with this approximation.

Our first results were obtained by correlating one filter with the images. This filter was
designed with following parameters: 4 pixels of radius, size of 19 × 19 pixels, depth (b in
the equation which models the Gaussian shape) of 30 units (taken from the maximum depth
obtained from the red dots marked by clinician in the test images) and for the intensity the
mean green channel value of the analyzed image. But with this approximation poor results
were obtained, with a high level of false positives (230). Analyzing the results, we concluded
that the variability in size of the red lesions lead to these poor results.
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Fig. 7. Green channel view of a red lesion. The pixels belonging to the lesion are darker than
the background. Top: lines mark borders of the lesion, located in the centered square.
Bottom: profile of the center of a red lesion.

Fig. 8. Example of one of the three Gaussian kernels which the image is correlated with.
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Fig. 9. Example of one of the three kernels which the image is correlated with.

To deal with the problem of the size variability of the lesions to detect, a multiscale solution
was designed. In our case, after testing several filter configurations, best results were obtained
using three filters with the following parameters:

Radius: 3, 5 and 10 were the selected sizes for the radius of the filters to cover a wide
spectrum of red dots radii.

Size: 15 × 15, 21 × 21 y 43 × 43, to cover the more of the red dots sizes detected by the
clinician.

Depth: 30 units.

Intensity: the mean green channel value of the analyzed image.

The three images resulting from the correlation with the three filters, C1, C2 and C3, each of size
M × N, are combined using equation 2, so that output from this stage R� is an image where
each pixel corresponds to the maximum output value from the correlations in its location.
Then, a threshold τ is applied to the output, to discard low value correlation pixels, and finally
connected regions are built with the values over that threshold. The result from this process
will be the candidate red lesion regions.

R� = max{C1(x, y), C2(x, y), C3(x, y), (2)

∀x, y|1 ≤ x ≤ M, 1 ≤ y ≤ N}

The threshold τ was set to 0.43, the lower value obtained from the profile of the red lesions,
as showed in Figure 7(b).

Also, Figure 7(b) shows the profile in the center of the lesion. As it can be observed in that
figure, a red lesion template can be forged using a Gaussian pattern.

Assuming symmetry in the red lesion, the Gaussian pattern can be described as a
one-dimensional function, being the variable the distance (or radius) to the center of the lesion
as showed in Equation 1.

Figure 10 shows the forged red dot template.

Both the correlation kernels were tested with the images test set, and results are included in
Table 1. Table 1 shows the early results obtained for images from patients with red lesions
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Fig. 7. Green channel view of a red lesion. The pixels belonging to the lesion are darker than
the background. Top: lines mark borders of the lesion, located in the centered square.
Bottom: profile of the center of a red lesion.

Fig. 8. Example of one of the three Gaussian kernels which the image is correlated with.
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Radius: 3, 5 and 10 were the selected sizes for the radius of the filters to cover a wide
spectrum of red dots radii.

Size: 15 × 15, 21 × 21 y 43 × 43, to cover the more of the red dots sizes detected by the
clinician.

Depth: 30 units.

Intensity: the mean green channel value of the analyzed image.

The three images resulting from the correlation with the three filters, C1, C2 and C3, each of size
M × N, are combined using equation 2, so that output from this stage R� is an image where
each pixel corresponds to the maximum output value from the correlations in its location.
Then, a threshold τ is applied to the output, to discard low value correlation pixels, and finally
connected regions are built with the values over that threshold. The result from this process
will be the candidate red lesion regions.

R� = max{C1(x, y), C2(x, y), C3(x, y), (2)

∀x, y|1 ≤ x ≤ M, 1 ≤ y ≤ N}

The threshold τ was set to 0.43, the lower value obtained from the profile of the red lesions,
as showed in Figure 7(b).

Also, Figure 7(b) shows the profile in the center of the lesion. As it can be observed in that
figure, a red lesion template can be forged using a Gaussian pattern.

Assuming symmetry in the red lesion, the Gaussian pattern can be described as a
one-dimensional function, being the variable the distance (or radius) to the center of the lesion
as showed in Equation 1.

Figure 10 shows the forged red dot template.

Both the correlation kernels were tested with the images test set, and results are included in
Table 1. Table 1 shows the early results obtained for images from patients with red lesions
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Fig. 10. Example of an artificial red lesion created using a Gaussian template.

and images from healthy patients (no Red Lesions). These results showed an extremely good
sensibility but a relatively high average of false positives per image. Although this phase is
meant to detect of all the true lesions while successive ones aim to identify them as true or
false, an improvement was made in order to lower the false positive rate. But using the same
test images images, the results obtained with the circular kernel template allowed to increase
the correlation value threshold to 0.5 thus reducing the false positive cases

Red no Red
Lesions Lesions

Gaussian
Sensibility 95% N/A

False positives 186 72

Circular
Sensibility 95% N/A

False positives 137 49

Table 1. Red lesions candidates detection sensibility and average false positives per image
obtained using three Gaussian templates (first and second rows) and using three circular
kernel templates (third and fourth rows).

Despite the meaningful reduction of false positives many areas not belonging to red lesions
are obtained in this stage (Figure 11). These areas must, of course, be discarded from the
result. This will be the objective of the second stage of the algorithm.

(a) (b)

Fig. 11. 11(a)Digital color retinal image used as input for the diagnosis. 11(b)Cropped region
from the output image after applying the correlation filters, equation 2 and threshold to
image from Figure 11(a). Candidate red lesions are marked in red, green and blue.
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4. Region growing algorithm

To remove false positives from the output of the stage 1, a growing region algorithm is used.
The regions which contain less than a given threshold will be removed, since they correspond
to noise and false features detected as lesions. In a growing region algorithm, first step consists
on finding the seeds for the growing regions. Here the point with the higher correlation value
from each region output from stage one will be considered as seed (which will be the center
of the lesion, if the region comes from a lesion). Once the seed has been found, the threshold
t for the growing process is determined following equation 3Niemeijer et al. (2005).

t = iseed − α(iseed − ibg) (3)

where iseed is the intensity at the starting seed position, ibg is the intensity of the same pixel in
an image resulting from applying a median filter with kernel size 41 × 41 to Ig and α ∈ [0, 1].
Here α = 0.5, as proposed in Niemeijer et al. (2005). Since the illumination in the retina is not
uniform along all its area, using Ig provides our algorithm a more robust behaviour against
these photometric changes.

Figure 12 depicts the different results obtained by using a simple median filter and by using
the estimated values obtained using eq. 3, which clearly improve the results.
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Fig. 12. Results obtained using equation 3. 12(a) Profile of a lesion and several growing
thresholds (median filter and filter from eq. 3). 12(b) Results from the different growing
thresholds: pixels below estimated threshold (eq. 3) are depicted in green and the pixels
between this one and the median filter are depicted in red.

Growing starts in the seed pixel and stops when no more connected pixels below the threshold
can be found. An illustration of the region growing algorithm is shown in Figure 13.
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an image resulting from applying a median filter with kernel size 41 × 41 to Ig and α ∈ [0, 1].
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thresholds (median filter and filter from eq. 3). 12(b) Results from the different growing
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Growing starts in the seed pixel and stops when no more connected pixels below the threshold
can be found. An illustration of the region growing algorithm is shown in Figure 13.
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Fig. 13. Illustration of the region growing algorithm. Starting at point (3,3), the algorithm
evolves until no new pixels can be added to the region.

And Figure 14 shows the evolution of several regions after region growing algorithm is
performed.

The grown objects together form the final candidate object set. If the region size is above
200px it will be discarded, since it will be considered as a background area or vessel area. This
threshold value has been set empirically, analyzing the sizes of the red lesions in the test set
of images, composed by 100 images. Figure 15 depicts the result from this stage applied to
image from Figure 11.

Table 2 describes the quality improvement achieved in this stage comparing the false positive
average obtained in section 3.

Images type Red Lesions no R. Lesions
Sensibility 95% N/A

False positives 66 18

Table 2. Results obtained applying the growing region algorithm.
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Original image Before growing After growing

Fig. 14. Region growing examples. In red clinician red lesions marked by clinician is shown,
in green output from candidate regions detection is depicted, and in yellow output regions
overlaped between both this stages.

Fig. 15. Cropped region from the output image after applying the growing region process to
image (Figure 11). Regions are marked as green and blue areas.
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200px it will be discarded, since it will be considered as a background area or vessel area. This
threshold value has been set empirically, analyzing the sizes of the red lesions in the test set
of images, composed by 100 images. Figure 15 depicts the result from this stage applied to
image from Figure 11.

Table 2 describes the quality improvement achieved in this stage comparing the false positive
average obtained in section 3.
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Sensibility 95% N/A

False positives 66 18

Table 2. Results obtained applying the growing region algorithm.
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in green output from candidate regions detection is depicted, and in yellow output regions
overlaped between both this stages.

Fig. 15. Cropped region from the output image after applying the growing region process to
image (Figure 11). Regions are marked as green and blue areas.
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Image in Figure 15 shows some regions that are not red lesions, and should still be removed
from results. This goal will be fulfilled by stage three of the algorithm, commented in the next
section.

5. Feature based filtering process

After candidate regions are detected and region growing algorithm performed, in the last
stage, candidates less adjusted to red lesion profile will be removed. To do so, several
high-level knowledge based filters have been designed to improve detection results. This
improvement is acquired by removing false positives and not doing so with the true positives.

5.1 Shape filtering

The first applied filtering process consists on removing the regions which does not fit in the
regular shape of the red lesions, which are circular shapes. In this step, the degree of circularity
for each region is measured, and using a threshold, non-circular shapes are delete from the set
of candidate regions. Circularity C is computed by means of equation 4.

C =
p2

4πa
(4)

where p represents the perimeter of the candidate region and a represents its area.

To deal with the irregular shapes of the candidate region, which makes computation of
perimeter and area more difficult, firstly a closing morphological operator Jähne (2005) is
applied to the images. This way, inner holes and small irregularities resulting from the region
growing stage are removed.

To obtain the perimeter values chaincodes algorithms Russ (1995) were discarded, and a
simpler method, counting the pixels of the region which are neighbors of a pixel outside
the region, was employed, although this method trends to overestimate perimeter values of
figures, which does not represent an important problem for our algorithm, since false positives
and red lesions are equally affected by this overestimation. To prove this statement, perimeter
values were obtained using chaincodes and using our method, with results depicted in Figure
16. In this graphic circularity values obtained using chaincodes to get the perimeters (c1)
are shown in the horizontal axe, and values obtained using the method of frontier pixels are
shown in vertical axe (c2). Although c2 > c1 for every values, this does not affect to the
filtering process (whatever axe is considered, the more of the false positives is clearly below a
threshold).

Once circularity degree has been computed, equation 5 is applied, in order to choose only
circular-like regions.

Threshold(C) =
{
≥ Ut, region accepted
< Ut, region rejected

(5)

The value Ut = 0.375 was determined empirically by evaluating the set of test images (Figure
18). Figure 17 shows several examples of candidate regions removed by this filter.

In Figure 19 the result obtained from this filter is depicted, showing the regions accepted
marked as blue and green areas.
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Fig. 16. Circularity values compared. Red squares represent false positives, and blue squares
represent true red dots.

Fig. 17. Regions removed by the circularity filter. Upper row shows the area in the retina and
the bottom row removed candidate regions are shown.

Table 3 shows the results obtained applying the circularity filtering to the output of the
growing-region algorithm stage.

Images type Red Lesions no R. Lesions
Sensibility 85% N/A

False positives 36 7

Table 3. Results obtained applying the shape filter to the output from stage one described in
section 3.

5.2 Intensity filtering

The second filtering process performed in this third stage is an intensity-based filtering. Since
red lesions are dark structures, lighter structures can be removed from the set of candidate
regions. Since illumination is not constant among images, a robust threshold is needed, and
it can not be a constant. From the set of test images, a functional threshold was designed, so
that it depends only on the mean value of the green plane image.
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where p represents the perimeter of the candidate region and a represents its area.

To deal with the irregular shapes of the candidate region, which makes computation of
perimeter and area more difficult, firstly a closing morphological operator Jähne (2005) is
applied to the images. This way, inner holes and small irregularities resulting from the region
growing stage are removed.

To obtain the perimeter values chaincodes algorithms Russ (1995) were discarded, and a
simpler method, counting the pixels of the region which are neighbors of a pixel outside
the region, was employed, although this method trends to overestimate perimeter values of
figures, which does not represent an important problem for our algorithm, since false positives
and red lesions are equally affected by this overestimation. To prove this statement, perimeter
values were obtained using chaincodes and using our method, with results depicted in Figure
16. In this graphic circularity values obtained using chaincodes to get the perimeters (c1)
are shown in the horizontal axe, and values obtained using the method of frontier pixels are
shown in vertical axe (c2). Although c2 > c1 for every values, this does not affect to the
filtering process (whatever axe is considered, the more of the false positives is clearly below a
threshold).

Once circularity degree has been computed, equation 5 is applied, in order to choose only
circular-like regions.

Threshold(C) =
{
≥ Ut, region accepted
< Ut, region rejected

(5)

The value Ut = 0.375 was determined empirically by evaluating the set of test images (Figure
18). Figure 17 shows several examples of candidate regions removed by this filter.

In Figure 19 the result obtained from this filter is depicted, showing the regions accepted
marked as blue and green areas.
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Fig. 16. Circularity values compared. Red squares represent false positives, and blue squares
represent true red dots.

Fig. 17. Regions removed by the circularity filter. Upper row shows the area in the retina and
the bottom row removed candidate regions are shown.

Table 3 shows the results obtained applying the circularity filtering to the output of the
growing-region algorithm stage.

Images type Red Lesions no R. Lesions
Sensibility 85% N/A

False positives 36 7

Table 3. Results obtained applying the shape filter to the output from stage one described in
section 3.

5.2 Intensity filtering

The second filtering process performed in this third stage is an intensity-based filtering. Since
red lesions are dark structures, lighter structures can be removed from the set of candidate
regions. Since illumination is not constant among images, a robust threshold is needed, and
it can not be a constant. From the set of test images, a functional threshold was designed, so
that it depends only on the mean value of the green plane image.
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Fig. 18. Sensibility and false positives values depending on the circularity threshold used.

Fig. 19. Cropped region from the output image after applying the shape filtering process.
Regions are marked as green and blue areas.

In each of the images, an expert clinician set the right threshold so that minimum of false
positives was zero, minimizing the number of false negatives. Equation 6, the intensity
threshold, I , was obtained by a minimum square error fitting of a straight line to the set
of values obtained from this manual validation.

Threshold(I) = 0.8054 Īg + 27.3723 (6)

where Īg represents the mean value of the green plane of the image. Candidate regions above
the threshold will be removed, as depicted in Figure 20.

In Figure 21 the result from this process is shown, with candidate regions marked as green
and blue areas.

Table 4 shows the obtained intensity filtering results.
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Fig. 20. Regions removed by the intensity filter. Upper row shows the area in the retina and
the bottom row removed candidate regions are shown.

Fig. 21. Cropped region from the output image after applying the intensity filtering process.
Regions are marked as green and blue areas.

Images type Red Lesions no R. Lesions
Sensibility 87% N/A

False positives 35 9

Table 4. Results obtained applying the intensity filter to the output from stage one described
in section 3.

5.3 Correlation filtering

The third of the filters consists on a correlation-based filter. Taking as basis the correlation
image R′ from first stage, this filter remove every region whose mean value for this correlation
image is not above a given threshold. After testing a set of values in the test images, this
threshold was empirically set to the value 0.4 (Figure 22).

In Figure 23 examples of a candidate lesion removed 23(a), and a candidate region preserved
23(b) by the mean correlation filter are depicted. In 23(a), first row shows the original area
in the retina (left) and the candidate lesion (right). In second row values of correlation are
shown. In 23(b) the same figures are presented with the same interpretation, but in this case
values of correlation lead to the preservation of the candidate region.

In Figure 24 the results of the accepted and rejected regions are depicted.
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of values obtained from this manual validation.

Threshold(I) = 0.8054 Īg + 27.3723 (6)
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In Figure 21 the result from this process is shown, with candidate regions marked as green
and blue areas.
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Fig. 20. Regions removed by the intensity filter. Upper row shows the area in the retina and
the bottom row removed candidate regions are shown.

Fig. 21. Cropped region from the output image after applying the intensity filtering process.
Regions are marked as green and blue areas.
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Table 4. Results obtained applying the intensity filter to the output from stage one described
in section 3.
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The third of the filters consists on a correlation-based filter. Taking as basis the correlation
image R′ from first stage, this filter remove every region whose mean value for this correlation
image is not above a given threshold. After testing a set of values in the test images, this
threshold was empirically set to the value 0.4 (Figure 22).

In Figure 23 examples of a candidate lesion removed 23(a), and a candidate region preserved
23(b) by the mean correlation filter are depicted. In 23(a), first row shows the original area
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Fig. 22. Sensibility and False Positives values depending on the correlation threshold used.

In Table 5 the performance of the correlation filtering is showed.

Images type Red Lesions no R. Lesions
Sensibility 81% N/A

False positives 22 4

Table 5. Results obtained applying the correlation filtering to the output from stage one
described in section 3.

5.4 Creases-based filtering

Finally, in the last of the filtering processes the creases computed from the original digital
retinal image are used as landmarks (in Figure 25 the cropped creases image of the Figure
11(a) is shown).

Regions intersected by creases will be removed if its mean value is over 0.25. This filter
removes the regions near inside the vascular tree, which must be discarded in the analysis
of red lesions. Figure 26 shows an example of a candidate region removed by the creases
filter.

Figure 27 represents the variation of false positives and sensibility rate as the mean value set
for removal of regions in this filter varies.

Figure 28 depicts the output result from this filter, which is also the final result of the
algorithm. Again, red lesions are marked as green and blue areas.

The effectiveness of the crease-based filtering is described in Table 6.

Images type Red Lesions no R. Lesions
Sensibility 85% N/A

False positives 36 7

Table 6. Crease-based filtering results.

Finally, the complete algorithm with all its stages is depicted in Figure 29.
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Fig. 23. Example of a candidate lesion removed 23(a), and a candidate region preserved 23(b)
by the mean correlation filter. In 23(a), first row shows the original area in the retina (left) and
the candidate lesion (right). In second row values of correlation are shown. In 23(b) the same
figures are presented with the same interpretation, but in this case values of correlation lead
to the preservation of the candidate region.
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Fig. 22. Sensibility and False Positives values depending on the correlation threshold used.
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Fig. 23. Example of a candidate lesion removed 23(a), and a candidate region preserved 23(b)
by the mean correlation filter. In 23(a), first row shows the original area in the retina (left) and
the candidate lesion (right). In second row values of correlation are shown. In 23(b) the same
figures are presented with the same interpretation, but in this case values of correlation lead
to the preservation of the candidate region.
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Fig. 24. Cropped region from the output image after applying the correlation filtering
process. Regions are marked as green and blue areas.

Fig. 25. Creases of the cropped region of the image in Figure 11(a), used to remove regions
inside or near vessels.

Fig. 26. Sample of a candidate region removed by the creases filter. From left to right, original
image, candidate region and creases image.

6. Validation and results

To validate the algorithm described in previous sections, an experiment was designed in
collaboration with the oculists of the Complejo Hospitalario Universitario de Santiago (CHUS)
and Instituto Tecnológico de Oftalmología de Santiago (ITO). From the set of 75 images,
captured using a Canon CR5 nonmydriatic 3CCD camera at 45o field of view, the clinician
manually marked the red lesions detected in 50 of the images. Then, the same images were
input to the system, and obtained results were compared. 25 images without lesions were also
input to the system, in order to evaluate its response to healthy people images, and to count
the number of false positives. Figure 30 shows an image analyzed by the clinician, with the red
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Fig. 27. Sensibility and False Positives values depending on the creases threshold used.

Fig. 28. Cropped region from the output image after applying the creases-based filtering
process. Regions are marked as green and blue areas.

lesions marked as yellow areas. To visually compare the results obtained with the algorithm
described, the red lesions also detected by the system (true positives) are also rounded by a
blue circle, the false positives are marked as green circles, and false negatives are marked as
red circles.

Results obtained with the whole test set of 75 images reported the numbers in Table 7,
for the images with (first column) and without (second column) red lesions. First and
second row show the total number of features detected (not applicable in the case of images
without lesions for the manual process) for the manual segmentation and using the algorithm,
respectively. In the third row the number of false positives is shown (N.A. in the case of images
without red lesions). Fourth row contains the number of successfully recovered lesions, and
finally fifth row display the number of false negatives (N.A. in the case of images without red
lesions).

From the results in Table 7, it can be seen that 70.7% of the detected lesions are correctly
detected, with a sensitivity of 0.785%, which compared with the results from the introduction
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Fig. 24. Cropped region from the output image after applying the correlation filtering
process. Regions are marked as green and blue areas.

Fig. 25. Creases of the cropped region of the image in Figure 11(a), used to remove regions
inside or near vessels.

Fig. 26. Sample of a candidate region removed by the creases filter. From left to right, original
image, candidate region and creases image.
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Fig. 29. Representation of the whole algorithm with the different stages where the images are
processed.

Fig. 30. Comparison of the manual and automatic red lesions detection in image from Figure
11(a). True positives are rounded by a green circle, the false positives are marked as blue
circles, and false negatives are marked as red circles.
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Images with Images without
red lesions red lesions

# candidates 1570.0 N.A.
(manual)

# candidates 1470.0 220.0
(automatic)

# T.P. 1040.0 N.A.
# F.P. 430.0 220.0
# F.N. 530.0 N.A.

Table 7. Numbers obtained in the evaluation of the system for the images with (first column)
and without (second column) red lesions. First and second rows show the total number of
features detected (not applicable, N.A., in the case of images without lesions for the manual
process) for the manual segmentation and using the algorithm, respectively. In the third row
the number of false positives is shown (again, N.A. in the case of images without red lesions).
Fourth row contains the number of successfully recovered lesions, and finally fifth row
display the number of false negatives ( N.A. in the case of images without red lesions).

indicates that our system could be a really helpful tool in a real screening system, reducing
workload of expert clinicians by pre-filtering patients which present some kind of lesion.

7. Conclusions

In this work a system to assist in the detection of red lesions on digital retinal angiographies
have been presented and validated through the whole process. The system performs in three
stages: in the first stage candidate areas to be red lesions are detected by means of a set of
correlation filters, adapted to different resolutions. This way features of different sizes can
be detected. Then, in the second stage, a growing region algorithm together with a matched
threshold allows the rejection of candidates which does not fit in the size of the red lesions.
Finally, in a third stage, false positives are remove by filtering the output with four matched
filters, which analyze several high level knowledge of the candidate regions: shape (searching
for circularity), intensity (searching for dark areas), size (with a correlation filter) and finally
discarding regions inside the vascular tree by means of the crease lines.

The whole algorithm has proven to be robust and accurate, with a sensitivity of 0.785%,
although a bigger set of images and further validation is needed.
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Treatment of Diabetic Macular Edema 
 – Latest Therapeutic Developments 
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1. Introduction 
Macular edema is a frequent manifestation of diabetic retinopathy and an important cause 
of impaired vision in individuals with diabetes (Klein et al., 1984; Moss et al., 1998). The 
Wisconsin Epidemiologic Study of Diabetic Retinopathy (WESDR), a population-based 
study in southern Wisconsin, estimated that after 20 years of known diabetes, the prevalence 
of diabetic macular edema (DME) was approximately 28% in both type 1 and type 2 diabetes 
(Klein, et al., 1984) 

Despite recent attempts at strict glycemic control and optimization of other important 
systemic parameters such as hypertension and hyperlipidemia, diabetic retinopathy 
continues to be a leading cause of new onset vision loss worldwide in the working age 
population (DCCT Group, 1995). Although severe vision loss can occur from proliferative 
diabetic retinopathy (PDR), DME accounts for the majority of vision loss (Moss, et al., 1998).  

Treatment for DME is continuously evolving. While focal laser photocoagulation remains 
the standard of care, a new wave of studies is emerging that shows the benefits of adjunctive 
therapy for DME. The goal of this chapter is to briefly summarize recent strategies for the 
treatment of DME. 

2. Treatment of diabetic macular edema 
DME has been an area of particular interest for clinical investigators. Although PDR is the 
cause of severe vision loss, DME is more prevalent and is the leading cause of moderate 
vision loss in patients with diabetic retinopathy. By disruption of the inner blood–retinal 
barrier, retinal vessels become permeable, leading to the exudation of fluid and lipids into 
the macula, which ultimately leads to a decline in vision (Bhagat et al., 2009). 

The Early Treatment for Diabetic Retinopathy Study (ETDRS) was the first randomized and  
controlled trial to examine therapy for DME, and it demonstrated that focal (direct/grid) 
laser photocoagulation reduces moderate vision loss caused by DME by 50% or more 
(ETDRS group, 1987a). The ETDRS also indicated that focal laser treatment is not an ideal 
therapy. Focal laser treatment failed to prevent vision loss in a large number of patients, and 
it did not improve vision in the majority of patients (ETDRS group, 1985).  
                                                 
*Yeon Sung Moon and Na Rae Kim have contributed equally to this chapter. 
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2.1 Laser treatment 

Laser photocoagulation remains the standard of care and the only treatment with proven 
efficacy in a large-scale clinical trial for this condition. The ETDRS demonstrated the efficacy 
of focal/grid photocoagulation in reducing the risk of moderate vision loss from DME 
(ETDRS group, 1991). The beneficial outcomes of focal/grid laser in an era of improved 
glycemic control were confirmed and expanded in recent clinical trials conducted by the 
Diabetic Retinopathy Clinical Research Network (DRCR.net) (Aiello et al., 2010; Beck et al., 
2009; DRCR net, 2008).  

Focal/grid photocoagulation has potential side effects, including laser scar expansion, 
paracentral scotomata, elevation of central visual field thresholds, and secondary choroidal 
neovascularization and subretinal fibrosis (Guyer et al., 1992; Han et al., 1992; Schatz et al., 
1991). Modifications to the focal/grid photocoagulation technique have been made in 
response to these potential side effects. A comparison across studies suggests that outcomes 
with current modified techniques may be similar to those obtained with the original ETDRS 
technique (DRCR net, 2009). 

2.1.1 Focal / grid laser photocoagulation 

To characterize the severity of macular edema and for treatment guidelines, the term 
clinically significant macular edema (CSME) is defined: retinal thickening at or within 
500μm of the foveal center, hard exudates at or within 500μm of the foveal center with 
adjacent retinal thickening, or retinal thickening greater than 1 disc diameter in size, within 
1 disc diameter of the foveal center (ETDRS group, 1985, 1987a). 

There is good evidence that focal laser treatment preserves vision in eyes with DME. The 
ETDRS randomized 1490 eyes with DME to receive focal laser treatment or observation 
(ETDRS group, 1985). Retreatment was applied at 4-month intervals if CSME persisted, one 
or more treatable lesions were identified, and the investigator believed these lesions were 
responsible for the edema (ETDRS group, 1987b). At 3 years, treatment significantly reduced 
moderate visual loss as compared with observations, with the greatest benefits in eyes with 
CSME (ETDRS group, 1987b) 

Although focal laser photocoagulation reduces the risk of moderate visual loss by 
approximately 50%, approximately 12% of treated eyes still lose vision, many because of 
persistent DME (ETDRS group, 1985). Kim et al. assessed macular optical coherence 
tomography (OCT) findings of DME patients to determine whether specific OCT patterns 
are predictive of visual outcome after focal laser photocoagulation (Kim et al., 2009). DME 
was classified into four different OCT patterns, which are: diffuse retinal thickening, 
cystoids macular edema, serous retinal detachment, and vitreomacular interface 
abnormalities (Figure 1). In this study, eyes with diffuse retinal thickening achieved a 
greater visual acuity increase than eyes with other patterns. 

It is unclear how focal retinal laser exerts its effects. One theory is that it improves 
oxygenation to the inner retina by eliminating highly oxygen-dependent photoreceptors 
(Gottfredsdottir et al., 1993; Stefansson, 2001). Another theory is that the laser reduces the 
retinal capillary area and thereby reduces leakage (Wilson et al., 1988). Other authors 
postulate that photocoagulation restores the outer blood–retinal barrier (Bresnick, 1983). 
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Fig. 1. Different patterns of diabetic macular edema by optical coherence tomography. (A) 
Diffuse retinal thickening appears as a sponge-like retinal swelling with areas of reduced 
intraretinal reflectivity. (B) Cystoid macular edema showing intraretinal cystoid spaces. (C) 
Serous retinal detachment showing shallow elevation of the retina, with an optically clear 
space between the retina and the retinal pigment epithelium. (D) Vitreomacular interface 
abnormalities showing a highly reflective band over the inner retinal surface and extending 
towards the optic nerve or peripherally. 

2.1.2 Modified ETDRS direct/grid photocoagulation 

Although effective, ETDRS protocol for photocoagulation may require placement of burns 
close to the center of the macula. Over time, laser burns may develop into areas of 
progressive retinal pigment epithelium and retinal atrophy that become larger than the 
original laser spot size and this may encroach upon fixation (Schatz, et al., 1991). In an 
attempt to reduce these adverse effects, many retinal specialists now treat patients using 
burns that are lighter and less intense than what was originally specified in the ETDRS, 
although no clinical trials have been performed to show improved outcomes with this 
approach (Akduman & Olk, 1999). 

These include specifications with maximal spot sizes of 50μm, allowing the use of yellow 
and green wavelengths, not requiring blanching of large microaneurysms as long as the 
subjacent retinal pigment epithelium is lightly blanched, and removing the requirement for 
fluorescein angiography to guide treatment (Abu el Asrar & Morse, 1991; Fong et al., 2007). 
A modified ETDRS focal/grid photocoagulation protocol including all these changes has 
been adopted as the standard laser technique for DME used in DRCR Network studies. 

2.1.3 Mild Macular Grid (MMG) laser photocoagulation 

An alternative approach is the mild macular grid (MMG) technique, the application of mild, 
widely spaced burns throughout the macula (avoiding the foveal region). By design, some 
burns could be placed in clinically normal appearing retina if the entire retina was not 
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Fig. 1. Different patterns of diabetic macular edema by optical coherence tomography. (A) 
Diffuse retinal thickening appears as a sponge-like retinal swelling with areas of reduced 
intraretinal reflectivity. (B) Cystoid macular edema showing intraretinal cystoid spaces. (C) 
Serous retinal detachment showing shallow elevation of the retina, with an optically clear 
space between the retina and the retinal pigment epithelium. (D) Vitreomacular interface 
abnormalities showing a highly reflective band over the inner retinal surface and extending 
towards the optic nerve or peripherally. 
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abnormally thickened, including areas within the macula that are relatively distant from the 
area of thickening. The lighter burns applied to the macula are theoretically less likely to 
result in thermal injury to the overlying retina and less likely to break the Bruch membrane. 
The widespread application also might lead to improved oxygenation, development of 
healthier retinal pigment epithelium, and overall physiologic improvement of the entire 
macula.  

The DRCR Network trial was designed to compare 2 laser techniques for previously 
untreated DME. One technique was the most commonly used approach in current clinical 
practice, the modified ETDRS technique, and the other approach was the MMG technique. 
At 12 months after treatment, the MMG technique was less effective at reducing OCT–
measured retinal thickening than the current modified ETDRS laser photocoagulation 
approach. The visual acuity outcomes with both approaches were not substantially 
different. (Fong, et al., 2007).  

2.1.4 Subthreshold Micropulse Diode Laser Photocoagulation (SMDLP) 

Many laser modalities such as argon blue-green, argon green, krypton and diode have been 
used to achieve a clinically visible burn (threshold burn) according to the conventional 
photocoagulation protocol (Akduman & Olk, 1997; Olk, 1990). Subthreshold micropulse 
diode laser photocoagulation (SMDLP) is designed to target the retinal pigment epithelium 
while minimizing the negative thermal effects on the neural retina and deeper structures. A 
micropulse diode laser allows subthreshold therapy without a visible burn end point, and 
has been shown to be as effective as standard argon laser photocoagulation in reducing 
DME, while potentially allowing for more frequent re-dosing (Jain et al., 2010).  

A study comparing the efficacy and side effects of conventional green laser photocoagulation 
and SMDLP treatment for diabetic CSME was conducted with prospective, randomized, 
double-masked manner. There were no statistically significant differences in best-corrected 
visual acuity (BCVA), contrast sensitivity and retinal thickness between the two laser 
modalities at 0, 4 and 12 months. It is found that laser scarring was much more apparent with 
conventional green laser than with the SMDLP (Figueira et al., 2009). 

Recently, Lavinsky et al. conducted a prospective, randomized, controlled, double-masked 
clinical trial comparing modified ETDRS focal/grid laser photocoagulation with normal-
density or high-density SMDLP for the treatment DME. In this study, the subthreshold 
micropulse 810-nm diode laser technique delivered in a high-density manner was superior 
to the standard mETDRS photocoagulation over at least 1 year of follow-up, with 
significantly more eyes gaining substantial vision and significantly fewer eyes losing 
substantial vision. (Lavinsky et al., 2011). 

2.2 Steroid treatment 

Corticosteroids are potent anti-inflammatory agents that can counteract many of the 
pathological processes thought to play a role in the development of macular edema. 
Corticosteroids prevent leukocyte migration, reduce fibrin deposition, stabilize endothelial 
cell tight junctions, and inhibit synthesis of vascular endothelial growth factor (VEGF), 
prostaglandins, and proinflammatory cytokines (Joussen et al., 2007; Kern, 2007; Leopold, 
1985; Nauck et al., 1998). 
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The rationale for the use of corticosteroids to treat DME follows from the observation that 
the increase in retinal capillary permeability that results in edema may be caused by a 
breakdown of the blood retina barrier mediated in part by VEGF (Aiello et al., 1997; 
Antonetti et al., 1999; Senger et al., 1983). Corticosteroids have been demonstrated to inhibit 
the expression of VEGF and the VEGF gene (Nauck, et al., 1998; Nauck et al., 1997).  

2.2.1 Intravitreal triamcinolone 

In 2001-2002, the first reports were published of the use of intravitreal injection of 
triamcinolone acetonide for DME (Jonas & Sofker, 2001; Martidis et al., 2002), suggesting 
that intravitreal triamcinolone was potentially an efficacious treatment for DME. This 
treatment gained widespread use, most commonly as a dose of 4 mg of Kenalog® (Bristol-
Myers Squibb, Princeton NJ), despite the lack of data from a controlled study demonstrating 
efficacy that exceeded risks.  

In light of the short-term results from early reports of intravitreal triamcinolone for DME, 
the DRCR Network conducted a randomized clinical trial to evaluate the efficacy and safety 
of two doses of preservative-free intravitreal triamcinolone (1 mg and 4 mg) in comparison 
with standard focal/grid photocoagulation. At 4 months, both triamcinolone groups had 
greater improvement in visual acuity and macular thickness than the focal laser; however, 
by year one, there was no difference between the groups, and by the second year, the laser 
group demonstrated better visual acuity and more reduced macular thickness results over 
the corticosteroid groups (DRCR net, 2008). Another study in a subset of randomized 
subjects who completed the 3-year follow-up do not indicate a long-term benefit of 
intravitreal triamcinolone relative to focal/grid photocoagulation in patients with DME 
similar to those studied in this clinical trial (Beck, et al., 2009). 

More recently, Gillies et al. reported that treatment with intravitreal triamcinolone acetonide 
plus laser resulted in a doubling of improvement in vision by 10 letters or more compared 
with a laser only over 2 years in eyes with DME. However, this treatment was associated 
with cataracts and a raised intraocular pressure (Gillies et al., 2011)  

2.2.2 Peribulbar triamcinolone 

Peribulbar injections have been performed using anterior combined sub-Tenon and 
subconjunctival, posterior sub-Tenon, and retrobulbar approaches. Theoretically, adverse 
effects may be presumed to be lower than those of intravitreal triamcinolone acetonide. A 
peribulbar corticosteroid injection is of particular interest for eyes with DME that have good 
visual acuity where the risks of an intravitreal injection of corticosteroid may not be justified 
(E. Chew et al., 2007).  

The DRCR Network conducted a pilot study evaluating the effects of both anterior and 
posterior sub-Tenon delivery of peribulbar corticosteroids, with or without focal 
photocoagulation, in eyes with DME and good visual acuity. In cases of DME with good 
visual acuity, peribulbar triamcinolone, with or without focal photocoagulation, is unlikely 
to be of substantial benefit (E. Chew, et al., 2007). The group further reported long-term 
effects of anterior and posterior peribulbar injections of triamcinolone acetonide. The results 
suggested that the risk of intraocular pressure elevation and cataract development is 
increased with anterior peribulbar triamcinolone acetonide injections while ptosis 
development is increased with the posterior peribulbar injections (E. Y. Chew et al., 2011). 
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2.2.3 Dexamethasone implant 

The treatment of macular edema is considerably limited by the difficulty in delivering 
effective doses of therapeutic agents into the vitreous cavity. In recent years, the 
development of a sustained-release intravitreal dexamethasone implant (Ozurdex® , 
Allergan Inc, Irvine, CA) enabled more controlled delivery of the drug, with a potentially 
lower rate of adverse events (Herrero-Vanrell et al., 2011). 

In a previous study to evaluate the safety and efficacy of dexamethasone implant vs. 
observation in eyes with persistent DME, treatment with a 700μg intravitreal 
dexamethasone drug delivery system is well tolerated and produces significant 
improvements in BCVA, central retinal thickness, and fluorescein leakage, compared with 
observation (Haller, Kuppermann, et al., 2010). 

2.2.4 Fluocinolone acetonide 

Extended release intravitreal inserts of fluocinolone acetonide have also been evaluated for 
the treatment of DME. As fluocinolone acetonide has been in use for many years as a dermal 
product, its pharmacology, systemic metabolism and elimination are well established.  

A nonbiodegradable fluocinolone acetonide, Retisert® (Bausch & Lomb, Rochester, NY) is 
FDA-approved for the treatment of uveitis. Surgical implantation of this polymer device 
initially showed evidence of benefit in reducing macular thickness in DME; however 20% of 
patients required filtering surgery for high intraocular pressures within 24 months (Pearson 
et al., 2005).  

Iluvien® (Alimera Sciences, Alpharetta, GA) is another reservoir implant currently being 
studied in phase III trials for the treatment of DME. It was hypothesized that fluocinolone 
acetonide inserts may cause fewer problems with glaucoma than the surgically implanted 
device because of lower in vitro release rates of fluocinolone acetonide (0.2 and 0.5μg/day) 
and also because of a more posterior location in the eye, which may decrease exposure to 
the trabecular meshwork in the anterior chamber while still delivering adequate levels of 
fluocinolone acetonide to the retina. In a small phase II trial in patients with persistent DME 
despite focal laser, both 0.2- and 0.5-μg/day fluocinolone acetonide inserts significantly 
improved visual acuity in patients with DME over 2 years. Significantly fewer incisional 
glaucoma procedures were needed in the low-dose insert group (Campochiaro et al., 2010). 

2.3 Anti-Vascular Endothelial Growth Factor (Anti-VEGF) injection 

An alternative treatment approach, and to now, available for less than a decade, is the use of 
intravitreal therapies targeting VEGF (Nicholson & Schachat, 2010), the most potent known 
promoter of vascular permeability (Senger et al., 1990). Clinical studies have established that 
VEGF concentrations are elevated in eyes with DME (Funatsu et al., 2003; Funatsu et al., 
2005), and preclinical studies have demonstrated that VEGF levels increased after its onset 
in a manner temporally correlated with the breakdown of the blood–retinal barrier (Qaum 
et al., 2001). Several mechanisms are believed to underlie these actions; in addition to the 
direct action of VEGF on the permeability of intact blood vessels, it also promotes an influx 
of inflammatory cells that produces endothelial cell apoptosis in the retinal vasculature 
(Adamis & Berman, 2008).  
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2.3.1 Pegaptanib 

Pegaptanib (Macugen®; Eyetech Pharmaceuticals, Inc. and Pfizer Inc, New York) is a 
ribonucleic acid aptamer that targets the VEGF165 isoform that is currently approved in a 
number of countries worldwide for the treatment of neovascular age-related macular 
degeneration. 

Cunningham et al. assessed the efficacy of pegaptanib for the treatment of DME. In a phase 
II trial, subjects treated with pegaptanib had better visual acuity outcomes, were more likely 
to show a reduction in central retinal thickness, and were deemed less likely to need 
additional therapy with photocoagulation at follow-up than those assigned to sham 
injection (Cunningham et al., 2005). 

A phase 2/3, randomized, double-masked, 2-year trial has been performed to assess the 
safety and efficacy of intravitreal pegaptanib sodium 0.3 mg compared with sham injections 
in subjects with DME, with focal/grid photocoagulation being permitted as needed after 
week 18. In this study, intravitreal pegaptanib sodium 0.3 mg was well tolerated and 
demonstrated superior efficacy over the sham in the treatment of patients with DME. The 
proportion of patients with ≥10 letters (or 2 lines) of visual acuity improvement at week 54 
was statistically significantly greater in the pegaptanib group versus those in the sham 
treatment arm (P = 0.0047; primary efficacy endpoint) (Sultan et al., 2011). 

2.3.2 Ranibizumab 

Ranibizumab (Lucentis®; Genentech, South San Francisco, California) is a humanized 
antibody fragment directed at all isoforms of VEGF-A and is fabricated specifically for 
intravitreal use. Ranibizumab is now FDA-approved for the treatment of age-related 
macular degeneration as well as macular edema associated with retinal vein occlusion. 

For diabetic macular edema, an initial small pilot study showed efficacy of intravitreal 
injections of ranibizumab in reducing macular thickness and improving visual acuity 
(Nguyen et al., 2006).  

Acting upon the favorable results of their pilot study, a 6-month, phase II, multicenter, 
randomized controlled trial, the Ranibizumab for Edema of the mAcula in Diabetes-2 (READ-
2) study was designed. Patients with DME were randomized to three groups. Group 1 
received four injections of ranibizumab, group 2 received focal laser at baseline and again at 3 
months if needed; and group 3 had combination of laser treatment and injections of 
ranibizumab. The ranibizumab only group gained a mean of 7.24 ETDRS letters, the laser-only 
group lost 0.43 letters, and the combination group had gained 3.80 letters (Nguyen et al., 2009).  

Data at twenty-four-months were also reported for the READ-2 study. After the initial 6 
months, all patients were followed up every 2 months. Patients in group 1 could be re-
injected if they had persistent or recurrent DME, patients in group 2 could receive 
ranibizumab alone or laser only, and patients in group 3 could receive ranibizumab alone or 
in combination with laser. After 24 months, patients gained 7.7, 5.1, and 6.8 letters in the 
three groups, respectively, and the percentage of patients who gained three or more lines of 
visual acuity was 24, 18 and 26%, respectively (Nguyen et al., 2010). 

One-year safety and efficacy results from the Ranibizumab in Diabetic Macular Edema 
Study (RESOLVE) have also been reported. This was a phase II, randomized clinical trial 
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comparing 0.3 and 0.5mg ranibizumab with sham injections for the treatment of DME in 151 
eyes. Patients received three monthly injections initially, followed by continuation of 
monthly injections on an as-needed basis with the opportunity for rescue focal laser 
treatment. In addition, after the first month, dose doubling (0.05 to 0.10 ml) was allowed 
based on pre-specified criteria. At the end of the 12-month assessment period, ranibizumab 
led to a mean gain of 10.3 letters from the baseline compared with a decline of 1.4 letters in 
the sham patients. Macular thickness reduction was also greater in the ranibizumab group 
vs. the sham group (Massin et al., 2010). 

The DRCR Network group has reported 1-year results of a phase III, randomized controlled 
trial comparing four groups: sham injection plus prompt laser, ranibizumab plus prompt 
laser, ranibizumab plus deferred laser, and triamcinolone plus prompt laser. A total of 854 
eyes of 691 patients were enrolled. In the ranibizumab groups, patients received at least four 
initial injections, after which retreatment was based on specific retreatment criteria. Change 
in mean visual acuity was greater in both ranibizumab groups (both +9 letters) vs. the laser 
only (+3 letters) and the triamcinolone group (+4 letters). Reduction in macular thickness 
was similar in all three injection groups and was greater than that in the laser only group 
(Elman et al., 2010).  

The expanded 2-year results reported are similar to the results published previously and 
reinforce the conclusions originally reported. At the 2-year visit, compared with the sham 
plus prompt laser group, the mean change in the visual acuity letter score from the baseline 
was 3.7 letters greater in the ranibizumab plus prompt laser group, 5.8 letters greater in the 
ranibizumab plus deferred laser group, and 1.5 letters worse in the triamcinolone plus 
prompt laser group (Elman et al., 2011).  

The 12-month, phase III, randomized, double-masked, multicenter, laser-controlled 
RESTORE study was designed to assess whether ranibizumab monotherapy or combined 
with laser was superior to laser alone in patients with visual impairment due to DME. The 
results from the RESTORE study demonstrated that treatment with ranibizumab as a 
monotherapy and combined with laser treatment is superior to laser treatment in rapidly 
improving and sustaining visual acuity in patients with visual impairment due to DME. 
There were no efficacy differences detected between the ranibizumab and ranibizumab 
combined with laser treatment arms (Mitchell et al., 2011). 

2.3.3 Bevacizumab 

Bevacizumab (Avastin®; Genentech, South San Francisco, California) inactivates all VEGF 
isoforms and is indicated for systemic use as an adjunct cancer chemotherapeutic agent (Van 
Meter & Kim, 2010). Bevacizumab, which is a full-length humanized monoclonal G1 
antibody, has emerged as a therapeutic agent for retinal diseases (Arevalo et al., 2009), and 
has been used as an off-label agent in a number of ocular diseases, including diabetic 
retinopathy (Gunther & Altaweel, 2009).  

The DRCR Network group conducted a phase II study over 3 months in 121 eyes, 
comparing five treatment arms: focal photocoagulation, two intravitreal injections of 1.25mg 
bevacizumab, two intravitreal injections of 2.5mg bevacizumab, one 1.25mg bevacizumab 
followed by a sham injection at week 6, and two 1.25mg bevacizumab injections combined 
with focal photocoagulation. Compared with laser alone, eyes in groups 2 and 3 had an 
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improvement in visual acuity after 3 months (-1 letter vs. +5 and +7 letters, respectively). 
There was a greater initial reduction in macular thickness after 3 weeks in groups 2 (-35μm) 
and 3 (-86μm) compared with laser (+21μm); however, this difference did not persist by 
week 12 (Scott et al., 2007).  

A subsquent 3-arm randomized clinical trial demonstrated the superiority of intravitreal 
bevacizumab injection either alone or in combination with triamcinolone acetonide over 
macular laser photocoagulation in visual acuity improvement up to 24 weeks in primary 
treatment of DME. This improving effect persisted longer in the intravitreal bevacizumab 
group (up to 36 weeks) than in the intravitreal bevacizumab/intravitreal triamcinolone 
acetonide group (up to 12 weeks). In the macular laser photocoagulation group, no 
improvement in visual acuity was observed at all follow-up visits. In regard to central 
macular thickness reduction, there was no meaningful superiority of the intravitreal 
bevacizumab and intravitreal bevacizumab/intravitreal triamcinolone groups over the 
macular laser photocoagulation group (Soheilian et al., 2009). 

The intravitreal Bevacizumab or Laser Therapy in the management of diabetic macular 
edema study (BOLT) was designed to compare bevacizumab therapy to laser for DME. This 
study was a randomized controlled trial comparing intravitreal bevacizumab 1.25mg with 
laser therapy in 80 patients who had previously received focal laser for DME. Patients in the 
bevacizumab arm received injections every 6 weeks for the first 3 months and every 6 weeks 
as needed thereafter, while those in the laser group received as needed laser every 4 months. 
The bevacizumab arm had superior visual acuity results at 12 months (+8 vs. -0.5 letters), a 
5.1 times greater odds of gaining at least 10 letters, and a trend toward greater decrease in 
macular thickness (130 vs. 68μm) (Michaelides et al., 2010). 

2.3.4 VEGF-Trap  

VEGF Trap-Eye® (Regeneron Pharmaceuticals., Tarrytown, New York, NY, and Bayer 
Healthcare Pharmaceuticals, Berlin, Germany) is a 115-kDA recombinant fusion protein 
consisting of the VEGF binding domains of human VEGF receptors 1 and 2 fused to the Fc 
domain of human immunoglobulin-G1 (Holash et al., 2002). Animal studies have 
demonstrated that intravitreal VEGF Trap-Eye has theoretic advantages over ranibizumab 
and bevacizumab, including a longer half life in the eye and a higher binding affinity to 
VEGF-A (Gaudreault et al., 2005). In addition, the fusion protein binds placental growth 
factors 1 and 2, which have been shown to contribute to excessive vascular permeability and 
retinal neovascularization (Rakic et al., 2003).  

A phase I study showed that a single intravitreal injection of VEGF Trap-Eye effected 
biological activity by improving visual acuity and reducing excess retinal thickness in 5 eyes 
with DME (Do et al., 2009).  

On the basis of a sound biological rationale and encouraging phase I results, a phase II 
multicenter, randomized clinical trial, the DME and VEGF Trap-Eye: INvestigation of 
Clinical Impact (DA VINCI) study was designed to compare intravitreal VEGF Trap-Eye 
with standard macular laser treatment after the modified ETDRS protocol. In this phase II 
randomized clinical trial, intravitreal VEGF Trap-Eye was superior to macular laser 
treatment by the modified ETDRS protocol for the treatment of DME over a 24-week period. 
VEGF Trap-Eye resulted in significantly better mean visual acuity outcomes (+8.5 to +11.4 
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vs. +2.5 letters gained) and greater mean reductions in retinal thickness (-127.3 to -194.5μm 
vs. -67.9μm) compared with laser alone (Do et al., 2011). 

2.4 Vitrectomy 

The vitreous has been implicated as a cause of macular edema in people with diabetes via 
several mechanical and physiologic mechanisms, all of which are postulated to lead to 
increased vascular permeability. Widespread or diffuse DME that is unresponsive to focal 
laser treatment may benefit from a vitrectomy. The presence of vitreous traction and 
macular edema, now readily documented with OCT, in association with visual impairment 
is also a common indication for the need of a vitrectomy. Complications of vitrectomy 
include recurrent vitreous hemorrhage, retinal tears and detachment, cataract formation and 
glaucoma (Figueroa et al., 2008; Harbour et al., 1996; Hartley et al., 2008; Ikeda et al., 1999; 
Lewis et al., 1992; Pendergast et al., 2000; Tachi & Ogino, 1996; Yamamoto et al., 2001). 

In a prospective study of 87 eyes undergoing vitrectomy for DME associated with at least 
moderate visual loss and vitreomacular traction, the median change in visual acuity at 6 
months was an improvement of 3 letters, with visual acuity improving by ≥ 10 letters from 
the baseline to 6 months in 38% and worsening by ≥ 10 letters in 22%. Reduction in OCT 
central subfield thickness to < 250μm occurred in almost half, and most eyes had a reduction 
of thickening of ≥ 50% (Haller, Qin, et al., 2010). 

2.5 Protein kinase C inhibitor 

An increased understanding of the pathophysiology of diabetic microangiopathy and the 
mechanisms of glycaemic vascular damage might facilitate the development of new 
therapeutic agents that ameliorate microvascular complications, even or especially when 
tight glycaemic control is unattainable. Hyperglycaemia-induced de novo synthesis of 
diacylglycerol in vascular cells leads to preferential activation of the PKC-β isoform, which 
is strongly implicated in the pathogenic processes involved in diabetic microangiopathy 
such as ischemia, leakage, neovascularization and abnormal vasodilator function (Idris & 
Donnelly, 2006). 

2.5.1 Protein kinase C β inhibitor (Ruboxistaurin) 

The Protein Kinase C β inhibitor Diabetic Retinopathy Study (PKC-DRS) was designed to 
test the primary hypothesis that ruboxistaurin, a β-isoform–selective protein kinase C 
inhibitor, would delay the progression of diabetic retinopathy. Ruboxistaurin was well 
tolerated without significant adverse effects. Compared with a placebo, 32 mg/day 
ruboxistaurin was associated with a delayed occurrence of moderate visual loss. However, 
in patients with moderately severe to very severe nonproliferative diabetic retinopathy at 
the baseline, ruboxistaurin did not prevent retinopathy progression to the proliferative 
disease state (PKC-DRS group, 2005). 

2.5.2 PKC412 

Orally administered PKC412 at doses of 100mg/day or higher may significantly reduce 
macular edema and improve visual acuity in diabetic subjects. However, concern regarding 
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liver toxicity with systemic therapy makes local delivery an appealing approach 
(Campochiaro, 2004). 

2.6 Others 

2.6.1 HMG-CoA reductase inhibitor (Atorvastin) 

Lipids have a definite role in the pathogenesis of diabetic retinopathy. Because of the 
increased permeability and leakage of the retinal capillaries, extravascular deposition of less 
soluble plasma lipoprotein occurs. The mass of lipid-filled macrophages is visible on 
funduscopy as hard exudates (Watanabe et al., 1988).  

Statins act by competitively inhibiting 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) reductase, the first committed enzyme of the HMG-CoA reductase pathway. Sen et al. 
found that statins retard the progression of retinopathy in patients with diabetes mellitus 
and hypercholesterolemia (Sen et al., 2002), whereas other studies have reported that statins 
limit the severity of hard exudates and subfoveal lipid migration in CSME (Gordon et al., 
1991; Gupta et al., 2004). 

A recent study evaluated the efficacy and safety of atorvastatin and described its effect on 
hard exudates and macular edema in patients with diabetes mellitus and dyslipidemia. In 
this study, aggressive treatment of hyperlipidemia resulted in significant improvement in 
hard exudates and fluorescein leakage. The lipid-lowering drug atorvastatin was safe when 
administered to patients with diabetes mellitus and useful in the management of DME in 
patients with an abnormal lipid profile (Panagiotoglou et al., 2010). 

3. Conclusion 
Although, focal laser photocoagulation is the standard-of-care treatment for DME, it is not a 
cure. During the last decade, a number of additional treatments for DME have been 
proposed. Such treatments include intravitreal injection of corticosteroids such as 
triamcinolone acetonide, intravitreal injection of aptamers or antibodies targeted at VEGF, 
vitrectomy, and pharmacologic therapy with oral protein kinase C beta inhibitors.  

In particular, anti-VEGF therapies, in conjunction with laser or as standalone treatments, 
have shown promise in not only maintaining but also improving visual acuity. Intravitreal 
triamcinolone also has a role in treating patients with DME refractory to laser and anti-
VEGF therapy, and it remains to be seen whether extended-release corticosteroid devices 
might play a role in the management of DME. Diabetic patients with macular edema who 
have a taut posterior hyaloid membrane may benefit from pars plana vitrectomy and 
removal of the posterior hyaloids  

The pathogenesis of DME is complex, and a variety of factors and biochemical pathways are 
involved, which provides an opportunity for the development of a number of therapeutic 
modalities to treat the condition.  
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1. Introduction  
Diabetic retinopathy (DR) is a leading cause of visual loss and blindness in adults in 
developed and developing countries (Friedman et al., 2011). Clinical trials have shown that 
intensive glycemic control reduces the incidence and progression of DR (Reichard et al., 
1993; Stratton et al., 2001; DCCT, 2002 ). Other metabolic factors also affect the progression 
and development of DR. The UK Prospective Diabetes Study Group reported that tight 
blood pressure control is effective for reducing the incidence of DR (UK Prospective 
Diabetes Study Group, 1998a, 1998b). The EUCLID study group reported that inhibitors of 
angiotensin-converting enzyme drugs decreased the progression of retinopathy in patients 
without hypertension who had type 1 diabetes with little or no nephropathy (Chaturvedi et 
al., 1998). Lipid-lowering therapy with fenofibrate also might reduce the progression of DR 
(Chew et al., 2010; Keech et al., 2007). Among the metabolic factors, although glycemic 
control seems to be the most important, achieving acceptable glucose homeostasis is 
difficult, even when patients are highly compliant. Furthermore, DR continues to develop 
and progress even in patients who are treated intensively to achieve better glycemic control. 
Therefore, it is important to find medical options other than glycemic control to prevent 
diabetic ocular complications. The metabolic changes that accompany hyperglycemia, such 
as activation of the polyol pathway (Gabbay, 1973; Lorenzi, 2007; Robison et al., 1988; 1989), 
activation of protein kinase C (PKC) (Frank, 2002; Liang et al., 2005; Shiba et al., 1993), 
increased oxidative stress (Gurler et al., 2000; Jennings et al., 1991; Pan et al., 2008; Pinto et 
al., 2007), leukocyte adhesion to the endothelial cells (McLeod et al., 1995; Miyamoto et al., 
1996; Schroder et al., 1991), and accumulation of advanced glycation end products (AGEs) 
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1. Introduction  
Diabetic retinopathy (DR) is a leading cause of visual loss and blindness in adults in 
developed and developing countries (Friedman et al., 2011). Clinical trials have shown that 
intensive glycemic control reduces the incidence and progression of DR (Reichard et al., 
1993; Stratton et al., 2001; DCCT, 2002 ). Other metabolic factors also affect the progression 
and development of DR. The UK Prospective Diabetes Study Group reported that tight 
blood pressure control is effective for reducing the incidence of DR (UK Prospective 
Diabetes Study Group, 1998a, 1998b). The EUCLID study group reported that inhibitors of 
angiotensin-converting enzyme drugs decreased the progression of retinopathy in patients 
without hypertension who had type 1 diabetes with little or no nephropathy (Chaturvedi et 
al., 1998). Lipid-lowering therapy with fenofibrate also might reduce the progression of DR 
(Chew et al., 2010; Keech et al., 2007). Among the metabolic factors, although glycemic 
control seems to be the most important, achieving acceptable glucose homeostasis is 
difficult, even when patients are highly compliant. Furthermore, DR continues to develop 
and progress even in patients who are treated intensively to achieve better glycemic control. 
Therefore, it is important to find medical options other than glycemic control to prevent 
diabetic ocular complications. The metabolic changes that accompany hyperglycemia, such 
as activation of the polyol pathway (Gabbay, 1973; Lorenzi, 2007; Robison et al., 1988; 1989), 
activation of protein kinase C (PKC) (Frank, 2002; Liang et al., 2005; Shiba et al., 1993), 
increased oxidative stress (Gurler et al., 2000; Jennings et al., 1991; Pan et al., 2008; Pinto et 
al., 2007), leukocyte adhesion to the endothelial cells (McLeod et al., 1995; Miyamoto et al., 
1996; Schroder et al., 1991), and accumulation of advanced glycation end products (AGEs) 
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(Chibber et al., 1997; Hirata et al., 1997; Kakehashi et al., 2008), are related to the 
development and progression of diabetic ocular complications. In particular, the polyol 
pathway is correlated strongly with oxidative stress, activation of PKC, and accumulation of 
AGEs that lead to induction of vascular endothelial growth factor (VEGF). A key enzyme in 
the polyol pathway, aldose reductase (AR), is found in the retina and lens (Akagi et al., 1983; 
Kern & Engerman, 1981). AR inhibitors (ARIs) slowed thickening of the basement 
membrane of the retinal capillaries and progression of diabetic cataract in experimental 
studies (Hu et al., 1983; Robison et al., 1983). Thus, the polyol pathway might be the most 
attractive target for adjunctive treatment to prevent development of diabetic ocular 
complications. Based on favorable observations from experimental studies using ARIs 
(Obrosova et al., 2005; Okuda et al., 1985; Robinson et al., 1996; Sun et al., 2006; Yeh et al., 
1986), a clinical trial of the ARI, sorbinil, was conducted in 1990, but this drug did not affect 
the development of DR, and enthusiasm for the clinical application of ARIs waned. To test 
drugs to treat DR, good animal models of DR would be useful. In this context, the 
spontaneously diabetic Torii (SDT) rat, a newly established non-obese type 2 diabetes model 
rat, seems especially appropriate, since it shows advanced DR resembling that in humans 
(Kakehashi et al., 2006; Kakehashi, 2011a, b; Shinohara et al., 2000). A recent study showed a 
strong preventative effect of ARIs on the development of DR in this animal model 
(Kakehashi et al., 2011).  

In this chapter, we discuss several studies of medical treatment to prevent DR including our 
previous and ongoing studies using SDT rats. Among the various medical treatments, we 
have focused on the ARIs, because we believe that they are the most potent and safest of the 
potential treatments. 

2. ARIs 
Many experimental studies of ARIs (Obrosova et al., 2005; Okuda et al., 1985; Robinson et 
al., 1996; Sun et al., 2006; Yeh et al., 1986) have reported favorable results, with the exception 
of a clinical trial of sorbinil as mentioned previously.  

However, our recent study on the effects of the ARI, fidarestat (SNK-860; Sanwa Kagaku 
Kenkyusho, Nagoya, Japan), in SDT rats showed that the drug strongly inhibited the 
development of DR (Kakehashi et al., 2011). We evaluated four rat groups: untreated, low- 
and high-dose (8 and 32 mg/kg/day) fidarestat-treated SDT rats, and nondiabetic control 
Sprague-Dawley (SD) rats. We evaluated the DR and measured the retinal sorbitol and 
reduced glutathione (GSH), VEGF in the ocular fluid, and urinary 8-hydroxy-2’-
deoxyguanosine (8-OHdG). Compared with the untreated the incidence of DR was 
significantly lower in the low- and high-dose fidarestat groups group. Compared with the 
untreated group, the retinal sorbitol levels were lower in the control and low- and high-dose 
groups; the retinal GSH levels were higher in the control and the low- and high-dose 
groups; the VEGF levels were lower in the control and low- and high-dose groups; and the 
8-OHdG levels were lower in the control and low- and high-dose groups. The results 
indicated that fidarestat prevents DR in SDT rats by suppressing oxidative stress and 
sorbitol production.  

Based on these findings, we evaluated the recently developed ARI, ranirestat (AS-3201, 
Dainippon Sumitomo Pharmaceutical Co., Ltd., Osaka, Japan) for treating DR in SDT rats. 
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Male SDT rats and SD rats were obtained from CLEA, Inc., Tokyo, Japan. All SDT rats were 
confirmed to be diabetic based on a non-fasting blood glucose concentration exceeding 19.4 
mmol/L. All rats were fed standard rat chow (CRF-1, Oriental Yeast, Inc., Tokyo, Japan) with 
or without ARI. Epalrestat (Kinedak, Ono Pharmaceutical Co., Ltd., Osaka, Japan), an ARI that 
is commercially available in Japan, was used as the positive control. The ranirestat-treated rats 
received the drug once daily; the epalrestat-treated rats were fed chow containing epalrestat at 
the onset of diabetes; and the SD rats and untreated SDT rats were fed chow without an ARI.  

The animals were divided into six groups: normal SD rats (n=8), untreated SDT rats (n=9), 
ranirestat-treated SDT rats (0.1 mg/kg/day for 40 weeks, n=7; 1.0 mg/kg/day for 40 weeks, 
n=8; 10.0 mg/kg/day for 40 weeks, n=7), and epalrestat-treated SDT rats (100 mg/kg/day 
for 40 weeks) (n=8). 

The body weight, blood glucose, and glycosylated hemoglobin (HbA1c) were measured 
once monthly. Blood samples were collected from the tail vein of the non-fasting rats to 
measure the plasma glucose and glycosylated hemoglobin levels. The body weight was 
greater in the SD than that in SDT rats with or without treatment (p<0.01). The mean plasma 
glucose levels and HbA1c levels in the SD rats were significantly (p<0.01) lower than in the 
SDT rats with or without treatment. However, there were no significant differences in the 
blood glucose levels and HbA1c levels between the treated and untreated SDT rats, 
indicating that an ARI did not affect the glycemic control. Therefore, we did not have to 
consider any effect of glycemia in interpreting results. 

Fluorescein-dextran microscopy was performed after intracardiac injection of fluorescein-
dextran (fluorescein isothiocyanate dextran, Sigma, St. Louis, MO, USA), using a 
modification of the method of D'Amato et al. (1993). With the animals under deep 
anesthesia induced by intraperitoneal injection of pentobarbital sodium (25 mg/kg body 
weight, Nembutal, Dainihonseiyaku, Osaka, Japan), 1 ml of phosphate buffered saline 
containing 50 mg of fluorescein dextran was injected into the left ventricle of each animal. 
After 5 minutes, the eyes were enucleated for fluorescein microscopy. The retinas were 
peeled from the eyecups, and the entire retinas were flat-mounted on a slide glass without 
fixation. A drop of aqueous mounting medium (Crystal/Mount, Biomeda Corp., Foster 
City, CA, USA) was applied over the retinas and allowed to dry. The flat-mounted retinas 
were examined by fluorescence microscopy (Nikon SMZ1500 with P-FLA fluorescence 
attachment, Nikon, Tokyo, Japan). As we reported previously (Kakehashi et al., 2006), DR 
was diagnosed when extensive fluorescein leakage was seen around the optic disc, and we 
classified the DR into three stages: no retinopathy (no dye leakage), mild retinopathy (mild 
dye leakage around the optic disc), and severe retinopathy (extensive dye leakage 
throughout the entire retina) (Fig. 1). 

With the animals under deep anesthesia induced by intraperitoneal injection of 
pentobarbital sodium, the eyes were enucleated for conventional histopathologic studies 
and placed in a fixative (Superfix KY-500, Kurabo, Tokyo, Japan) to avoid iatrogenic retinal 
detachment. The fixed eyes were washed in 0.1% mol/L cacodylate buffer and embedded in 
paraffin. The paraffin block was cut into 4-µm sections and stained with hematoxylin and 
eosin for conventional histopathologic examination. As reported previously (Kakehashi et 
al., 2006), DR was diagnosed when large retinal folds mimicking tractional retinal 
detachment around the optic disc were observed.  
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Fig. 1. Classification of diabetic retinopathy. Retinopathy (-), no dye leakage; retinopathy(+), 
mild dye leakage around the optic disc; retinopathy (++), extensive dye leakage throughout 
the retina. 

Compared with controls (7/9 eyes), DR did not develop in any ranirestat-treated groups (0.1 
mg/kg/day; 1.0 mg/kg/day; 10.0 mg/kg/day for 40 weeks) (0/7, 0/8, 0/7 eyes, p<0.01, 
chi-square test). Mild DR developed in the epalrestat-treated group (100 mg/kg/day for 40 
weeks) (2/8 eyes; p=0.09 by the chi-square test). Epalrestat did not prevent development of 
DR in SDT rats. The incidence of DR was significantly (p<0.01) lower in the ranirestat-
treated groups compared with the untreated group. 

Immunohistochemical procedures were based on the standard avidin-biotin horseradish 
peroxidase method using the appropriate antibody and developed with AEC Substrate 
Chromogen (DakoCytomation, Carpinteria, CA, USA). VEGF was immunostained with a 
monoclonal antibody for human VEGF (1:25 dilution, Immuno-Biological Laboratories Co., 
Ltd., Fujioka, Japan). Carboxymethyl-lysine (CML) was immunostained with a monoclonal 
antibody for human AGEs (1:50 dilution for CML, Trans Genic Inc., Kumamoto, Japan). 
Bovine serum was used as the primary antibody for the negative control. The 
immunostaining grades were divided into three groups: minimal (-), moderate (+), and 
severe (++). Minimal staining was characterized by almost no retinal staining, moderate 
staining by light red retinal staining, and severe staining by intense dark red retinal staining. 
Fig. 2 shows immunostaining for CML and VEGF. Immunostaining for CML was very 
strong in the untreated eye (upper left) compared with minimal staining in the ranirestat-
treated (10 mg/kg/day for 40 weeks) eye (lower left). Immunostaining for VEGF was 
moderate in the untreated eye (upper right) compared with minimal staining in the 
ranirestat-treated eye (lower right). 

Strong immunostaining for CML was seen in eight of nine eyes of the untreated SDT rats. The 
staining significantly (p<0.05) decreased to the moderate level in the eyes treated with 1.0 
mg/kg/day and 10.0 mg/kg/day of ranirestat, except for those treated with 0.1 mg/kg/day 
of ranirestat (p=0.111). Epalrestat did not have a significant (p=0.241) effect. Moderate 
immunostaining for VEGF was seen in eight of nine eyes in the untreated SDT rats, and this 
decreased significantly (p<0.05) to minimal staining in the rats treated with 1.0 mg/kg/day 
and 10.0 mg/kg/day of ranirestat, but not in those treated with the 0.1 mg/kg/day dose of 
ranirestat (p=0.117). Epalrestat did not have a significant effect (p=0.247). 
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Fig. 2. Immunostaining for CML and VEGF. Immunostaining for CML shows strong 
staining in the untreated eye (upper left) compared with minimal staining in the ranirestat-
treated eye (lower left). Immunostaining for VEGF shows moderate staining in the 
untreated eye (upper right) compared with minimal staining in the ranirestat-treated eye 
(lower right).   

The retinal sorbitol and fructose levels were measured. ARI activity was determined after 
the liquid chromatography-tandem mass spectrometry method was performed. Briefly, rats 
were anesthetized with sodium pentobarbital (50 mg/kg, intra peritoneally; Abbott, Abbott 
Park, IL, USA), and the retinas were removed, promptly cooled with liquid nitrogen, and 
stored at −50°C. The samples for the sorbitol and fructose assay were prepared by protein 
precipitation followed by a solid-phase extraction procedure. The API 4000 Mass 
Spectrometer (AB SCIEX, Tokyo, Japan) was operated in the selected-reaction monitoring 
mode under optimized conditions to detect sorbitol- or fructose-negative ions formed by 
atmospheric pressure chemical ionization. At 15 weeks, the sorbitol levels in the retina of the 
SDT rats treated with ranirestat (10.0 mg/kg/day) were lower than in the untreated eyes. 
Eparlestat did not affect the retinal sorbitol levels. However, there were no significant 
differences in the sorbitol levels among the treated and untreated SDT rats at 40 weeks. 
Retinal fructose levels were lower at 15 weeks in SDT rats treated with ranirestat (10.0 
mg/kg/day) than those that were untreated. Eparlestat did not affect the retinal fructose 
levels. At 40 weeks, there were no significant differences in the retinal fructose levels among 
the rat groups. 

3. Other options for prophylactic medical treatment of DR 
3.1 PKC β inhibitor 

Liang and coworkers (2005) reported amelioration of vascular dysfunction in diabetic rats 
using an oral PKC β inhibitor. Those authors later reported that VEGF increases intraocular 
vascular permeability through activation of PKC in vivo and suggested that oral 
pharmacologic therapies involving PKC β-isoform-selective inhibitors might be effective for 
treating DR (Aiello et al., 1997). Based on their report, the oral PKC β inhibitor, 
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ruboxistaurin (RBX) (LY333531, Eli Lilly and Co., Indianapolis, IN), administered to patients 
with diabetes with no or mild DR, ameliorated diabetes-induced retinal circulation time 
abnormalities (Aiello et al., 2006). Another multicenter, double-masked, randomized, 
placebo-controlled study in patients with diabetes with moderate to very severe 
nonproliferative diabetic retinopathy showed that RBX was well tolerated and reduced the 
risk of visual loss but did not prevent DR progression (PKC-DRS Study Group, 2005). 

We evaluated the effect of our PKC β inhibitor (JTT-010, Takatsuki, Japan) on the 
development of diabetic ocular complications in SDT rats. The rats had delayed oscillatory 
potentials on electroretinography, but DR developed eventually. We concluded that PKC β 
inhibitors may require concurrent administration of antihyperglycemic drugs to achieve 
maximal therapeutic effects on DR (Sasase et al., 2009). 

3.2 Anti-AGE agents 

Previous studies have suggested the concept of “metabolic memory” associated with 
accumulation of AGEs as DR develops (Chibber et al., 1997; Genuth et al., 2005; Hammes et 
al., 1999). Another anti-AGE agent, pyridoxamine, also prevented development of DR (Stitt 
et al., 2002). However, clinical trials of anti-AGE agents for the treatment of DR have not yet 
been conducted. 

Based on those reports, we evaluated the effects of oral aminoguanidine and pyridoxamine 
on the development of cataract and DR in SDT rats (Toyoda et al., 2011) and reported that 
aminoguanidine prevented accumulation of CML and resulted in almost complete 
inhibition of DR, but pyridoxamine did not prevent DR. Aminoguanidine seems to be a 
stronger inhibitor of DR than pyridoxamine.  

3.3 Anti-leukocyte adhesion agents 

Leukocyte adhesion to the diabetic retinal vasculature is thought to be the critical early 
event in the pathogenesis of DR, resulting in breakdown of the blood-retinal barrier and in 
capillary nonperfusion (Gurler et al., 2000; Hu et al., 1983). Adamis and coworkers (1994) 
reported that the antileukocyte adhesion agents, anti-intercellular adhesion molecule-1 
antibody (Miyamoto et al., 1999) and anti-CD 18 antibody (Barouch et al., 2000), were useful 
for treating experimental DR. They also showed an antileukocyte adhesion effect using a 
PKC β inhibitor (Nonaka et al., 2000) and receptor for the AGEs (Kaji et al., 2007). Nagai et 
al. (2007) reported an inhibitory effect of an angiotensin II type 1 receptor blocker on retinal 
leukostasis in diabetic mice. 

We tested several commercially available antileukocyte adhesion agents in diabetic rats. We 
first evaluated the effectiveness of the sulphonylurea gliclazide for decreasing the adhesion 
of neutrophils to endothelial cells and leukocyte entrapment in the retinal microcirculation 
of streptozotocin (STZ)-induced diabetic rats. We showed that gliclazide attenuated retinal 
leukostasis irrespective of hyperglycemia in diabetic rats, whereas another sulphonylurea, 
glibenclamide, did not. This indicated that gliclazide, among the sulphonylurea drugs, 
might be selectively beneficial for preventing development of DR (Kinoshita et al., 2002). We 
also evaluated the effectiveness of topical nipradilol, a topical antiglaucoma αβ-blocker and 
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nitric oxide donor, on retinal microvascular leukocyte adhesion in diabetic rats. Topical 
nipradilol significantly reduced retinal leukostasis in the retinal microcirculation of STZ-
induced diabetic rats, and we think that nipradilol may be a prophylactic agent that can 
inhibit development of early DR through its nitric oxide donor effects on the 
microcirculation. We believe that most antileukocyte adhesion agents can slow progression 
of DR but do not inhibit it completely. Good glycemic control or other additional medical 
treatments are needed to achieve a maximal effect on DR.  

3.4 Anti-VEGF agents 

Since the VEGF levels increase as DR progresses (Adamis et al., 1994; Aiello et al., 1994; 
Amin et al., 1997; Lutty et al., 1996), VEGF is very important in the development and 
progression of DR. VEGF is also a vascular permeability factor and plays an important role 
in the development of diabetic macular edema (DME) (Mathews et al., 1997). Based on these 
observations, several anti-VEGF agents such as an anti-VEGF antibody (Adamis et al., 1996), 
soluble VEGF-receptor chimeric proteins (Aiello et al., 1995), and antisense 
phosphorothioate oligodeoxynucleotides against VEGF (Robinson et al., 1996) have been 
tested in an animal model of retinal neovascularization mimicking DR. The results were 
very promising. Based on these favorable results in animal studies, several clinical studies 
have been undertaken to evaluate treatment of DME using an anti-VEGF antibody. The 
RESOLVE Study evaluated the safety and efficacy of intravitreal ranibizumab (Lucentis, 
Genentech, Inc., South San Francisco, CA) for treating patients with DME (Massin et al., 
2010). Ranibizumab is a fully humanized monoclonal antibody fragment, which binds to 
multiple variants of VEGF-A, and is approved to treat age-related macular degeneration. 
The results indicated that intravitreal ranibizumab improves visual acuity and reduces 
macular thickness in DME. The Diabetic Retinopathy Clinical Research Network (DRCR.net) 
is evaluating and comparing several medical treatments for DME. The DRCR.net is a 
collaborative network formed in September 2002 that is dedicated to facilitating multicenter 
clinical studies of DR, DME, and associated conditions. Currently, there are more than 109 
participating sites with over 320 physicians throughout the United States 
(http://drcrnet.jaeb.org/). The DRCR.net reported that intravitreal ranibizumab combined 
with laser treatment is more effective than laser treatment with or without triamcinolone. 
The anti-VEGF agents inhibit VEGF and increase capillary permeability. Macular edema is 
resolved by blocking increased capillary permeability. However, a drawback of the anti-
VEGF agents is that they do not have long-term efficacy, so repeated injections are usually 
required. Moreover, a 2% prevalence of endophthalmitis over 12 months in the RESOLVE 
Study is worrisome. To minimize the number of intravitreal injections, gene therapy using a 
safe virus vector, such as an adeno-associated virus (Ideno et al., 2007), may be a future 
option for treating DME.  

4. Comments 
Good glycemic control is the most important factor for preventing the development and 
progression of diabetic ocular complications. However, it is also difficult to obtain good 
glycemic control in many clinical cases. In this chapter, we discussed several additional 
medical therapeutic options for diabetic ocular complications. PKC β inhibitors and 



 
Diabetic Retinopathy 296 

ruboxistaurin (RBX) (LY333531, Eli Lilly and Co., Indianapolis, IN), administered to patients 
with diabetes with no or mild DR, ameliorated diabetes-induced retinal circulation time 
abnormalities (Aiello et al., 2006). Another multicenter, double-masked, randomized, 
placebo-controlled study in patients with diabetes with moderate to very severe 
nonproliferative diabetic retinopathy showed that RBX was well tolerated and reduced the 
risk of visual loss but did not prevent DR progression (PKC-DRS Study Group, 2005). 

We evaluated the effect of our PKC β inhibitor (JTT-010, Takatsuki, Japan) on the 
development of diabetic ocular complications in SDT rats. The rats had delayed oscillatory 
potentials on electroretinography, but DR developed eventually. We concluded that PKC β 
inhibitors may require concurrent administration of antihyperglycemic drugs to achieve 
maximal therapeutic effects on DR (Sasase et al., 2009). 

3.2 Anti-AGE agents 

Previous studies have suggested the concept of “metabolic memory” associated with 
accumulation of AGEs as DR develops (Chibber et al., 1997; Genuth et al., 2005; Hammes et 
al., 1999). Another anti-AGE agent, pyridoxamine, also prevented development of DR (Stitt 
et al., 2002). However, clinical trials of anti-AGE agents for the treatment of DR have not yet 
been conducted. 

Based on those reports, we evaluated the effects of oral aminoguanidine and pyridoxamine 
on the development of cataract and DR in SDT rats (Toyoda et al., 2011) and reported that 
aminoguanidine prevented accumulation of CML and resulted in almost complete 
inhibition of DR, but pyridoxamine did not prevent DR. Aminoguanidine seems to be a 
stronger inhibitor of DR than pyridoxamine.  

3.3 Anti-leukocyte adhesion agents 

Leukocyte adhesion to the diabetic retinal vasculature is thought to be the critical early 
event in the pathogenesis of DR, resulting in breakdown of the blood-retinal barrier and in 
capillary nonperfusion (Gurler et al., 2000; Hu et al., 1983). Adamis and coworkers (1994) 
reported that the antileukocyte adhesion agents, anti-intercellular adhesion molecule-1 
antibody (Miyamoto et al., 1999) and anti-CD 18 antibody (Barouch et al., 2000), were useful 
for treating experimental DR. They also showed an antileukocyte adhesion effect using a 
PKC β inhibitor (Nonaka et al., 2000) and receptor for the AGEs (Kaji et al., 2007). Nagai et 
al. (2007) reported an inhibitory effect of an angiotensin II type 1 receptor blocker on retinal 
leukostasis in diabetic mice. 

We tested several commercially available antileukocyte adhesion agents in diabetic rats. We 
first evaluated the effectiveness of the sulphonylurea gliclazide for decreasing the adhesion 
of neutrophils to endothelial cells and leukocyte entrapment in the retinal microcirculation 
of streptozotocin (STZ)-induced diabetic rats. We showed that gliclazide attenuated retinal 
leukostasis irrespective of hyperglycemia in diabetic rats, whereas another sulphonylurea, 
glibenclamide, did not. This indicated that gliclazide, among the sulphonylurea drugs, 
might be selectively beneficial for preventing development of DR (Kinoshita et al., 2002). We 
also evaluated the effectiveness of topical nipradilol, a topical antiglaucoma αβ-blocker and 
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nitric oxide donor, on retinal microvascular leukocyte adhesion in diabetic rats. Topical 
nipradilol significantly reduced retinal leukostasis in the retinal microcirculation of STZ-
induced diabetic rats, and we think that nipradilol may be a prophylactic agent that can 
inhibit development of early DR through its nitric oxide donor effects on the 
microcirculation. We believe that most antileukocyte adhesion agents can slow progression 
of DR but do not inhibit it completely. Good glycemic control or other additional medical 
treatments are needed to achieve a maximal effect on DR.  

3.4 Anti-VEGF agents 

Since the VEGF levels increase as DR progresses (Adamis et al., 1994; Aiello et al., 1994; 
Amin et al., 1997; Lutty et al., 1996), VEGF is very important in the development and 
progression of DR. VEGF is also a vascular permeability factor and plays an important role 
in the development of diabetic macular edema (DME) (Mathews et al., 1997). Based on these 
observations, several anti-VEGF agents such as an anti-VEGF antibody (Adamis et al., 1996), 
soluble VEGF-receptor chimeric proteins (Aiello et al., 1995), and antisense 
phosphorothioate oligodeoxynucleotides against VEGF (Robinson et al., 1996) have been 
tested in an animal model of retinal neovascularization mimicking DR. The results were 
very promising. Based on these favorable results in animal studies, several clinical studies 
have been undertaken to evaluate treatment of DME using an anti-VEGF antibody. The 
RESOLVE Study evaluated the safety and efficacy of intravitreal ranibizumab (Lucentis, 
Genentech, Inc., South San Francisco, CA) for treating patients with DME (Massin et al., 
2010). Ranibizumab is a fully humanized monoclonal antibody fragment, which binds to 
multiple variants of VEGF-A, and is approved to treat age-related macular degeneration. 
The results indicated that intravitreal ranibizumab improves visual acuity and reduces 
macular thickness in DME. The Diabetic Retinopathy Clinical Research Network (DRCR.net) 
is evaluating and comparing several medical treatments for DME. The DRCR.net is a 
collaborative network formed in September 2002 that is dedicated to facilitating multicenter 
clinical studies of DR, DME, and associated conditions. Currently, there are more than 109 
participating sites with over 320 physicians throughout the United States 
(http://drcrnet.jaeb.org/). The DRCR.net reported that intravitreal ranibizumab combined 
with laser treatment is more effective than laser treatment with or without triamcinolone. 
The anti-VEGF agents inhibit VEGF and increase capillary permeability. Macular edema is 
resolved by blocking increased capillary permeability. However, a drawback of the anti-
VEGF agents is that they do not have long-term efficacy, so repeated injections are usually 
required. Moreover, a 2% prevalence of endophthalmitis over 12 months in the RESOLVE 
Study is worrisome. To minimize the number of intravitreal injections, gene therapy using a 
safe virus vector, such as an adeno-associated virus (Ideno et al., 2007), may be a future 
option for treating DME.  

4. Comments 
Good glycemic control is the most important factor for preventing the development and 
progression of diabetic ocular complications. However, it is also difficult to obtain good 
glycemic control in many clinical cases. In this chapter, we discussed several additional 
medical therapeutic options for diabetic ocular complications. PKC β inhibitors and 
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antileukocyte adhesion agents might help prevent DR, but neither was sufficient without 
good concurrent glycemic control or other additional medical treatments. Anti-VEGF agents 
have a strong therapeutic effect in DME; however, they do not have long-term efficacy and 
the possibility of complications, such as endophthalmitis, associated with injection of anti-
VEGF agents into the vitreous is a concern. Thus, anti-VEGF agents do not seem to be safe 
therapeutic options for preventing diabetic ocular complications. Oral anti-AGE agents 
seem to be good prophylactic medical treatments for DR in experimental animal studies. 
Clinical trials of oral anti-AGE agents for treating DR are worthwhile. Among the several 
prophylactic medical treatments for DR, we focused on the ARIs in this chapter. Epalrestat, 
which is commercially available in Japan, has been widely used to treat diabetic neuropathy. 
Although the effect of eparlestat on DR has not been clearly recognized in a clinical trial, the 
safety and clinical effects of long-term oral administration of the drug for treating diabetic 
neuropathy have been established. Thus, we believe that our findings suggest the potential 
therapeutic usefulness of a new ARI, ranirestat, for preventing DR. Importantly, it appears 
that ranirestat might prevent DR even without strict glycemic control. We look forward to 
the development and evaluation of new ARIs with minimal side effects for use in future 
clinical studies to prevent DR. 
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have a strong therapeutic effect in DME; however, they do not have long-term efficacy and 
the possibility of complications, such as endophthalmitis, associated with injection of anti-
VEGF agents into the vitreous is a concern. Thus, anti-VEGF agents do not seem to be safe 
therapeutic options for preventing diabetic ocular complications. Oral anti-AGE agents 
seem to be good prophylactic medical treatments for DR in experimental animal studies. 
Clinical trials of oral anti-AGE agents for treating DR are worthwhile. Among the several 
prophylactic medical treatments for DR, we focused on the ARIs in this chapter. Epalrestat, 
which is commercially available in Japan, has been widely used to treat diabetic neuropathy. 
Although the effect of eparlestat on DR has not been clearly recognized in a clinical trial, the 
safety and clinical effects of long-term oral administration of the drug for treating diabetic 
neuropathy have been established. Thus, we believe that our findings suggest the potential 
therapeutic usefulness of a new ARI, ranirestat, for preventing DR. Importantly, it appears 
that ranirestat might prevent DR even without strict glycemic control. We look forward to 
the development and evaluation of new ARIs with minimal side effects for use in future 
clinical studies to prevent DR. 
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1. Introduction 
Diabetic retinopathy is a leading cause of adult vision loss and blindness. Angioprotective 
drugs are one of possibilities, which can be used in treatment of diabetic retinopathy. Nearly 
all of them are very efficient antioxidants or reactive oxygen and nitrogen species (RONS) 
scavengers. They often contain phenolic groups. Most of them are glycosides of plant origin 
with aglycones of flavonoid structure, i.e. aglycones are polyhydroxylated derivatives of 2-
phenyl-4H-chromen-2-one or 2-phenyl-4H-1-benzopyran-4-one. Quercetin, which is the 
aglycone of many glycosides including rutoside, can serve as a typical example. Other 
glycosides, such as a saponoside escine (Reparil®) isolated from seeds of horse chestnut 
Aesculus hippocastaneum, have triterpenic aglycones. (In fact, escin is a mixture of several 
related compounds. The particular structure on the Figure I express escin I that is a mixture 
of two geometric isomers. They differ in E or Z configuration of 2-methylbut-2-enoyl, which 
is attached to originally hydroxyl oxygen in position 21 of the triterpenoid scaffold.) (Kim 
et al., 2004, Carrasco  Vidrio, 2007). Flavonoid glycosides have poor bioavailability that is 
due to their low lipophilicity. This problem has been solved by etherification of phenolic 
groups of flavonoid aglycones with hydroxyalkyl such as hydroxyethyl groups (troxerutin) 
in past (Agolini  Cavallini, 1987, Wadworth  Faulds, 1992) Troxerutin was demonstrated 
to attenuate neovascularization in retinopathy in streptozocin-induced diabetic rats (Chung 
et al., 2005). More recently, increased bioavailability of flavonoid glycosides is reached by 
micronisation without changing their chemical structures. Preparations such as Detralex® or 
Daflon® contain standardized and micronized flavonoid fraction characterized by its 
content of diosmin, which is their main active constituent. Their activity in the treatment of 
diabetic retinopathy was clearly demonstrated (Lacombe et al., 1989). There is nearly only 
one exception among these quite complex compounds: calcium dobesilate (Danium ®, 
Doxium ®, Dexium®), which is a very simple synthetic molecule: calcium 2,5-
dihydroxybenzenesulfonate (see Figure 1) 

Calcium dobesilate is also almost the only one angioprotective drug that recently remains 
the object of interest in treatment of diabetic retinopathy including clinical studies (Leal et 
al. 2010, Einarsdottir & Stefansson, 2009, Ribeiro et al., 2006), and even it was used as a 
standard for determination of the particular activity of a traditional Chinese herbal medicine 
preparation (Luo et al. 2009).  
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Fig. 1. Calcium dobesilate as the simplest structure among angioprotective drugs. 
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2. Calcium dobesilate: Chemical, historical and bibliographical data 
2.1 Early syntheses of 2,5-dihydroxybenzenesulfonic acid and its salts 

The first synthesis of 2,5-dihydroxybenzenesulfonic acid that can be found is that in the article 
of Seyda (Seyda, 1883). On principle it was sulfonation of hydroquinone with diluted sulfuric 
acid in mild conditions, the reaction temperature did not exceed 50°C, for 3 hours. During this 
period, starting hydroquinone gradually dissolved in diluted sulfuric acid. After cooling of the 
solution for 24 hours, formed crystals of 2,5-dihydroxybenzenesulfonic acid were filtered off. 
The filtrate was diluted with water and under boiling saturated with barium carbonate. The 
excessive barium carbonate was then together with formed barium sulfate filtered off. The 
filtrate was being concentrated in vacuo until a white crystalline syrupy mass was formed. This 
viscous liquid was then poured on a porous ceramic plate to be dried. Thus barium 2,5-
dihydroxybenzenesulfonate was yielded. Potassium 2,5-dihydroxybenzenesulfonate was 
prepared by adding of potassium carbonate into an aqueous solution of barium 2,5-
dihydroxybenzenesulfonate followed by filtering-off of formed barium carbonate and 
concentration of the filtrate in vacuo into a viscous liquid that was then diluted with double 
volume of absolute ethanol. A brown precipitate, which had been formed was then filtered off 
and all the ethanol was distilled off from the filtrate with exclusion of air. Crystalline mass 
formed from the filtrate was then recrystallized from water to give transparent octaedric 
crystals. Sodium 2,5-dihydroxybenzenesulfonate was prepared similarly by adding of sodium 
carbonate into a solution of the barium salt. It was formed in the concentrated aqueous 
solution as a mass consisted from microscopic octaedric crystals. Lead 2,5-
dihydroxybenzesulfonate was prepared from the crude 2,5-dihydroxybenzenesulfonic acid 
and lead carbonate. It precipitated from a concentrated aqueous solution as an amorphous 
solid that was no more soluble in water. However, it was soluble in concentrated acetic acid. 
The lead salt gave the free 2,5-dihydroxybenzenesulfonic acid by reaction with sulfane (see 
Figure 2). 
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Fig 2. Early syntheses of 2,5-dihydroxybenzenesulfonic acid and some its metallic salts. 

2.2 Industrial „redox“ one-pot synthesis of calcium dobesilate vs. sulfonation 
followed by neutralization 

Estéve-Subirana (Estéve-Subirana, 1970) has developed a different synthesis of calcium 
dobesilate, which is also simple and suitable for the industrial production of it. It consists of 
only one reaction of calcium hydrogensulfite with 1,4-benzoquinone. Such a procedure 
could be classified as a „redox substitution“ due to changes of the oxidation states of both 
sulfur atom and benzene ring. However, such a synthesis is not suitable for low scale 
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Fig 2. Early syntheses of 2,5-dihydroxybenzenesulfonic acid and some its metallic salts. 

2.2 Industrial „redox“ one-pot synthesis of calcium dobesilate vs. sulfonation 
followed by neutralization 

Estéve-Subirana (Estéve-Subirana, 1970) has developed a different synthesis of calcium 
dobesilate, which is also simple and suitable for the industrial production of it. It consists of 
only one reaction of calcium hydrogensulfite with 1,4-benzoquinone. Such a procedure 
could be classified as a „redox substitution“ due to changes of the oxidation states of both 
sulfur atom and benzene ring. However, such a synthesis is not suitable for low scale 
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preparations of calcium dobesilate including those that are performed by students in 
practical classes in subjects such as medicinal or organic chemistry. These practical 
educations can be met by students of fields such as pharmacy or chemistry at appropriate 
schools or faculties. The main problem of the Estéve-Subirana's procedure consists in use of 
calcium hydrogensulfite, which is not commercially available in solid state. Its concentrated 
aqueous solution is frequently prepared by reaction of gaseous sulfur dioxide with an 
aqueous suspension of calcium carbonate. This reaction can proceed in a special bubble 
column reactor typical for industrial processes such as the procedure developed by Rückauf 
and colleagues (Rückauf et al., 1990). 

CaCO3 + SO2+ H2O                  Ca(HSO3)2 + CO2

OO2 + Ca(HSO3)2
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Fig. 3. Preparation of calcium dobesilate according to Estéve-Subirana (Estéve-Subirana, 
1970) preceeded with preparation of calcium hydrogensulfite according to Rückauf et al. 
(Rückauf et al. , 1990). 

To develop a simple and effective synthesis of calcium dobesilate that does not require 
calcium hydrogensulfite, we returned to sulfonation of hydroquinone. After we had tried 
several procedures using diluted sulfuric acid without significant successes (Šablatura, 
2005), we came back to the original preparation of Seyda (Seyda, 1883). We modified his 
synthesis of barium 2,5-dihydroxybenzenesulfonate for preparation calcium dobesilate in 
conditions of today. Hydroquinone was sulfonated with concentrated sulfuric acid, a 
resulted mixture was then neutralized short boiling with calcium carbonate. Poorly soluble 
calcium sulfate precipitate was then filtered off. The filtrate was evaporated nearly to 
dryness. The residuum was disperged in concentated ethanol and filtered. The ethanolic 
filtrate was evaporated to dryness. Recrystallization of the residuum from the mixture 
butan-1-ol / chloroform gave calcium dobesilate in the form of its monohydrate (see Fig. 4). 

Crystallization trials from several with various ratios alcohol / water mixtures led in most to 
solid solvates, e.g. calcium dobesilate : propan-2-ol 1 : 1.3 (dobesilate : alcohol ratio was 
estimated from 1H-NMR spectrum). Simple confirmation of identity of the product by 
determination of its melting point is impossible because of high value of its melting 
temperature, but it can be identified by simple spectrophotometry in UV region according to 
Czech Pharmacopoeia 2005 Edition (Czech Pharmacopoeia 2009, 2009) (see also bellow). 
This procedure was published in a journal devoted to chemical education (Farsa  
Šablatura, 2008) and in more detailed and modified form also in an instruction manual for 
practical courses in medicinal chemistry (Beneš  Farsa, 2007). It is notable that, short time 
after its publishing, very similar procedures of preparation of calcium dobesilate appeared 
in Chinese patents (Yao 2010, Yang et al. 2010). 
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Fig. 4. Preparation of calcium dobesilate proposed for practical courses in chemical 
disciplines 

2.3 Spectral data and other important physico-chemical properties of calcium 
dobesilate 

Infrared spectra of calcium dobesilate measured in a potassium bromide tablet contained 
significant absorption bands at wawenumbers 3410, 1500, 1470, 1220, 1080, 880, 815 and 640 
cm-1 (Estéve-Soler, 1977) A 1H nuclear magnetic resonance spectrum (1H-NMR) of calcium 
dobesilate recorded in deuterium oxide contained following signals (values of chemical 
shifts  are in ppm): 7.13 (bs, 3H, aromatic hydrogens), 6.70 (s, 2H, 2 OH) and 4.75 (s, 2H, 
H2O). The least signal served also as the reference one. There was evident from the ratio of 
integral areas that the investigated sample was calcium dobesilate monohydrate (Estéve-
Soler, 1977). 1H-NMR measured by the author in deuterated dimethyl sulfoxide (DMSO-D6) 

was a little different. It contained the following signals (chemical shifts  are in ppm, 
coupling constants J in Hz): 9.78 (s, 1H, OH), 8.84 (s, 1H, OH), 6.80 (d, 1H, J=2.4, arom. H), 
6.57 (m, 2H, arom. H), 3.37 (s, 4H, 2 H2O). The integral area of the signal assigned to water 
hydrogens corresponded to 4 hydrogen atoms per one dobesilate anion so that this sample 
was calcium dobesilate tetrahydrate (see Fig. 5). A 13C nuclear magnetic resonance spectrum 
(13C-NMR) of the same sample of calcium dobesilate was recorded by the author also in 
DMSO-D6 in attached proton test (APT) mode. This type of carbon NMR spectrum enables 
to differ between carbon atoms with odd and even number of hydrogen atoms attached to 
every particular carbon atom so that  in our case to distinguish between aromatic carbons 
with one hydrogen and those with no hydrogen. It contained the following signals (the 
values of chemical shift in ppm): 148.8 (CH), 145.8 (CH), 130.6 (CH), 117.9 (CSO3-), 116, 5 
(COH), 112.8 (COH) (see Fig. 5). 

Also ultraviolet spectra, which are advantageous namely for purity determination, have 
been known for decades. They have been recorded from various solvents such as water, 
methanol or aqueous hydrochloric acid. (Negritescu et al., 1979, Kračmár et al., 1988, Chen  
Xiao, 2008). These electronic spectra are relatively easy to obtain because of low prices of 
needed UV spectrophotometers in comparison with NMR or IR spectrometers. This is 
probably one of the reasons for which some pharmacopoeias use this method for 
confirmation of identity of calcium dobesilate monohydrate, which is official as a drug 
substance (Czech Pharmacopoeia 2009, 2009, European Pharmacopoeia Edition 7.2, 2011). In 
accordance with both pharmacopoeias, the UV spectrum of calcium dobesilate measured in 
water can have absorption maxima at 221 and 301 nm and the specific absorbance at 301 nm 
in the range 174 to 181 (see Fig. 6). 
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2005), we came back to the original preparation of Seyda (Seyda, 1883). We modified his 
synthesis of barium 2,5-dihydroxybenzenesulfonate for preparation calcium dobesilate in 
conditions of today. Hydroquinone was sulfonated with concentrated sulfuric acid, a 
resulted mixture was then neutralized short boiling with calcium carbonate. Poorly soluble 
calcium sulfate precipitate was then filtered off. The filtrate was evaporated nearly to 
dryness. The residuum was disperged in concentated ethanol and filtered. The ethanolic 
filtrate was evaporated to dryness. Recrystallization of the residuum from the mixture 
butan-1-ol / chloroform gave calcium dobesilate in the form of its monohydrate (see Fig. 4). 

Crystallization trials from several with various ratios alcohol / water mixtures led in most to 
solid solvates, e.g. calcium dobesilate : propan-2-ol 1 : 1.3 (dobesilate : alcohol ratio was 
estimated from 1H-NMR spectrum). Simple confirmation of identity of the product by 
determination of its melting point is impossible because of high value of its melting 
temperature, but it can be identified by simple spectrophotometry in UV region according to 
Czech Pharmacopoeia 2005 Edition (Czech Pharmacopoeia 2009, 2009) (see also bellow). 
This procedure was published in a journal devoted to chemical education (Farsa  
Šablatura, 2008) and in more detailed and modified form also in an instruction manual for 
practical courses in medicinal chemistry (Beneš  Farsa, 2007). It is notable that, short time 
after its publishing, very similar procedures of preparation of calcium dobesilate appeared 
in Chinese patents (Yao 2010, Yang et al. 2010). 
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Fig. 4. Preparation of calcium dobesilate proposed for practical courses in chemical 
disciplines 

2.3 Spectral data and other important physico-chemical properties of calcium 
dobesilate 

Infrared spectra of calcium dobesilate measured in a potassium bromide tablet contained 
significant absorption bands at wawenumbers 3410, 1500, 1470, 1220, 1080, 880, 815 and 640 
cm-1 (Estéve-Soler, 1977) A 1H nuclear magnetic resonance spectrum (1H-NMR) of calcium 
dobesilate recorded in deuterium oxide contained following signals (values of chemical 
shifts  are in ppm): 7.13 (bs, 3H, aromatic hydrogens), 6.70 (s, 2H, 2 OH) and 4.75 (s, 2H, 
H2O). The least signal served also as the reference one. There was evident from the ratio of 
integral areas that the investigated sample was calcium dobesilate monohydrate (Estéve-
Soler, 1977). 1H-NMR measured by the author in deuterated dimethyl sulfoxide (DMSO-D6) 

was a little different. It contained the following signals (chemical shifts  are in ppm, 
coupling constants J in Hz): 9.78 (s, 1H, OH), 8.84 (s, 1H, OH), 6.80 (d, 1H, J=2.4, arom. H), 
6.57 (m, 2H, arom. H), 3.37 (s, 4H, 2 H2O). The integral area of the signal assigned to water 
hydrogens corresponded to 4 hydrogen atoms per one dobesilate anion so that this sample 
was calcium dobesilate tetrahydrate (see Fig. 5). A 13C nuclear magnetic resonance spectrum 
(13C-NMR) of the same sample of calcium dobesilate was recorded by the author also in 
DMSO-D6 in attached proton test (APT) mode. This type of carbon NMR spectrum enables 
to differ between carbon atoms with odd and even number of hydrogen atoms attached to 
every particular carbon atom so that  in our case to distinguish between aromatic carbons 
with one hydrogen and those with no hydrogen. It contained the following signals (the 
values of chemical shift in ppm): 148.8 (CH), 145.8 (CH), 130.6 (CH), 117.9 (CSO3-), 116, 5 
(COH), 112.8 (COH) (see Fig. 5). 

Also ultraviolet spectra, which are advantageous namely for purity determination, have 
been known for decades. They have been recorded from various solvents such as water, 
methanol or aqueous hydrochloric acid. (Negritescu et al., 1979, Kračmár et al., 1988, Chen  
Xiao, 2008). These electronic spectra are relatively easy to obtain because of low prices of 
needed UV spectrophotometers in comparison with NMR or IR spectrometers. This is 
probably one of the reasons for which some pharmacopoeias use this method for 
confirmation of identity of calcium dobesilate monohydrate, which is official as a drug 
substance (Czech Pharmacopoeia 2009, 2009, European Pharmacopoeia Edition 7.2, 2011). In 
accordance with both pharmacopoeias, the UV spectrum of calcium dobesilate measured in 
water can have absorption maxima at 221 and 301 nm and the specific absorbance at 301 nm 
in the range 174 to 181 (see Fig. 6). 
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Fig. 5. 1H-NMR spectrum of calcium dobesilate dihydrate recorded at 200 MHz Varian 
Gemini FT-NMR spectrometer in DMSO-D6 solution (top) and its 13C-NMR spectrum  
measured in DMSO-D6 solution at 50 MHz at the same instrument (bottom). 
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Fig. 6. Ultraviolet spectrum of calcium dobesilate measured in an aqueous solution at 
Agilent 8453 diode array UV-VIS spectrophotometer in accordance with requirements of the 
European Pharmacopoeia (European Pharmacopoeia Edition 7.2, 2011). 

As it was mentioned above, melting point of calcium dobesilate monohydrate is out of range 
of measurement of common melting point apparatuses and thus it is not suitable for 
identification of calcium dobesilate monohydrate as a substance. Milne states that 
anhydrous calcium dobesilate melts above 300°C under decomposition (Milne, 2002).  

The pharmacopoeias state that calcium dobesilate monohydrate is very soluble in water, freely 
soluble in anhydrous ethanol, very slightly soluble in propan-2-ol and practically insoluble in 
dichloromethane (Czech Pharmacopoeia 2009, 2009, European Pharmacopoeia Edition 7.2, 
2011). In fact, it is extremely soluble in water: three weight parts of calcium dobesilate 
monohydrate dissolve in one part of boiling water. This ratio of the compound and the solvent 
can be used for purifying of the drug by recrystallization (Nováček et al., 1987). 

Since calcium dobesilate is a hydroquinone derivative it can be easily oxidized into calcium 
3,6-dioxocyclohexa-1,4-diene-1-sulfonate (see Fig. 7). 
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Fig. 7. Reversible oxidation of dobesilate anion into 3,6-dioxocyclohexa-1,4-diene-1-
sulfonate. 
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Fig. 5. 1H-NMR spectrum of calcium dobesilate dihydrate recorded at 200 MHz Varian 
Gemini FT-NMR spectrometer in DMSO-D6 solution (top) and its 13C-NMR spectrum  
measured in DMSO-D6 solution at 50 MHz at the same instrument (bottom). 
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Fig. 6. Ultraviolet spectrum of calcium dobesilate measured in an aqueous solution at 
Agilent 8453 diode array UV-VIS spectrophotometer in accordance with requirements of the 
European Pharmacopoeia (European Pharmacopoeia Edition 7.2, 2011). 

As it was mentioned above, melting point of calcium dobesilate monohydrate is out of range 
of measurement of common melting point apparatuses and thus it is not suitable for 
identification of calcium dobesilate monohydrate as a substance. Milne states that 
anhydrous calcium dobesilate melts above 300°C under decomposition (Milne, 2002).  

The pharmacopoeias state that calcium dobesilate monohydrate is very soluble in water, freely 
soluble in anhydrous ethanol, very slightly soluble in propan-2-ol and practically insoluble in 
dichloromethane (Czech Pharmacopoeia 2009, 2009, European Pharmacopoeia Edition 7.2, 
2011). In fact, it is extremely soluble in water: three weight parts of calcium dobesilate 
monohydrate dissolve in one part of boiling water. This ratio of the compound and the solvent 
can be used for purifying of the drug by recrystallization (Nováček et al., 1987). 

Since calcium dobesilate is a hydroquinone derivative it can be easily oxidized into calcium 
3,6-dioxocyclohexa-1,4-diene-1-sulfonate (see Fig. 7). 
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Fig. 7. Reversible oxidation of dobesilate anion into 3,6-dioxocyclohexa-1,4-diene-1-
sulfonate. 
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Reversibility of this reaction has been repeatedly demonstrated by cyclic voltammetry with 
various types of electrodes. (Zheng et al., 2007, Zhang  Zhang, 2009, Zhang et al., 2011). 
Such methods have reached very low detection limit for calcium dobesilate up to 4.0 × 10-8 
mol L-1 and have been resistant to interference with other reducing compounds occurring in 
body liquids such as uric acid, serotonin, and ascorbic acid (Hu et al., 2009). That is why 
they have been successfully used not only for identification and assay of calcium dobesilate 
in substance samples and drug formulations (Guangzhi et al., 2009) but also in biological 
samples (Zheng et al., 2007). The influence of bovine serum albumin (BSA) on the 
electrochemical behavior of calcium dobesilate was also investigated. The stoichiometric 
coefficient and the association constant of calcium dobesilate with BSA were obtained by 
this technique in addition to those obtained by UV-spectrophotometry. It was found that the 
peak currents in cyclic voltammetry diagrams decreased and the peak potentials stayed 
almost unchanged in the presence of BSA, indicating that there might exist an interaction 
between calcium dobesilate and BSA (Xu et al., 2009). Oxidation of calcium dobesilate is also 
used for its titrimetric assay by means of cerimetry with potentiometric end-point 
determination required by some pharmacopoeias (European Pharmacopoeia 7.2, 2011, 
Czech Pharmacopoeia 2009, 2009). This method gives more accurate results than 
chelatometric titrimetry using N,N’-ethylenediaminetetraacetic acid (EDTA) for 
complexation of calcium ion of calcium dobesilate (Zhang  Xu, 1999). The activity of 
calcium dobesilate as a reduction agent is also reason of its radical-scavenging activity, 
which plays an important role in its mechanism of action as a drug of diabetic retinopathy 
(see further).  

The chromatographic behaviour of calcium dobesilate is determined by its extremely low 
lipophilicity as it is an ionic salt. Thin-layer chromatography (TLC) on a silica gel normal 
phase was being used for identification of hydroquinone as an impurity in calcium 
dobesilate substance. While hydroquinone migrates in the required mobile phase 
dichloromethane : methyl acetate : ethyl acetate 20 : 30 : 50, calcium dobesilate remains at 
the start (Czech Pharmacopoeia 2002, 2002, Šablatura, 2006). Reversed phase high 
performance liquid chromatography (reversed phase-high performance liquid 
chromatography) methods for identification and content assay of calcium dobesilate namely 
in various samples have been reported. Assays of calcium dobesilate in dog blood plasma 
for pharmacokinetic purposes after its single (Plessas et al., 1986a) and repeated (Plessas et 
al., 1986b) administration were performed using a C18 column. A similar method using a 
Hypersil® octadecylsilyl silica gel (ODS) column and UV detection in absorption maximum 
of calcium dobesilate at 301 nm with mobile phase methanol : water 7 : 3 and flow rate 1.0 
mL min-1 has been developed for determination of calcium dobesilate in pharmaceuticals 
(Zhu  Chen, 2005). Slightly different conditions, mobile phase acetonitrile : water buffer 
pH 2.5 1 : 1, flow rate 1.0 mL min-1 and detection wavelength 290 nm, were used in a 
procedure suitable for simultaneous determination of calcium dobesilate and lidocaine 
hydrochloride, dexamethasone acetate, butylhydroxyanisol and hydroquinone as a 
degradation product of calcium dobesilate in suppositories and an ointment. The retention 
times ranged between 2.4 min for the most hydrophilic calcium dobesilate to 17.1 min for 
the most hydrophilic BHA (Zivanovic et al., 2005). Also recent pharmacopoeias utilize 
reversed phase-high performance liquid chromatography using a spherical end-capped 
ODS column, mobile phase acetonitrile : aqueous buffer solution 1 : 9, flow rate 0.8 mL min-1 
and detection wavelength 220 nm for the test for presence of impurities, namely 
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hydroquinone. calcium dobesilate could have the retention time about 6 min in this system 
(European Pharmacopoeia 7.2, 2011, Czech Pharmacopoeia 2009, 2009). Finally, Rona and 
Ary reported a reversed phase-high performance liquid chromatography procedure suitable 
for determination of calcium dobesilate in human plasma for purposes of bioequivalence 
studies. They used a C16 reverse phase modified with inserted amide moiety. Such phases 
have been recommended as suitable for separation of polar compounds (Sigma-Aldrich, 
2011). The mixture phosphate buffer pH 2.5 : acetonitrile 3 : 1 was used as a mobile phase, 
the detection wavelength was 305 nm (Rona  Ary, 2001). It is interesting that no high 
performance liquid chromatography procedure using electrochemical detection has been 
reported although redox properties of calcium dobesilate offer this possibility of sensitive 
detection. 

2.4 Polymorphism, solvate complexes and co-crystals of calcium dobesilate 

Calcium dobesilate monohydrate is the most common crystalline form of calcium dobesilate 
and is also official in many pharmacopoeias. It is also a subject of a mild misunderstanding 
between some pharmacopoeias and Chemical Abstracts or their electronic version, the data 
base SciFinder, because the Chemical Abstracts Service reference number (CAS RN) 20123-
80-2 is in the pharmacopoeias (European Pharmacopoeia 7.2, 2011, Czech Pharmacopoeia 
2009, 2009) assigned to this monohydrate while in SciFinder to anhydrous calcium 
dobesilate. Calcium dobesilate monohydrate is then referred in SciFinder under CAS RN 
117552-79-1 (SciFinder, 2011). Calcium dobesilate monohydrate has been characterized by 
powder X-ray diffraction spectrum (Lu, 2005) and by two methods of differential thermal 
analysis (DTA); thermogravimetric analysis (TGA) a differential scanning calorimetry 
(DSC). Caproiu and colleagues reported based on DTA that calcium dobesilate 
monohydrate showed dehydration starting at 115°C and ending at 180°C (Caproiu et al., 
1988) while Lu stated the dehydration interval between 134°C and 180°C (Lu, 2005). 
Calcium dobesilate dihydrate, sesquihydrate, i.e. hydrate containing 1.5 mol water per 1 mol 
calcium dobesilate, and non-stoichiometric hydrates containing 5/7, 5/4, 1.6 and 2.6 mol 
water per 1 mol calcium dobesilate respectively have been patented (Huang, 2007). 

Calcium dobesilate has been patented as an active ingredient of its mixed-phase co-
crystaline form. Such co-crystals are based on a theory that the additive(s), which are also 
known as co-crystal formers, are co-crystallized as minor non-stoichiometric components in 
the active agent's crystalline matrix. This co-crystalline phase has then semi-crystalline 
nature and contains a high incidence of crystal defects. Any excess additive that is not co-
crystallized with the active agent forms a separate phase (Additive Phase) apart from the 
active agent, which results in the mixed phase co-crystal composition. The Additive Phase 
and the active agent crystals containing co-crystallized additive can be tightly agglomerated 
forming a mixed phase co-crystal particle. The unique physical properties obtained by this 
process of preparation can include changes in apparent solubility, crystallinity, water 
wetability, dissolution rates, physical powder properties (e.g., bulk density, absolute 
density, refractive index, x-ray diffraction, spectral, flowability, hygroscopicity, adsorption, 
and compaction), bioavailability, apparent permeability, apparent taste, and/or stability 
(Goldman, 2005). Calcium dobesilate is believed to form co-crystals with co-crystal former, 
which has at least one functional group selected from amine, amide, pyridine, imidazole, 
indole, pyrrolidine, carbonyl, carboxyl, hydroxyl, phenol, sulfone, sulfonyl, mercapto and 
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Reversibility of this reaction has been repeatedly demonstrated by cyclic voltammetry with 
various types of electrodes. (Zheng et al., 2007, Zhang  Zhang, 2009, Zhang et al., 2011). 
Such methods have reached very low detection limit for calcium dobesilate up to 4.0 × 10-8 
mol L-1 and have been resistant to interference with other reducing compounds occurring in 
body liquids such as uric acid, serotonin, and ascorbic acid (Hu et al., 2009). That is why 
they have been successfully used not only for identification and assay of calcium dobesilate 
in substance samples and drug formulations (Guangzhi et al., 2009) but also in biological 
samples (Zheng et al., 2007). The influence of bovine serum albumin (BSA) on the 
electrochemical behavior of calcium dobesilate was also investigated. The stoichiometric 
coefficient and the association constant of calcium dobesilate with BSA were obtained by 
this technique in addition to those obtained by UV-spectrophotometry. It was found that the 
peak currents in cyclic voltammetry diagrams decreased and the peak potentials stayed 
almost unchanged in the presence of BSA, indicating that there might exist an interaction 
between calcium dobesilate and BSA (Xu et al., 2009). Oxidation of calcium dobesilate is also 
used for its titrimetric assay by means of cerimetry with potentiometric end-point 
determination required by some pharmacopoeias (European Pharmacopoeia 7.2, 2011, 
Czech Pharmacopoeia 2009, 2009). This method gives more accurate results than 
chelatometric titrimetry using N,N’-ethylenediaminetetraacetic acid (EDTA) for 
complexation of calcium ion of calcium dobesilate (Zhang  Xu, 1999). The activity of 
calcium dobesilate as a reduction agent is also reason of its radical-scavenging activity, 
which plays an important role in its mechanism of action as a drug of diabetic retinopathy 
(see further).  

The chromatographic behaviour of calcium dobesilate is determined by its extremely low 
lipophilicity as it is an ionic salt. Thin-layer chromatography (TLC) on a silica gel normal 
phase was being used for identification of hydroquinone as an impurity in calcium 
dobesilate substance. While hydroquinone migrates in the required mobile phase 
dichloromethane : methyl acetate : ethyl acetate 20 : 30 : 50, calcium dobesilate remains at 
the start (Czech Pharmacopoeia 2002, 2002, Šablatura, 2006). Reversed phase high 
performance liquid chromatography (reversed phase-high performance liquid 
chromatography) methods for identification and content assay of calcium dobesilate namely 
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for pharmacokinetic purposes after its single (Plessas et al., 1986a) and repeated (Plessas et 
al., 1986b) administration were performed using a C18 column. A similar method using a 
Hypersil® octadecylsilyl silica gel (ODS) column and UV detection in absorption maximum 
of calcium dobesilate at 301 nm with mobile phase methanol : water 7 : 3 and flow rate 1.0 
mL min-1 has been developed for determination of calcium dobesilate in pharmaceuticals 
(Zhu  Chen, 2005). Slightly different conditions, mobile phase acetonitrile : water buffer 
pH 2.5 1 : 1, flow rate 1.0 mL min-1 and detection wavelength 290 nm, were used in a 
procedure suitable for simultaneous determination of calcium dobesilate and lidocaine 
hydrochloride, dexamethasone acetate, butylhydroxyanisol and hydroquinone as a 
degradation product of calcium dobesilate in suppositories and an ointment. The retention 
times ranged between 2.4 min for the most hydrophilic calcium dobesilate to 17.1 min for 
the most hydrophilic BHA (Zivanovic et al., 2005). Also recent pharmacopoeias utilize 
reversed phase-high performance liquid chromatography using a spherical end-capped 
ODS column, mobile phase acetonitrile : aqueous buffer solution 1 : 9, flow rate 0.8 mL min-1 
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hydroquinone. calcium dobesilate could have the retention time about 6 min in this system 
(European Pharmacopoeia 7.2, 2011, Czech Pharmacopoeia 2009, 2009). Finally, Rona and 
Ary reported a reversed phase-high performance liquid chromatography procedure suitable 
for determination of calcium dobesilate in human plasma for purposes of bioequivalence 
studies. They used a C16 reverse phase modified with inserted amide moiety. Such phases 
have been recommended as suitable for separation of polar compounds (Sigma-Aldrich, 
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(DSC). Caproiu and colleagues reported based on DTA that calcium dobesilate 
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1988) while Lu stated the dehydration interval between 134°C and 180°C (Lu, 2005). 
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calcium dobesilate, and non-stoichiometric hydrates containing 5/7, 5/4, 1.6 and 2.6 mol 
water per 1 mol calcium dobesilate respectively have been patented (Huang, 2007). 

Calcium dobesilate has been patented as an active ingredient of its mixed-phase co-
crystaline form. Such co-crystals are based on a theory that the additive(s), which are also 
known as co-crystal formers, are co-crystallized as minor non-stoichiometric components in 
the active agent's crystalline matrix. This co-crystalline phase has then semi-crystalline 
nature and contains a high incidence of crystal defects. Any excess additive that is not co-
crystallized with the active agent forms a separate phase (Additive Phase) apart from the 
active agent, which results in the mixed phase co-crystal composition. The Additive Phase 
and the active agent crystals containing co-crystallized additive can be tightly agglomerated 
forming a mixed phase co-crystal particle. The unique physical properties obtained by this 
process of preparation can include changes in apparent solubility, crystallinity, water 
wetability, dissolution rates, physical powder properties (e.g., bulk density, absolute 
density, refractive index, x-ray diffraction, spectral, flowability, hygroscopicity, adsorption, 
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(Goldman, 2005). Calcium dobesilate is believed to form co-crystals with co-crystal former, 
which has at least one functional group selected from amine, amide, pyridine, imidazole, 
indole, pyrrolidine, carbonyl, carboxyl, hydroxyl, phenol, sulfone, sulfonyl, mercapto and 
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methylsulfanyl, such that calcium dobesilate and co-crystal former are capable of co-
crystallizing from a solution phase under crystallization conditions (Almarsson et al., 2011). 
Calcium dobesilate has also been patented as a component of an ionic liquid (Rogers et al., 
2010) that can be used for overcoming of influence polymorphism in drug substances 
(Rogers et al., 2007). calcium dobesilate can also form solvates with propylene glycol, which 
could be more stable than hydrates (Tawa et al, 2010). However, none of these patents 
contains a particular example of processing of calcium dobesilate. 

3. Activities found in In Vitro and animal models 
3.1 Antioxidant and antiradical activity 

Antioxidant or reduction activity of calcium dobesilate is a result of its hydroquinone 
structure. This was mentioned above in section 2.3 in relationship to its analytical behaviour 
(compare Fig. 8) but this type of reactivity has also an important impact to its biological 
activity. The ability of 2,5-dihydroxybenzenesulfonic acid salts to reduce mercurous and 
silver nitrates to metallic mercury and silver respectively was first observed by Seyda 
(Seyda, 1883).  Calcium dobesilate was shown to actively interact with toxic superoxide 
anion radical O2°-.This reactive oxygen species (ROS) was generated either by UV 
irradiation of an aqueous solution of glycyltryptohphan at 280 nm, or by irradiation of a 
mixture of glycyltryptophan with riboflavine with visible light. Thus calcium dobesilate 
showed the activity similar to that of superoxide dismutase (Lozovskaia et al., 1990). This 
result was confirmed in the experiment in which superoxide radicals were generated in the 
system xanthine/xanthine oxidase/ferrous chloride, but potency of calcium dobesilate to 
scavenge superoxide radicals was 23 times less than that of rutin that was used for 
comparison. However, calcium dobesilate was as potent as rutin in scavenging hydroxyl 
radicals generated in vitro via the iron-catalyzed Haber-Weiss reaction from superoxide 
anion (IC50 = 1.1 vs 0.7 M, respectively). In human erythrocytes, calcium dobesilate 
reduced phenazine methosulfate dependent lipid peroxydation, although the effect was 
observed at high concentration (Brunet et al., 1998a). Oral treatment with calcium dobesilate 
significantly protected diabetic rat retina against a free radicals mediated injury induced by 
ischemia/reperfusion. This was observed in an in vivo experiment with streptozotocin-
induced diabetic rats (Szabo et al., 2001). The results of these experiments support the 
hypothesis that the antioxidant properties of calcium dobesilate could play a role in its 
angioprotective properties in vivo. The antioxidant effects of calcium dobesilate were further 
investigated in relation to the oxidative status, apoptosis and in vitro proliferation of human 
peripheral blood mononuclear cells (PBMC) isolated from healthy donors. Calcium 
dobesilate alone did not modify cell growth in vitro until 10 μM. This molecule counteracted 
oxidative damages generated by the high reducing aldose 2-deoxy-D-ribose (dR). PBMC 
incubated with the reducing sugars D(-)-ribose and 2-deoxy-D-ribose (dR) exhibited 
characteristic patterns of apoptosis, such as DNA fragmentation and morphological 
changes, which can be prevented by exogenous antioxidants such as N-acetyl-L-cysteine  
(Barbieri et al., 1994) and/or other agents (Anderson et al., 1994). Calcium dobesilate was 
shown to reduce apoptosis by delaying both membrane permeability changes and DNA 
fragmentation. Calcium dobesilate 10 μM affected in a time-dependent dynamics several 
parameters representative of the cellular oxidative status. In particular, calcium dobesilate 
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significantly increased the activity of glutathione S-transferase (GST) after three days of 
treatment and also, but to a lower extent, the activity of -glutamyltransferase (-GT). Both 
enzymes are known to be involved in the glutathione (GSH) metabolic cycle. This enzymatic 
behaviour was reversed at seven days of treatment, with a significant GST decrease and a -
GT activation. After seven days of calcium dobesilate exposure, the intracellular GSH 
content was enhanced and this resulted in a dramatic decrease in lipid peroxidation, 
underlining the powerful antioxidant properties of calcium dobesilate in human PBMC. 
(Graber et al., 1998). These results indicate that in vitro antioxidant effects of calcium 
dobesilate manifest in vivo by reduced lipid peroxidation and contribute to the prevention of 
apoptosis.  

3.2 Angioprotective action of calcium dobesilate against reactive oxygen species-
induced capillary permeability 

Microvascular permeability seems to be strongly increased by ROS generated in situ. In an in 
vivo experiment in rats, calcium dobesilate administered intraperitoneally (i.p.), 
intravenously (i.v.) and orally (p.o.) significantly reduced microvascular permeabilization 
induced by ROS in the rat peritoneal cavity. ROS were generated again either with the 
system xanthine / xanthine oxidase or with PMS/NADH. Microvascular permeabilization 
was quantified by Evans blue extravasation. The activity of calcium dobesilate was 
comparable to that of rutin (Brunet et al., 1998b). 

3.3 Enhancement of nitric oxide synthase activity in endothelial cells 

The term endothelium-derived relaxing factor  was originally proposed by Robert Furchgott 
for a then unknown factor leading to relaxation of the smooth muscle of large arteries in 
response to acetylcholine. Nitric oxide NO, which is in fact a free radical, was later found to 
be the mediator of this response. Most of NO in the body is synthesized by the endothelial 
isoform of NO synthase (NOS) from its precursor L-arginine (Palmer et al., 1988a), which is 
inhibited by false substrates of NOS, e.g., L-NG-monomethyl arginine (L-NMMA) (Palmer et 
al., 1988b). NOS is a highly regulated protein and the endothelial form (eNOS) is 
predominantly found in endothelial cells. In them, two different isoenzymes can be 
expressed, depending on the activation state of these cells. In resting, non-activated 
endothelial cells a constitutive enzyme (ecNOS) is expressed (Moncada & Higgs, 1993) and 
after challenge with proinflammatory cytokines and/or bacterial endotoxin a cytokine-
inducible enzyme (iNOS) is expressed in addition (Suschek et al., 1993). The constitutive, 
calcium-dependent isoenzyme produces low amounts of NO for short periods of time 
(Palacios et al., 1989). This endothelium-derived NO plays a crucial role in blood pressure 
regulation (Rees et al., 1989), in inhibition of platelet aggregation and platelet adhesion 
(Radomski et al., 1987a, b), and in modulating leukocyte adhesion, an essential step early in 
tissue inflammation (Kubes et al., 1991, Zimmerman et al., 1992). The inducible, cytosolic, 
calcium-independent NO synthase is expressed only after cell activation and releases large 
amounts of NO for longer periods of time that functions as cytotoxic and immune 
regulatory effector molecule (Kröncke et al., 1995). Diabetes-induced vascular function 
abnormalities are besides other biochemical and morphological changes also reflected by 
decreased synthesis of NO (Durante et al., 1988, McVeigh et al., 1992). Magnesium  2,5-
dihydroxybenzenesulfonate or magnesium dobesilate was used instead of calcium 
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methylsulfanyl, such that calcium dobesilate and co-crystal former are capable of co-
crystallizing from a solution phase under crystallization conditions (Almarsson et al., 2011). 
Calcium dobesilate has also been patented as a component of an ionic liquid (Rogers et al., 
2010) that can be used for overcoming of influence polymorphism in drug substances 
(Rogers et al., 2007). calcium dobesilate can also form solvates with propylene glycol, which 
could be more stable than hydrates (Tawa et al, 2010). However, none of these patents 
contains a particular example of processing of calcium dobesilate. 

3. Activities found in In Vitro and animal models 
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peripheral blood mononuclear cells (PBMC) isolated from healthy donors. Calcium 
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(Barbieri et al., 1994) and/or other agents (Anderson et al., 1994). Calcium dobesilate was 
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significantly increased the activity of glutathione S-transferase (GST) after three days of 
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(Graber et al., 1998). These results indicate that in vitro antioxidant effects of calcium 
dobesilate manifest in vivo by reduced lipid peroxidation and contribute to the prevention of 
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predominantly found in endothelial cells. In them, two different isoenzymes can be 
expressed, depending on the activation state of these cells. In resting, non-activated 
endothelial cells a constitutive enzyme (ecNOS) is expressed (Moncada & Higgs, 1993) and 
after challenge with proinflammatory cytokines and/or bacterial endotoxin a cytokine-
inducible enzyme (iNOS) is expressed in addition (Suschek et al., 1993). The constitutive, 
calcium-dependent isoenzyme produces low amounts of NO for short periods of time 
(Palacios et al., 1989). This endothelium-derived NO plays a crucial role in blood pressure 
regulation (Rees et al., 1989), in inhibition of platelet aggregation and platelet adhesion 
(Radomski et al., 1987a, b), and in modulating leukocyte adhesion, an essential step early in 
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calcium-independent NO synthase is expressed only after cell activation and releases large 
amounts of NO for longer periods of time that functions as cytotoxic and immune 
regulatory effector molecule (Kröncke et al., 1995). Diabetes-induced vascular function 
abnormalities are besides other biochemical and morphological changes also reflected by 
decreased synthesis of NO (Durante et al., 1988, McVeigh et al., 1992). Magnesium  2,5-
dihydroxybenzenesulfonate or magnesium dobesilate was used instead of calcium 
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dobesilate in an experiment concerned with investigation of influence of dobesilate on NOS 
activities. The reason of usage of this compound was to eliminate a direct activation of the 
constitutive calcium-dependent NOS by calcium ions. In search for an effect on endothelial 
NO production, macrovascular endothelial cells from rat aorta, microvascular endothelial 
cells from rat exocrine pancreatic tissue, and capillary endothelial cells from rat islets, 
werecultured in the presence or absence of magnesium dobesilate. The activity of ecNOS in 
resident cells as well as of iNOS in cytokine-activated cells was measured indirectly by 
recording the citrulline concentrations in culture supernatants. In each of the different 
endothelial cells magnesium dobesilate incubation (0.25 ± 1 mM) for 24 h led to a significant 
and concentration-dependent increase in ecNOS-activities. With cytokine-activated 
endothelial cell cultures only moderate effects were observed with little or no concentration-
dependency. Addition of the NOS-inhibitor L-NMMA led to a significant suppression of 
citrulline formation in all cultures as an evidence for the enzyme specificity of these effects. 
Both iNOS- and ecNOS-specific reverse transcription and semi-quantitative polymerase 
chain reaction (RT-PCR) with RNA from resident or cytokine-activated endothelial cells 
gave no evidence for an increase in NOS-specific mRNA after MgD-treatment. Furthermore, 
dobesilate-mediated enhancement of NO synthesis in resting endothelial cells was not due 
to iNOS induction in these cells, as no iNOS-specific signal was found by RT-PCR (Suschek 
et al., 1997). Results of these experiments were supported by an additional study in which 
calcium dobesilate was found to enhance the endothelium-dependent relaxation induced by 
acetylcholine in rabbit isolated aorta artery. This effect was clearly endothelium dependent 
because, after the endothelium had been removed, the effect disappeared. The experiments 
were carried out on approximately 2 – 3 wide rings prepared by cutting of the arteries. The 
effect of calcium dobesilate was inhibited when the rings were incubated with increasing 
concentration of another known NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME), 
and this effect was reversed wit L-arginine, the substrate in NO synthesis (Ruiz et al., 1997). 

3.4 Influence of calcium dobesilate on apoptosis in vessel and other tissues 

Since apoptosis is closely linked with oxidation stress some aspects of anti-apoptic effects of 
calcium dobesilate were mentioned above in section 3.1. In a clinical study, the influence of 
calcium dobesilate to apoptosis of varicose veins in comparison with diosmin-hesperidin 
combination was investigated. Patients were treated either with calcium dobesilate or with 
diosmin-hesperidin six weeks prior to the surgical removal of the particular varicose vein. 
Tissue samples obtained from such veins of 56 patients were immunohistochemically 
stained with antibodies of anti-bcl-2 and anti-bax thus aimed at anti-apoptic (bcl-2) and pro-
apoptic (bax) proteins. Significant differences in the presence of bcl-2 protein expression 
between the untreated patient group and the group treated with calcium dobesilate suggest 
that calcium dobesilate could be of benefit in treatment of vascular disorders by down-
regulating apoptosis (Iriz et al., 2008). On the other hand, calcium dobesilate is capable to 
elicit growth arrest of some types of cancer, in particular glioma (Cuevas et al., 2005) and 
basal cell carcinoma (Cuevas  Arrazola, 2005), and induce apoptosis of their cells. 

3.5 Effects of calcium dobesilate on expression of adhesion molecules ICAM-1 and 
VCAM-1 

Diabetes causes metabolic and physiologic abnormalities in the retina, and inflammation 
seems to play a critical role in the development of diabetic retinopathy. Those changes 
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include the upregulation of inducible NOS, cyclooxygenase-2, intercellular adhesion 
molecule-1 (ICAM-1), caspase-1, vascular endothelial growth factor (VEGF), and nuclear 
factor kappa B (NF-κB), which leads to increased production of NO, prostaglandin E2, and 
cytokines (Adamis & Berman, 2008, Kern, 2007). It has also been demonstrated that the 
adhesion of leukocytes to retinal vessels is increased in the retinas of diabetic animals, and 
this increase is correlated with changes in tight junction proteins and increased blood–
retinal barrier (BRB) permeability (Barber et al., 2000, Klaassen et al., 2009). The increase in 
leukostasis is also associated with an increase in the expression of ICAM-1 by retinal 
endothelial cells (Miyamoto et al., 1999). NF-κB regulates the expression of adhesion 
molecules, such as ICAM-1, and NF-κB activation has been correlated with the increase in 
leukostasis and BRB breakdown in diabetic rat retinas (Joussen et al., 2002). In a study on  
streptozotocin-induced diabetic rats, diabetes increased the BRB permeability and retinal 
thickness. These changes were inhibited by Calcium dobesilate treatment. Calcium 
dobesilate also inhibited the increase in leukocyte adhesion to retinal vessels or endothelial 
cells and in ICAM-1 levels, induced by diabetes or elevated glucose. Moreover, CaD 
decreased oxidative stress and p38 mitogen-activated protein kinase (p38 MAPK) and NF-
κB activation caused by diabetes. Thus, calcium dobesilate can prevent the BRB breakdown 
induced by diabetes, by restoring tight junction protein levels and organization and 
decreasing leukocyte adhesion to retinal vessels. The protective effects of calcium dobesilate 
probably involves the inhibition of p38 MAPK and NF-κB activation, possibly through the 
inhibition of oxidative/nitrosative stress (Leal et al., 2011). 

Vascular cell adhesion molecule-1 (VCAM-1) is also an important marker of the 
endothelial function. Similarly to ICAM-1, the concentration of its soluble form (sVCAM-
1) is elevated in diabetes and diabetic retinopathy (Nowak et al., 2008, Clausen et al., 
2000). The influence of calcium dobesilate on the levels of sVCAM-1 and sICAM-1 was 
investigated in a clinical trial in mildly obese male smokers. Endothelial dysfunction in 
these subjects was confirmed by means of increased levels of sVCAM-1, sICAM-1 and 
related parameters, but no effect of calcium dobesilate on levels of cell adhesion molecules 
was observed after 3 months of treatment with  with 1000 mg calcium dobesilate 
dobesilate daily(Schram et al., 2003). 

3.6 Angiogenesis inhibition 

Calcium dobesilate was investigated for its ability to interfere with the process of 
angiogenesis in a mouse gelatine sponge assay using acidic fibroblast growth factor (aFGF) 
as an inducer of neovascularization. According to the reported results, calcium dobesilate 
remarkably reduced vessel ingrowth in aFGF-containing subcutaneous sponges in mice. 
These findings suggest that calcium dobesilate could be an effective agent in the treatment 
of angiogenesis-dependent diseases involving FGFs (Cuevas et al., 2005). This knowledge 
was successfully used in the treatment of erythematotelangiestatic rosacea, which is 
characterized by uncontrolled angiogenesis (Cuevas & Arrazola, 2005). Angiogenesis is, 
however, recently considered to be a main contributor to the pathogenesis of diabetic 
retinopathy (Aiello, 2003,Campochiaro, 2000; Campochiaro and Hackett, 2003). The anti-
angiogenic effect of calcium dobesilate can also be mediated by aminopeptidases inhibition, 
namely by inhibition of aminopeptidase N (Yang et al., 2007). 
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include the upregulation of inducible NOS, cyclooxygenase-2, intercellular adhesion 
molecule-1 (ICAM-1), caspase-1, vascular endothelial growth factor (VEGF), and nuclear 
factor kappa B (NF-κB), which leads to increased production of NO, prostaglandin E2, and 
cytokines (Adamis & Berman, 2008, Kern, 2007). It has also been demonstrated that the 
adhesion of leukocytes to retinal vessels is increased in the retinas of diabetic animals, and 
this increase is correlated with changes in tight junction proteins and increased blood–
retinal barrier (BRB) permeability (Barber et al., 2000, Klaassen et al., 2009). The increase in 
leukostasis is also associated with an increase in the expression of ICAM-1 by retinal 
endothelial cells (Miyamoto et al., 1999). NF-κB regulates the expression of adhesion 
molecules, such as ICAM-1, and NF-κB activation has been correlated with the increase in 
leukostasis and BRB breakdown in diabetic rat retinas (Joussen et al., 2002). In a study on  
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thickness. These changes were inhibited by Calcium dobesilate treatment. Calcium 
dobesilate also inhibited the increase in leukocyte adhesion to retinal vessels or endothelial 
cells and in ICAM-1 levels, induced by diabetes or elevated glucose. Moreover, CaD 
decreased oxidative stress and p38 mitogen-activated protein kinase (p38 MAPK) and NF-
κB activation caused by diabetes. Thus, calcium dobesilate can prevent the BRB breakdown 
induced by diabetes, by restoring tight junction protein levels and organization and 
decreasing leukocyte adhesion to retinal vessels. The protective effects of calcium dobesilate 
probably involves the inhibition of p38 MAPK and NF-κB activation, possibly through the 
inhibition of oxidative/nitrosative stress (Leal et al., 2011). 

Vascular cell adhesion molecule-1 (VCAM-1) is also an important marker of the 
endothelial function. Similarly to ICAM-1, the concentration of its soluble form (sVCAM-
1) is elevated in diabetes and diabetic retinopathy (Nowak et al., 2008, Clausen et al., 
2000). The influence of calcium dobesilate on the levels of sVCAM-1 and sICAM-1 was 
investigated in a clinical trial in mildly obese male smokers. Endothelial dysfunction in 
these subjects was confirmed by means of increased levels of sVCAM-1, sICAM-1 and 
related parameters, but no effect of calcium dobesilate on levels of cell adhesion molecules 
was observed after 3 months of treatment with  with 1000 mg calcium dobesilate 
dobesilate daily(Schram et al., 2003). 

3.6 Angiogenesis inhibition 

Calcium dobesilate was investigated for its ability to interfere with the process of 
angiogenesis in a mouse gelatine sponge assay using acidic fibroblast growth factor (aFGF) 
as an inducer of neovascularization. According to the reported results, calcium dobesilate 
remarkably reduced vessel ingrowth in aFGF-containing subcutaneous sponges in mice. 
These findings suggest that calcium dobesilate could be an effective agent in the treatment 
of angiogenesis-dependent diseases involving FGFs (Cuevas et al., 2005). This knowledge 
was successfully used in the treatment of erythematotelangiestatic rosacea, which is 
characterized by uncontrolled angiogenesis (Cuevas & Arrazola, 2005). Angiogenesis is, 
however, recently considered to be a main contributor to the pathogenesis of diabetic 
retinopathy (Aiello, 2003,Campochiaro, 2000; Campochiaro and Hackett, 2003). The anti-
angiogenic effect of calcium dobesilate can also be mediated by aminopeptidases inhibition, 
namely by inhibition of aminopeptidase N (Yang et al., 2007). 
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3.7 Reduction of retinal albumin leakage by calcium dobesilate 

The action of calcium dobesilate on retinal albumin leakage in streptozotocin-diabetic rats was 
investigated together with relevant in vivo retinal antioxidant and permeability markers, i.e., 
carboxymethyl-lysine-advanced glycation end product (CML-AGE) formation and vascular 
endothelial cell growth factor (VEGF) overexpression. Twenty days after streptozotocin 
administration, diabetic rats were treated for 10 days with calcium dobesilate (100 mg/kg/day 
per os) or vehicle. Retinal albumin leakage, CML-AGE formation, and VEGF overexpression 
were evaluated by immunohistochemistry of frozen eye sections. Diabetic rats exhibited 
dramatic increases in retinal albumin leakage (31% of positive vessels vs. 0.2% in nondiabetic 
rats, CML-AGE retinal occurrence (40±3% vs. undetectable positive vessels), and retinal VEGF 
protein expression (14.6±1.1 vs. 3.5±0.5 VEGF-positive spots/field). Calcium dobesilate 
significantly reduced retinal albumin leakage (by 70%), retinal CML-AGEs contents (by 62%), 
and retinal VEGF expression (by 69.4%). In conclusion, calcium dobesilate orally given to 
diabetic rats markedly reduced retinal hyperpermeability, CML-AGE contents, and VEGF 
overexpression. These results strongly suggest that calcium dobesilate stabilizes blood–retinal 
barrier in diabetic retinopathy (Rota et al., 2004). 

3.8 Influence of calcium dobesilate on platelets and blood viscosity 

Platelet-active drugs are in general of potential benefit in the prevention of diabetic 
microangiopathy. Calcium dobesilate was shown to reduce aggregation and the release 
reaction induced by thrombin and collagen in rabbit platelets (Michal  Gotti, 1988). 
Calcium dobesilate also increased platelet cAMP concentrations in vitro and ex vivo probably 
through activation of adenylate cyclase (Michal and Gotti, 1988). In addition, this drug 
reduced platelet electrophoretic mobility (Heidrich et al., 1983), and it inhibited, in a time- 
and concentration-dependent manner, platelet-activating factor (PAF) production by the 
EA926 endothelial cell line stimulated by thrombin (Bussolino et al., 1986). The effects of 
PAF on the microvasculature bed of glomerular or pulmonary microcirculation suggest that 
PAF might play a role in microcirculation disease. The rheological properties of blood in 
diabetes mellitus have received increasing attention since Skovborg and colleagues 
demonstrated elevation of whole-blood viscosity in diabetics (Skovborg et al., 1966). In 
particular, evidence has accumulated that abnormal blood viscosity plays a role in the 
pathogenesis of diabetic retinopathy. Increased blood viscosity in diabetes mellitus has been 
attributed to changes in plasma protein composition (Barnes et al., 1977, Hoare et al., 1976, 
Hudomel et al., 1977,  Skovborg et al., 1966); and to increased aggregation of red blood cells 
(McMillan, 1976). The mechanism by which hyperviscosity contributes to the deterioration 
of the microcirculation in the retina and other organs in diabetics is that, by increasing the 
resistance to blood flow, it causes blood stasis, especially in the capillaries and postcapillary 
venules, which are the sites where the very early lesions of diabetes microangiopathy 
characteristically appear. In some studies, calcium dobesilate has been demonstrated to 
decrease hyperviscosity in blood (Barras  Graf, 1980, Vojnikovic, 1991), perhaps through a 
fibrinogen-lowering effect (Barras  Graf, 1980, Vinnazzer  Hachen, 1987). 

3.9 Influence of calcium dobesilate on plasma levels of endothelin 

Endothelin-1 (ET-1) was discovered by Yanagisawa and colleagues in 1988 (Yanagisava et 
al., 1988) in the supernatant of aortic endothelial cells. ET-1 is a potentand prolonged 
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vasoconstrictor and mitogenic endothelium derived peptide, and has been considered as a 
marker for endothelial damage and potential contributor to the developmentof the 
atherogenic process. Increased circulating ET-1 levels was found in patients with 
atherosclerosis, as well as in patients with Type 2 diabetes mellitus suggesting arole in the 
pathogenesis of these disorders (Ak et al., 2001). Plasma ET-1 plays also an important role in 
the whole patho-physiological process of diabetic retinopathy. Its plasma concentrations 
correlate to the severity of the disease, measures of their plasma concentrations can help to 
predict the severity of the disease. They also enable to distinguish between proliferative and 
non-proliferative diabetic retinopathy (Cao et al., 2009). In a clinical study, the plasma ET-1 
concentrations were determined in 45 diabetes mellitus patients. The changes of ET-1 in 20 
diabetic retinopathy patients before and after treatment with calcium dobesilate and 30 
normal controls were observed. The level of plasma endothelin was higher in diabetes 
mellitus patients than that of the controls, which was even higher in diabetic retinopathy. 
After treatment with calcium dobesilate, the plasma ET-1 level decreased significantly 
(Zhong  Guo, 1997). 

4. Pharmacokinetics and metabolism of calcium dobesilate 
Studies on the metabolism and pharmacokinetics of calcium dobesilate were  carried out by 
Benakis and colleagues (Benakis et al., 1974). They reported the results of blood levels of 
calcium dobesilate labeled with 35S isotope, protein binding and urinary excretion in 
humans. The studies in humans were performed by the administration of the drug p.o. or i.v. 
After i.v. medication, 500 mg, the maximum value is obtained 5 min after administration 
and is about 65 mg/ml. This value of dicreases rapidly, the plasma half-life being 1 hr. After 
administration by the oral route, 500 mg in a capsule, the maximum value was obtained at 
the 6th hour after medication and is about 8mg/ml, and a plateau was obtained between the 
3rd and the 10th hour. Levels decreased slowly and were undetectable 24 hours after 
administration. Intestinal absorption was 15% per hour during the first 7 hours and then 
decreased to 5% per hour. More than 80% of the drug is absorbed in the first 8 hours. The 
drug is 20–25% protein bound. The specific affinity of the drug to aggregated and 
nonaggregated platelets has been demonstrated. Calcium dobesilate does not cross the 
blood-brain barrier. Urinary elimination in the first 24 hours reaches 75% after i.v. 
medication and 50% after oral medication. 

5. Clinical findings and usage of calcium dobesilate in prevention and 
treatment of diabetic retinopathy 

5.1 Results of clinical studies 

While the results of various in vitro experiments suggest that calcium dobesilate would have 
to be effective in the treatment of diabetic retinopathy, the results of clinical trials are 
ambiguous. One of the first clinical studies was a double-blind, randomized trial, which 
lasted for 2 years. The authors investigated the efficacy of calcium dobesilate on diabetic 
retinopathy in 51 patients, 17 were on placebo. The statistical analysis of the results 
indicated that calcium dobesilate acts as a potent angioprotector, capable of preventing both 
intra. and extraretinal hemorrhages. The drug also lowered the incidence of exudate 
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3.7 Reduction of retinal albumin leakage by calcium dobesilate 
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(McMillan, 1976). The mechanism by which hyperviscosity contributes to the deterioration 
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resistance to blood flow, it causes blood stasis, especially in the capillaries and postcapillary 
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3.9 Influence of calcium dobesilate on plasma levels of endothelin 

Endothelin-1 (ET-1) was discovered by Yanagisawa and colleagues in 1988 (Yanagisava et 
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vasoconstrictor and mitogenic endothelium derived peptide, and has been considered as a 
marker for endothelial damage and potential contributor to the developmentof the 
atherogenic process. Increased circulating ET-1 levels was found in patients with 
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diabetic retinopathy patients before and after treatment with calcium dobesilate and 30 
normal controls were observed. The level of plasma endothelin was higher in diabetes 
mellitus patients than that of the controls, which was even higher in diabetic retinopathy. 
After treatment with calcium dobesilate, the plasma ET-1 level decreased significantly 
(Zhong  Guo, 1997). 

4. Pharmacokinetics and metabolism of calcium dobesilate 
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and is about 65 mg/ml. This value of dicreases rapidly, the plasma half-life being 1 hr. After 
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drug is 20–25% protein bound. The specific affinity of the drug to aggregated and 
nonaggregated platelets has been demonstrated. Calcium dobesilate does not cross the 
blood-brain barrier. Urinary elimination in the first 24 hours reaches 75% after i.v. 
medication and 50% after oral medication. 

5. Clinical findings and usage of calcium dobesilate in prevention and 
treatment of diabetic retinopathy 

5.1 Results of clinical studies 

While the results of various in vitro experiments suggest that calcium dobesilate would have 
to be effective in the treatment of diabetic retinopathy, the results of clinical trials are 
ambiguous. One of the first clinical studies was a double-blind, randomized trial, which 
lasted for 2 years. The authors investigated the efficacy of calcium dobesilate on diabetic 
retinopathy in 51 patients, 17 were on placebo. The statistical analysis of the results 
indicated that calcium dobesilate acts as a potent angioprotector, capable of preventing both 
intra. and extraretinal hemorrhages. The drug also lowered the incidence of exudate 
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formation and improved visual acuity (Salama Benarroch et al., 1977). A double-blind cross-
over clinical trial performed on 18 diabetics, the results of which were published in the same 
year, investigated the effect of calcium dobesilate on capillary resistance and background 
retinopathy in comparison with placebo. Each treatment lasted 8 months. The study gave no 
evidence of a significant beneficial effect of calcium dobesilate on the capillary resistance in 
diabetics or on the course of the diabetic retinopathy (Larsen et al., 1977). The additional two 
independent, double-blind, controlled studies were performed to evaluate the efficacy of 
calcium dobesilate for the treatment of nonproliferative diabetic retinopathy. In the first 
suty, forty-two patients underwent a six-month crossover evaluation while receiving 
calcium dobesilate (750 mg per day) and placebo in random order. In the second ome, 
thirty-six patients received calcium dobesilate (1,000 mg per day) or placebo for one year. 
Evaluation by clinical examination, fluorescein angiography, angiography, and fundus 
photography failed to demonstrate any beneficial effect of calcium dobesilate (Stamper et 
al., 1978).  On the other hand, the study with 50 patients who had diabetic retinopathy open-
angle glaucoma, raised intraocular pressure, and hyperviscosity of whole blood, plasma, 
and aqueous humor and received 1,500 mg of calcium dobesilate daily for 3 months or 
pacebo exhibited the significant improvement of the state of the retina, the visual acuity, the 
intraocular pressure and the 3 viscosity values in the calcium dobesilate group (Vojnikovic, 
1984). In a retrospective controlled study, 54 patients with diabetic retinopathy received 
calcium dobesilate (mean 650 mg/day) for 6-30 months (mean 18 months) and were 
compared to a correspondingly selected control group. The patients were divided into three 
subgroups (mild, moderate, and severe diabetic retinopathy). Microaneurysms, blot 
hemorrhages, striate hemorrhages, and hard exudates were assessed semiquantitatively 
from panorama fundus photographs, using a scoring system. The effect of calcium 
dobesilate was statistically significant for cases with moderate diabetic retinopathy on 
summing up the scores of the various retinal lesions. No effect on diabetic maculopathy or 
visual acuity was observed (Adank & Koerner,  1985). A more recent study, however, 
carried out in 197 patients, showed that 2 g of calcium dobesilate daily for 2 years had 
exhibited a significantly better activity than placebo on prevention of BRB disruption, 
independently of diabetes control. Tolerance was very good (Ribeiro et al., 2006). One of the 
most recent studies was concerned with the infuence of calcium dobesilate on development 
of clinically significant macular oedema (CSME) within a follow-up period of 5 years. It was 
performed on 635 patients from 40 centers in 11 countries. They were treated with 1500 mg 
of calcium dobesilate per day in three divided doses of 500 mg or with placebo for period up 
to 5 years. Unfortunately, this trial showed that calcium dobesilate did not reduce the risk of 
development of CSME (Haritoglou et al., 2009). 

6. Safety and important adverse effects of calcium dobesilate 
Adverse events with calcium dobesilate do not occur very frequently and have the following 
distribution in terms of frequency: fever (26%), gastrointestinal disorders (12.5%), skin 
reactions (8.2%), arthralgia (4.3%), and agranulocytosis (4.3%). No deaths have been 
attributed to calcium dobesilate. Most adverse events are rare and unrelated to the 
pharmacological properties of calcium dobesilate. (Allain et al., 2004). Agranulocytosis, 
which was first reported in 1992 (Kulessa et al., 1992), is probably the most serious adverse 
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effect of calcium dobesilate. The estimated prevalence of agranulocytosis is 0.32 
cases/million treated patients, i.e. ten times less than the calculated prevalence of 
agranulocytosis in the general population (Allain et al., 2004). Moreover, there is no case 
report that would attribute agranulocytosis clearly to calcium dobesilate during a simple 
treatment of diabetic retinopathy. 

7. Dosage and aplication forms of calcium dobesilate 
Calcium dobesilate is predominantly administered p.o. in uncoated tablets. Initial dosage in 
early stages of microangiopathies, namely diabetic retinopathy, is 250 mg calcium dobesilate 
three times a day (three tablets per day). After 2-3 weeks it is possible to decrease dosage to 
the keeping level 250-500 mg calcium dobesilate per day. Diminished performance of liver 
or kideys has no impact to dosage of calcium dobesilate (Medicinal products database of the 
State institute for Drug Control, 2011). 

7.1 Intraocular preparations of calcium dobesilate 

Except of usually administerd oral tablets, some topic preparations of calcium dobesilate 
have also been reported. Ocular preparations for a local treatment of diabetic retinopathy 
and related disorders like glaucoma are the matter of the patent application of Velpandian 
(Velpandian, 2006). The simpliest eye solution, which is the Composition I of the Example 1 
of this patent, contain 1 % weight-volume (w/v) calcium dobesilate, 0.76 % w/v sodium 
chloride for isotonisation and 0.1 % w/v sodium metabisulfite as an antioxidant. The 
Composition II is similar but contains only 0.70 % w/v sodium chloride and furtherly 0.4 % 
w/v hydroxypropylmethylcellulose as an viscosity-increasing agent. The Compositions III a 
IV are water insoluble and water soluble eye oitments respectively. The micronized form of 
calcium dobesilate in concentration 1 % w/v is used for preparation of both. The vehicle for 
water insoluble oitment is the white petrolatum mixed with a mineral oil, for the water 
soluble one it is a mixture of polyethylene glycols. Both oitments contain suitable 
antimicrobial preservatives in concentration 0.01 % w/v and 0.001 % w/v respectively. The 
composition V is a controlled-release gel based on a suitable gel-forming polymer and 
contain also 1 % w/v calcium dobesilate. 

8. Conclusion  
Calcium dobesilate is one of the oldest drugs used in the treatment of diabetic retinopathy. 
The first reports concerning its usage appeared in the late 1960th (Sevin & Cuendet, 1969a, 
b). Its mechanisms of action have been gradually elucidated. Many of them are related to its 
reactivity as a reducing agent. Now it is known that they include lowering of reactive 
oxygen species-induced capillary permeability, enhancement of nitric oxide synthase 
activity in endothelial cells, influence of calcium dobesilate on apoptosis in vessel and other 
tissues, effects of calcium dobesilate on expression of cellular adhesion molecules, 
angiogenesis inhibition, reduction of retinal albumin leakage, influence of calcium 
dobesilate on platelets and blood viscosity, influence of calcium dobesilate on plasma levels 
of endothelin and others. Despite certain doubts of its efficiency originating from results of 
some clinical trials calcium dobesilate still remains the only angioprotective agent that 
reduces the progression of diabetic retinopathy (Garay et al., 2005).  
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1. Introduction 
The role sex hormones play in the etiologies of human proliferative diseases such as 
cancers of the breast and the male and female gonads have long been described (Beatson 
1896; Lacassagne 1936; Love and Philips 2002). Lacassagne in 1937 suggested that “a 
therapeutic antagonist to the congestion of oestrone in the breast should be found to 
prevent breast cancer” (Lacassagne 1936). Finally, in 1962 Jenson et al. suggested an assay 
to detect the presence of estrogen receptor (ER) and suggested it be used to determine 
which breast cancers were susceptible to estrogen (Jensen 1962). Other human pathologies 
such as cardiovascular and autoimmune disease have also been linked to sex hormones 
(Ansar Ahmed et al. 1985; Mendelsohn and Karas 2005). Even though sex hormone 
receptors have been identified in the eye, the role that sex hormones play in the 
development of eye disease, such as that occurring with diabetes, is less described (Gupta 
et al. 2005). In this chapter, we hope to enlighten the reader about the presence of sex 
hormone receptors in various eye tissues, present how sex hormones are involved in the 
mechanisms that control the development of proliferative diabetic retinopathy and offer 
insight into areas where modulation of these mechanisms could be controlled by blockers 
of sex hormone receptors. 

2. Epidemiology 
2.1 Sex differences in the prevalence of retinopathy noted in epidemiological  
studies 

The role of gender as a contributing factor in diabetic retinopathy has long been debated. 
Numerous and seemingly contradictory studies have shown either a male predisposition, a 
female predisposition, or no significant difference between the sexes in development or 
progression of diabetic retinopathy.  
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2.1 Sex differences in the prevalence of retinopathy noted in epidemiological  
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The role of gender as a contributing factor in diabetic retinopathy has long been debated. 
Numerous and seemingly contradictory studies have shown either a male predisposition, a 
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Earlier population studies such as the Wisconsin Epidemiological Study of Diabetic 
Retinopathy (WESDR) were done with predominantly white cohorts (Klein et al. 2008; Klein et 
al. 2010). The 25 year results of this WESDR showed that being male was an independent risk 
factor for the progression of diabetic retinopathy, although not a risk factor for the 
development of proliferative diabetic retinopathy or for visual impairment due to diabetes 
(Klein et al. 2010). However, many other studies show no correlation between gender and 
either severity or progression of diabetic retinopathy (Janka et al. 1989; Klein et al. 1994; Lloyd 
et al. 1995). The possibility that ethnicity or race played a role in gender differences in diabetic 
retinopathy was evaluated. The Los Angeles Latino Eye Study showed that in Latinos with 
type 2 diabetes, males were more likely to develop diabetic retinopathy (Varma et al. 2007). A 
study in India also demonstrated increased risk of diabetic retinopathy for men who develop 
diabetes over the age of forty (Raman et al. 2011). However, other studies in various ethnic 
groups show no gender differences. No gender difference was reported in proliferative 
diabetic retinopathy in Pima Indians (Nelson et al. 1989). Comparing Mexican-Americans in 
San Antonio to non-hispanic whites in Wisconsin found no gender differences in either group 
(Haffner et al. 1988). Another study in India found no male predisposition to diabetic 
retinopathy (Namperumalsamy et al. 2009). Studies of Pacific Islanders have found no gender 
predisposition in prevalence or progression of diabetic retinopathy (Smith et al. 2007; Tapp et 
al. 2006). Asians in China and Singapore also demonstrated no gender differences in 
prevalence of diabetic retinopathy (Wang et al. 2009; Wong et al. 2008).  A multi-ethnic study 
in the United States did not indicate an increased risk for males for retinopathy in white, black, 
Hispanic or Chinese cohorts (Wong et al. 2006). The Early Treatment of Diabetic Retinopathy 
Study (ETDRS) trial found increased risk for women to have progression of diabetic 
retinopathy, but this occurred only in one subgroup (Davis et al. 1998). All other subgroups 
showed no gender differences in progression of retinopathy or development of proliferative 
retinopathy, and therefore the differences in that subgroup were thought to be spurious. 

This disparity of results indicates that there probably are other confounding factors that 
have not been considered in these studies. Variations in human leukocyte antigen (HLA) 
haplotypes may affect risk for diabetes and diabetic retinopathy (Rand et al. 1985). 
Unaccounted disparity in HLA expression between groups in studies may lead to apparent 
differences that are not actually present. The fact that most studies that do show an effect 
indicate a greater risk in men may indicate there is variable expression of a factor present in 
men, such as androgenic hormones, that may have accounted for the increased risk of 
progression of diabetic retinopathy.  

2.2 Puberty 

While the levels of sex hormones increase during puberty, it is important to remember that 
the levels of growth hormones and secondary growth factors also increase during puberty. 
In fact Merimee reported a clinical observation that diabetic dwarfs exhibit little retinopathy 
(Merimee 1990). Another interesting clinical observation reported by Bell in a case study of 
agonadal (without ovaries) female twins demonstrated a lack of retinopathy after a long 
duration of very poorly controlled diabetes (A1c’s as high as 15.6%) (Bell 1995).  When 
trying to determine how puberty affects the prevalence of retinopathy, one must consider 
the endocrinological environment of an individual: 1) pre-puberty, 2) during puberty, and 3) 
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after puberty. The search to determine the effect of the attainment of puberty on the 
development of retinopathy has evolved, but is not without controversy.  

There has been much discussion on the presence of a pre-pubertal “grace period” from the 
development of retinopathy. One obvious consideration is that patients past puberty have 
had the disease longer. Some studies have suggested that puberty does not offer protection 
against the development of retinopathy, but that the infrequency of occurrence is related to 
the short duration of the disease during pre-pubescence (Constable et al. 1984; Knuiman et 
al. 1986; Porta et al. 2004; Szabo et al. 1967). Porta et al., in a retrospective analysis of 628 
patients with diabetes and an onset of <29 years, found that retinopathy (determination of 
pubertal age was not available) may take longer to develop in patients who develop 
diabetes before puberty, but that after 20 years duration the prevalence of retinopathy is no 
longer influenced by the age of onset (Porta et al. 2004). In a previous prospective work, 
Porta et al. report that onset of diabetes before puberty could be an additional risk factor to 
the development of proliferative retinopathy (Porta et al. 2001). 

Knowles et al. (1965) and Murphy et al. (1990) proposed there was a constant interval from 
the time of the adolescent growth spurt to the development of retinopathy and the years 
before this growth spurt were not an important consideration in the development of 
retinopathy. Further, Klein et al. (1985) found in a southern Wisconsin population-based 
study that the presence of retinopathy was more strongly associated with the duration of a 
patient’s diabetes after the age of 13 than before it. Kostraba et al. also supported this 
conclusion, stating the “post-pubertal duration of IDDM may be a more accurate 
determinant of the development of microvascular complications and diabetes-related 
mortality than total duration” (Kostraba et al. 1989). Kernell et al. found “that children are at 
low risk before the age of 13 and before puberty” (Kernell et al. 1997). Using the Tanner 
scale of sexual maturity, Murphy et al., found no difference in the prevalence of retinopathy, 
considering pubertal status, in children with diabetes of less than 5 years duration, but did 
find post-pubescent youth with diabetes of 5 to 10 years duration were more likely to have 
retinopathy than prepubescent youth with the same duration of diabetes. They also found a 
higher rate of retinopathy in post-pubescent youth than prepubescent youth in the group of 
subjects with duration of diabetes greater than 10 years, but the numbers in the group of 
prepubescent youth were too small for statistical comparison. They determined that post-
pubescent youth were 4.8X more likely to have retinopathy than prepubescent or pubescent 
youth when comparing subjects of the same age and duration of diabetes (Murphy et al. 
1990). Many other studies reveal a protective effect of the pre-pubertal period for the 
development of retinopathy (Krolewski et al. 1986; Olsen et al. 2004; Svensson et al. 2004). 
Olsen et al. found in a Danish nationwide prospective study in patients followed for 8 years 
that, while the contribution of the pre-pubertal duration of type 1 diabetes does contribute 
to the development of retinopathy, it contributes only half as much as the post-pubertal 
period of time. (Olsen et al. 2004).  

2.3 Pregnancy 

The devastating effects of diabetic retinopathy during pregnancy have been well 
documented. Despite tight glycemic control, diabetic retinopathy presents a major problem 
during child bearing years. In the United States 10% of all pregnancies have complications 
as a result of diabetes mellitus (Vargas et al. 2010). Previously the prognosis for pregnancy 
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in women who have diabetes with microvascular disease was so poor that many physicians 
advised such patients to avoid or even terminate their pregnancies (Moloney and Drury 
1982). Numerous articles have documented the acceleration of diabetic retinopathy during 
pregnancy, the pathogenesis of which still remains unclear (Klein et al. 1990; The Diabetes 
Control and Complications Trial Group 1993).  

A myriad of physiologic events occur during pregnancy. Some studies show that the ability 
of the retina to autoregulate its blood flow is impaired (Ernest et al. 1983; Grunwald et al. 
1984; Grunwald et al. 1995; Rassam et al. 1995). Other changes include hormonal, metabolic, 
immunologic, as well as differences in cardiovascular and hematologic systems (Chen et al. 
1994; Rosenn et al. 1992; Schocket et al. 1999). After the first 3-4 weeks of a normal human 
pregnancy large quantities of estrogens are produced nearly exclusively by the placenta 
from dehydroepiandrosterone sulfate (DHEA). In the placenta it is desulfurylated, 
converted to androstenedione, aromatized to estrone and converted to 17-β estradiol (E2) 
before entering circulation. At full term half of the estradiol precursors are from the fetal 
circulation and half from the maternal. In addition, progesterone is formed in large amounts 
in the placenta from steroid precursors. Near full term this amount consumes what would 
be an equivalent of 1/4 to 1/3 of the daily low density lipoprotein (LDL) turnover of non-
pregnant adults (Wilson et al. 1998). In fact, the extreme elevation of estrogen and 
progesterone is the greatest of the pregnancy associated endocrine alterations (Jovanovic-
Peterson and Peterson 1991). Sone et al. found that while E2 levels at physiological 
concentrations did not increase VEGF concentrations in a human endometrial 
adenocarcinoma cell line, progesterone (P4) at physiological concentrations did significantly 
raise VEGF levels in bovine retinal pigment epithelial cells (Sone et al. 1996). Furthermore, 
Larinkari et al. have demonstrated that those pregnant patients with progressive 
retinopathy had progesterone and estradiol at the upper limits of the normal pregnancy 
ranges (Larinkari et al. 1982; Sone et al. 1996). Suzuma et al. found that E2 at normal 
physiological levels for pregnancy increased VEGFR-2 levels (Suzuma et al. 1999). 
Advanced glycation end-products (AGE) accumulate at an increased rate in hyperglycemia 
and have been implicated in the development of diabetic retinopathy. Tanaka et al. using 
human vascular endothelial cells found that the AGE receptor (RAGE) increases with 
exposure to E2 at normal pregnancy physiological levels and that this increase was blocked 
with the selective estrogen receptor modulator (SERM) tamoxifen (Tanaka et al. 2000).  

3. Levels of testosterone, estrogen and progesterone 
Testosterone is formed from its precursor androstenedione and to a lesser extent from 
DHEA. In males, testosterone is produced mainly by Leydig cells of the testes. Testosterone 
can be converted by peripheral tissues to the more active dihydrotestosterone (DHT) by the 
enzyme 5α-reductase or it can be converted into estradiol (E2) by an “A” ring aromatase. In 
males, the conversion of testosterone to E2 by aromatase achieves masculinization of brain 
neurons (Wu et al. 2009). In the female ovary, testosterone secreted by thecal cells of the 
follicles is aromatized by granulosa cells into estradiol. 

In males testosterone levels reach ≈250 ng/L by the second trimester of gestation. 2-3 
months after birth, the levels fall to 50ng/L and remain low until puberty (age 12-17), when 
they rise to adult levels of 500-750ng/L.  Levels of testosterone decline slowly after middle 
age, but inadequate testosterone levels can be augmented by hormone replacement therapy 
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(Wilson et al. 1998). In females, testosterone levels are normally low: 30-50 ng/L throughout 
life (Forest 1975). Serum testosterone is converted into inactive metabolites by the liver. 

Levels of E2 are low in girls (1.6-2.6 pg/mL) but even lower in boys (0.4 to 1.1 pg/mL 
(Janfaza et al. 2006). During puberty (age 8-13) estrogen rises to adult levels and varies 
during the menstrual cycle.  Estradiol shows a pre-ovulatory peak (190pg/ml) by day 14 of 
the cycle and peaks broadly (≈100pg/mL) during the luteal phase from days 18-25 (Levin 
and Hammes 2011; Thorneycroft et al. 1971). Progesterone is low except for a broad peak at 
10 ng/mL during the luteal phase of the menstrual cycle. After menopause, E2 falls, 
reaching levels similar to those found in adult males (8-40 pg/mL) (Lee et al. 2006). Estrogen 
replacement can be used to ameliorate the side effects of low estradiol. Contraception 
employs small doses of an ethinylestradiol and progesterone, but studies have shown no 
relationship between current and past use of contraceptives and diabetic retinopathy (Klein 
et al. 1990).  

4. Known sex hormone effects on vessel walls 
4.1 General concepts 

The role sex hormones play in the maintenance of the blood vessel walls has been an area of 
great interest recently. While much work has been done to elucidate the role of estrogen, the 
role of androgens has heretofore not received as much attention and consequently is not as 
well understood (Kaushik et al. 2010; Vitale et al. 2010). DHT has a higher affinity for AR 
and is converted from testosterone in target cells (Imperato-McGinley and Canovatchel 
1992). Androgen receptors (AR) have been identified in vascular endothelial cells, vascular 
smooth muscle cells (VSM), macrophages and monocytes (Villablanca et al. 2010). Estradiol 
alone has little effect on the production of androgen receptor (Wynne and Khalil 2003). The 
concentration of AR is less in females than males and it appears to be regulated by a 
combination of estradiol and testosterone (Villablanca et al. 2010).  

There are two estrogen receptors, ERα and ERβ, with overlapping distribution in body 
tissues. Each sub-type has several variants (Orshal and Khalil 2004). ERα and ERβ have been 
identified in the vasculature in endothelial cells, VSM, macrophages and monocytes 
(Villablanca et al. 2010).  ERα is thought to promote protective effects to vascular injury. ERβ 
is believed to be the dominant form in VSM, especially in women (Mendelsohn 2002).  

The two subtypes of progesterone receptor (PR), progesterone receptor A (PRA) and 
progesterone receptor B (PRB), have been found in vascular endothelial cells, VSM and 
macrophages (Thompson and Khalil 2003; Vazquez et al. 1999; Villablanca et al. 2010). The 
PRB subtype seems to have a role in gene transcription and cell proliferation of VSM (Pieber 
et al. 2001). 

Sex hormones have gender-specific effects on cardiovascular risk factors such as lipid 
metabolism, obesity (central weight gain, i.e. android) and glucose metabolism possibly 
explaining the differences in cardiovascular disease (CVD) risk between men and women 
(Carani et al. 1997; Fonseca 2009; Liu et al. 2002; Vitale et al. 2010). All of these risk factors, 
along with blood pressure, are also risk factors of retinopathy and as such are another link 
between sex hormones and the development and progression of retinopathy (Cunha-Vaz 
2011).  
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in women who have diabetes with microvascular disease was so poor that many physicians 
advised such patients to avoid or even terminate their pregnancies (Moloney and Drury 
1982). Numerous articles have documented the acceleration of diabetic retinopathy during 
pregnancy, the pathogenesis of which still remains unclear (Klein et al. 1990; The Diabetes 
Control and Complications Trial Group 1993).  

A myriad of physiologic events occur during pregnancy. Some studies show that the ability 
of the retina to autoregulate its blood flow is impaired (Ernest et al. 1983; Grunwald et al. 
1984; Grunwald et al. 1995; Rassam et al. 1995). Other changes include hormonal, metabolic, 
immunologic, as well as differences in cardiovascular and hematologic systems (Chen et al. 
1994; Rosenn et al. 1992; Schocket et al. 1999). After the first 3-4 weeks of a normal human 
pregnancy large quantities of estrogens are produced nearly exclusively by the placenta 
from dehydroepiandrosterone sulfate (DHEA). In the placenta it is desulfurylated, 
converted to androstenedione, aromatized to estrone and converted to 17-β estradiol (E2) 
before entering circulation. At full term half of the estradiol precursors are from the fetal 
circulation and half from the maternal. In addition, progesterone is formed in large amounts 
in the placenta from steroid precursors. Near full term this amount consumes what would 
be an equivalent of 1/4 to 1/3 of the daily low density lipoprotein (LDL) turnover of non-
pregnant adults (Wilson et al. 1998). In fact, the extreme elevation of estrogen and 
progesterone is the greatest of the pregnancy associated endocrine alterations (Jovanovic-
Peterson and Peterson 1991). Sone et al. found that while E2 levels at physiological 
concentrations did not increase VEGF concentrations in a human endometrial 
adenocarcinoma cell line, progesterone (P4) at physiological concentrations did significantly 
raise VEGF levels in bovine retinal pigment epithelial cells (Sone et al. 1996). Furthermore, 
Larinkari et al. have demonstrated that those pregnant patients with progressive 
retinopathy had progesterone and estradiol at the upper limits of the normal pregnancy 
ranges (Larinkari et al. 1982; Sone et al. 1996). Suzuma et al. found that E2 at normal 
physiological levels for pregnancy increased VEGFR-2 levels (Suzuma et al. 1999). 
Advanced glycation end-products (AGE) accumulate at an increased rate in hyperglycemia 
and have been implicated in the development of diabetic retinopathy. Tanaka et al. using 
human vascular endothelial cells found that the AGE receptor (RAGE) increases with 
exposure to E2 at normal pregnancy physiological levels and that this increase was blocked 
with the selective estrogen receptor modulator (SERM) tamoxifen (Tanaka et al. 2000).  

3. Levels of testosterone, estrogen and progesterone 
Testosterone is formed from its precursor androstenedione and to a lesser extent from 
DHEA. In males, testosterone is produced mainly by Leydig cells of the testes. Testosterone 
can be converted by peripheral tissues to the more active dihydrotestosterone (DHT) by the 
enzyme 5α-reductase or it can be converted into estradiol (E2) by an “A” ring aromatase. In 
males, the conversion of testosterone to E2 by aromatase achieves masculinization of brain 
neurons (Wu et al. 2009). In the female ovary, testosterone secreted by thecal cells of the 
follicles is aromatized by granulosa cells into estradiol. 

In males testosterone levels reach ≈250 ng/L by the second trimester of gestation. 2-3 
months after birth, the levels fall to 50ng/L and remain low until puberty (age 12-17), when 
they rise to adult levels of 500-750ng/L.  Levels of testosterone decline slowly after middle 
age, but inadequate testosterone levels can be augmented by hormone replacement therapy 
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(Wilson et al. 1998). In females, testosterone levels are normally low: 30-50 ng/L throughout 
life (Forest 1975). Serum testosterone is converted into inactive metabolites by the liver. 

Levels of E2 are low in girls (1.6-2.6 pg/mL) but even lower in boys (0.4 to 1.1 pg/mL 
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the cycle and peaks broadly (≈100pg/mL) during the luteal phase from days 18-25 (Levin 
and Hammes 2011; Thorneycroft et al. 1971). Progesterone is low except for a broad peak at 
10 ng/mL during the luteal phase of the menstrual cycle. After menopause, E2 falls, 
reaching levels similar to those found in adult males (8-40 pg/mL) (Lee et al. 2006). Estrogen 
replacement can be used to ameliorate the side effects of low estradiol. Contraception 
employs small doses of an ethinylestradiol and progesterone, but studies have shown no 
relationship between current and past use of contraceptives and diabetic retinopathy (Klein 
et al. 1990).  

4. Known sex hormone effects on vessel walls 
4.1 General concepts 

The role sex hormones play in the maintenance of the blood vessel walls has been an area of 
great interest recently. While much work has been done to elucidate the role of estrogen, the 
role of androgens has heretofore not received as much attention and consequently is not as 
well understood (Kaushik et al. 2010; Vitale et al. 2010). DHT has a higher affinity for AR 
and is converted from testosterone in target cells (Imperato-McGinley and Canovatchel 
1992). Androgen receptors (AR) have been identified in vascular endothelial cells, vascular 
smooth muscle cells (VSM), macrophages and monocytes (Villablanca et al. 2010). Estradiol 
alone has little effect on the production of androgen receptor (Wynne and Khalil 2003). The 
concentration of AR is less in females than males and it appears to be regulated by a 
combination of estradiol and testosterone (Villablanca et al. 2010).  

There are two estrogen receptors, ERα and ERβ, with overlapping distribution in body 
tissues. Each sub-type has several variants (Orshal and Khalil 2004). ERα and ERβ have been 
identified in the vasculature in endothelial cells, VSM, macrophages and monocytes 
(Villablanca et al. 2010).  ERα is thought to promote protective effects to vascular injury. ERβ 
is believed to be the dominant form in VSM, especially in women (Mendelsohn 2002).  

The two subtypes of progesterone receptor (PR), progesterone receptor A (PRA) and 
progesterone receptor B (PRB), have been found in vascular endothelial cells, VSM and 
macrophages (Thompson and Khalil 2003; Vazquez et al. 1999; Villablanca et al. 2010). The 
PRB subtype seems to have a role in gene transcription and cell proliferation of VSM (Pieber 
et al. 2001). 

Sex hormones have gender-specific effects on cardiovascular risk factors such as lipid 
metabolism, obesity (central weight gain, i.e. android) and glucose metabolism possibly 
explaining the differences in cardiovascular disease (CVD) risk between men and women 
(Carani et al. 1997; Fonseca 2009; Liu et al. 2002; Vitale et al. 2010). All of these risk factors, 
along with blood pressure, are also risk factors of retinopathy and as such are another link 
between sex hormones and the development and progression of retinopathy (Cunha-Vaz 
2011).  
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4.2 Vascular tone 

For some time a correlation between blood pressure and progression of retinopathy has 
been noted in epidemiologic studies demonstrating that lower blood pressures result in less 
diabetic retinopathy. This has now been confirmed by large randomized studies 
(Epidemiology of Diabetes Interventions and Complications (DCCT/EDIC) Study Research 
Group 2005; The Diabetes Control and Complications Trial Group 1993; UK Prospective 
Diabetes Study Group 1998). It is well established that adolescent and premenopausal 
women have lower blood pressures than age matched males and that blood pressure in 
women rises after menopause. Systolic and diastolic blood pressures in men less than 60 
years old are higher than in women by 6-7 and 3-5 mmHg (Dubey et al. 2002). Also blood 
pressure in women can be affected by the menstrual cycle, pregnancy and supplementation 
of estrogens (Mendelsohn and Karas 2005). While ERα and ERβ both mediate important 
effects on blood vessels animal studies indicate that ERβ controlled genes are the ones 
involved in arterial tone and blood pressure control (Vitale et al. 2010). 

One way in which sex hormones interact with the walls of blood vessels is in the way they 
control vascular tone. Nitric oxide (NO) is a dilator and relaxant of blood vessels acting 
through its effects on VSM. It is produced by vessel endothelial cells in a reaction catalyzed by 
endothelial nitric oxide synthase (eNOS) requiring O2 and NADPH where arginine is oxidized 
to citrulline, releasing NO (Berg et al. 2007). NO then diffuses from endothelial cells to VSM 
where it can activate guanylcyclase, producing cyclic GMP from GTP and triggering events 
leading to vessel dilation. Estrogen in both genomic and a non-genomic pathways can lead to 
the production of eNOS thus increasing production of NO. Furthermore, arterial endothelial 
NO release is greater in females than males (Orshal and Khalil 2004).  

Less is known about the effects of androgens on blood pressure than are known about the 
effects of estrogens on blood pressure. (Dubey et al. 2002). Generally it has been found that 
androgen levels are inversely related to blood pressure (Kaushik et al. 2010). The Rotterdam 
population-based prospective study found an association toward higher blood pressure in 
the lower androgenic group, but this did not reach the predetermined level of significance in 
their study (Hak et al. 2002). The effect in vitro of testosterone on VSM is toward 
vasodilation and is mediated through the nitric oxide (NO) pathway (Kaushik et al. 2010). 
However, testosterone has also been linked to pro-hypertensive effects. In male 
spontaneously hypertensive rats testosterone has been found to increase the activity of 
tyrosine hydroxylase, the rate limiting enzyme in norepinephrine synthesis (Dubey et al. 
2002). Furthermore, testosterone has been linked to increased expression of artery 
thromboxane A2 resulting in enhanced coronary constriction (Dubey et al. 2002). In murine 
models hypertension has been prevented by orchidectomy. This normalization of blood 
pressure is reversed by supplementation of testosterone. These effects seem to be generated 
through AR since the AR blocker flutamide has been shown to eliminate the blood pressure 
difference between male and female mice (Kaushik et al. 2010).  

Other research has looked at how the control of the renin-angiotension system is influenced 
by sex hormones. It has been proposed that testosterone may activate the renin-angiotension 
system and that E2 inhibits renin release and angiotension converting enzyme (ACE) 
(Orshal and Khalil 2004). The fact that there are no gender differences in the effectiveness of 
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ACE inhibitors when they are used to treat hypertension may mean that this male/female 
difference is insignificant (Kaushik et al. 2010). Normal physiological levels of E2 can result 
in increased cyclooxygenase (COX-1) expression with resulting prostacyclin synthesis in 
sheep fetal pulmonary artery and human umbilical vein endothelial cells (HUVEC). 
Prostacyclin synthesis is linked to vascular relaxation. Although several mechanisms have 
been proposed, COX inhibitors such as nonsteroidal anti-inflammatory drugs (NSAIDs) 
have been linked to increased blood pressure (Orshal and Khalil 2004; Qi et al. 2002).  

The effects of progesterone on vascular activity are not clear. In some tissues it has no effect 
while in others it can lead to vascular relaxation. The vasodilator effect of progesterone may 
be related to non-genomic relaxant effects (Orshal and Khalil 2004). 

4.3 Lipids 

Brown et al. found a “marked accumulation” of retinal exudate in patients with high 
triglyceride levels (Brown et al. 1984). Dodson and Gibson in a study on patients with type 2 
diabetes found that hypercholesterolemia was a risk factor in the development of diabetic 
maculopathy (Dodson and Gibson 1991). In epidemiological studies Chew et al., and Klein 
et al. found that increased blood lipid levels are associated with diabetic retinopathy in that 
subjects with elevated lipids had a greater risk of developing high-risk PDR and a greater 
risk of vision loss from DME (Chew et al. 1996; Klein et al. 1991). Chowdhury et al. conclude 
that a toxic effect of LDL on pericytes could be enhanced by LDL glycation or oxidation 
(Chowdhury et al. 2002).  

Although there has been some variation in study conclusions, epidemiological and 
observational studies have generally concluded that low endogenous testosterone levels in 
men are associated with lipid profiles consisting of decreased high-density lipoprotein 
(HDL) cholesterol levels and increased total cholesterol, triglycerides and LDL levels 
compared to normal or higher levels. This is referred to as Hypoandrogen Metabolic 
Syndrome (HAM) and often accompanies the metabolic syndrome of central obesity and 
insulin resistance (Kaushik et al. 2010). Multiple studies have reached a similar conclusion 
and found that men with higher levels of testosterone generally have better lipid profiles 
including high HDLs and lower triglycerides (Kaushik et al. 2010). Supplementation of 
testosterone in hypoandrogenesis is generally considered to decrease HDLs and only 
modestly affect LDLs (Mendelsohn and Karas 2005). Lower testosterone levels in men have 
also been linked to central adiposity, insulin resistance, hyperinsulinemia and type 2 
diabetes (Webb and Collins 2010). Testosterone, acting through the adipocyte androgen 
receptors, increases expression of β-adrenergic receptor, protein kinase A, and lipase (Wu 
and von Eckardstein 2003).  

The actions of estrogens on the blood lipid levels of women have been studied for many years. 
Lipid levels are affected by the action of endogenous sex steroid hormones and hormone 
replacement therapy (HRT) on liver lipoprotein metabolism. In an analysis of several studies 
Mumford et al. found that total cholesterol and LDL levels were highest during the follicular 
phase of the menstrual cycle and were lower during the luteal phase. They found HDLs to be 
higher during the follicular and peri-ovulatory phases. In a meta-analysis of sex steroid use by 
transsexual individuals, Elamin et al. found a reduction in HDL in female to male patients 
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4.2 Vascular tone 

For some time a correlation between blood pressure and progression of retinopathy has 
been noted in epidemiologic studies demonstrating that lower blood pressures result in less 
diabetic retinopathy. This has now been confirmed by large randomized studies 
(Epidemiology of Diabetes Interventions and Complications (DCCT/EDIC) Study Research 
Group 2005; The Diabetes Control and Complications Trial Group 1993; UK Prospective 
Diabetes Study Group 1998). It is well established that adolescent and premenopausal 
women have lower blood pressures than age matched males and that blood pressure in 
women rises after menopause. Systolic and diastolic blood pressures in men less than 60 
years old are higher than in women by 6-7 and 3-5 mmHg (Dubey et al. 2002). Also blood 
pressure in women can be affected by the menstrual cycle, pregnancy and supplementation 
of estrogens (Mendelsohn and Karas 2005). While ERα and ERβ both mediate important 
effects on blood vessels animal studies indicate that ERβ controlled genes are the ones 
involved in arterial tone and blood pressure control (Vitale et al. 2010). 

One way in which sex hormones interact with the walls of blood vessels is in the way they 
control vascular tone. Nitric oxide (NO) is a dilator and relaxant of blood vessels acting 
through its effects on VSM. It is produced by vessel endothelial cells in a reaction catalyzed by 
endothelial nitric oxide synthase (eNOS) requiring O2 and NADPH where arginine is oxidized 
to citrulline, releasing NO (Berg et al. 2007). NO then diffuses from endothelial cells to VSM 
where it can activate guanylcyclase, producing cyclic GMP from GTP and triggering events 
leading to vessel dilation. Estrogen in both genomic and a non-genomic pathways can lead to 
the production of eNOS thus increasing production of NO. Furthermore, arterial endothelial 
NO release is greater in females than males (Orshal and Khalil 2004).  

Less is known about the effects of androgens on blood pressure than are known about the 
effects of estrogens on blood pressure. (Dubey et al. 2002). Generally it has been found that 
androgen levels are inversely related to blood pressure (Kaushik et al. 2010). The Rotterdam 
population-based prospective study found an association toward higher blood pressure in 
the lower androgenic group, but this did not reach the predetermined level of significance in 
their study (Hak et al. 2002). The effect in vitro of testosterone on VSM is toward 
vasodilation and is mediated through the nitric oxide (NO) pathway (Kaushik et al. 2010). 
However, testosterone has also been linked to pro-hypertensive effects. In male 
spontaneously hypertensive rats testosterone has been found to increase the activity of 
tyrosine hydroxylase, the rate limiting enzyme in norepinephrine synthesis (Dubey et al. 
2002). Furthermore, testosterone has been linked to increased expression of artery 
thromboxane A2 resulting in enhanced coronary constriction (Dubey et al. 2002). In murine 
models hypertension has been prevented by orchidectomy. This normalization of blood 
pressure is reversed by supplementation of testosterone. These effects seem to be generated 
through AR since the AR blocker flutamide has been shown to eliminate the blood pressure 
difference between male and female mice (Kaushik et al. 2010).  

Other research has looked at how the control of the renin-angiotension system is influenced 
by sex hormones. It has been proposed that testosterone may activate the renin-angiotension 
system and that E2 inhibits renin release and angiotension converting enzyme (ACE) 
(Orshal and Khalil 2004). The fact that there are no gender differences in the effectiveness of 
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ACE inhibitors when they are used to treat hypertension may mean that this male/female 
difference is insignificant (Kaushik et al. 2010). Normal physiological levels of E2 can result 
in increased cyclooxygenase (COX-1) expression with resulting prostacyclin synthesis in 
sheep fetal pulmonary artery and human umbilical vein endothelial cells (HUVEC). 
Prostacyclin synthesis is linked to vascular relaxation. Although several mechanisms have 
been proposed, COX inhibitors such as nonsteroidal anti-inflammatory drugs (NSAIDs) 
have been linked to increased blood pressure (Orshal and Khalil 2004; Qi et al. 2002).  

The effects of progesterone on vascular activity are not clear. In some tissues it has no effect 
while in others it can lead to vascular relaxation. The vasodilator effect of progesterone may 
be related to non-genomic relaxant effects (Orshal and Khalil 2004). 

4.3 Lipids 

Brown et al. found a “marked accumulation” of retinal exudate in patients with high 
triglyceride levels (Brown et al. 1984). Dodson and Gibson in a study on patients with type 2 
diabetes found that hypercholesterolemia was a risk factor in the development of diabetic 
maculopathy (Dodson and Gibson 1991). In epidemiological studies Chew et al., and Klein 
et al. found that increased blood lipid levels are associated with diabetic retinopathy in that 
subjects with elevated lipids had a greater risk of developing high-risk PDR and a greater 
risk of vision loss from DME (Chew et al. 1996; Klein et al. 1991). Chowdhury et al. conclude 
that a toxic effect of LDL on pericytes could be enhanced by LDL glycation or oxidation 
(Chowdhury et al. 2002).  

Although there has been some variation in study conclusions, epidemiological and 
observational studies have generally concluded that low endogenous testosterone levels in 
men are associated with lipid profiles consisting of decreased high-density lipoprotein 
(HDL) cholesterol levels and increased total cholesterol, triglycerides and LDL levels 
compared to normal or higher levels. This is referred to as Hypoandrogen Metabolic 
Syndrome (HAM) and often accompanies the metabolic syndrome of central obesity and 
insulin resistance (Kaushik et al. 2010). Multiple studies have reached a similar conclusion 
and found that men with higher levels of testosterone generally have better lipid profiles 
including high HDLs and lower triglycerides (Kaushik et al. 2010). Supplementation of 
testosterone in hypoandrogenesis is generally considered to decrease HDLs and only 
modestly affect LDLs (Mendelsohn and Karas 2005). Lower testosterone levels in men have 
also been linked to central adiposity, insulin resistance, hyperinsulinemia and type 2 
diabetes (Webb and Collins 2010). Testosterone, acting through the adipocyte androgen 
receptors, increases expression of β-adrenergic receptor, protein kinase A, and lipase (Wu 
and von Eckardstein 2003).  

The actions of estrogens on the blood lipid levels of women have been studied for many years. 
Lipid levels are affected by the action of endogenous sex steroid hormones and hormone 
replacement therapy (HRT) on liver lipoprotein metabolism. In an analysis of several studies 
Mumford et al. found that total cholesterol and LDL levels were highest during the follicular 
phase of the menstrual cycle and were lower during the luteal phase. They found HDLs to be 
higher during the follicular and peri-ovulatory phases. In a meta-analysis of sex steroid use by 
transsexual individuals, Elamin et al. found a reduction in HDL in female to male patients 
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receiving androgens and an increase in HDLs in male to female patients receiving estrogens. 
They found triglyceride levels increased in both female to male patients receiving androgens 
and male to female patients receiving estrogens (Elamin et al. 2010).  

After menopause it has been found that LDLs and triglyceride levels rise and HDL levels 
decrease. HRT appears to positively affect lipid levels by lowering total cholesterol, LDLs 
and raising HDLs, but negatively affects lipid levels by raising triglycerides (Mendelsohn 
and Karas 2005). Some controversy has arisen over the delivery method of HRT. Nanda et 
al. found that HRT transdermal therapy (estrogen 50 µg/day) had the advantage of 
lowering triglyceride levels as opposed to oral (conjugated equine estrogens 0.625mg/day) 
(Nanda et al. 2003). The Women’s Health Initiative (WHI) trial and the Heart and 
Estrogen/Progestin Replacement Study (HERS) found that a favorable lipid profile 
developed using exogenous estrogens, but also found using estrogen with progestin was 
associated with elevated levels of CVD. Progesterone is believed to either have a neutral 
effect on lipids or to negatively affect estrogen’s positive effects (Hulley et al. 1998; 
Mumford et al. 2011; Rossouw et al. 2002).  

5. Sex hormone effects on specific components in the vessel wall 
The events leading to the retinal damage associated with hyperglycemia such as the 
breakdown of the blood retinal barrier, vessel basement membrane thickening, formation of 
microaneursyms, hemorrhages, cotton-wool spots, capillary obliteration and acellular 
capillaries can be traced to the damage occurring to micro-vessel endothelial cells, pericytes 
and their surrounding basement membrane. It has been noted that these sequelae develop 
as a result of the early loss of capillary endothelial cells and pericytes in the retina (Cunha-
Vaz 2011). 

5.1 Endothelium 

The initial recruitment of leukocytes into vasculature during the development of 
retinopathy involves a process referred to as rolling - the initial slowing and loose 
attachment of leukocytes to the vascular endothelium. This attachment is transient and 
reversible and its essential function is to slow down the leukocytes as they travel through 
the vessel lumen. The leukocyte integrins VLA-4, α4β7-integrin, Mac-1 and LFA-1 are the 
principle attachment proteins of leukocytes whose corresponding ligands on endothelial 
cells are ICAM and VCAM-1.  Rolling may be followed by activation of the leukocyte, 
adhesion to the endothelial cell and subsequent transendothelial migration through the 
vessel luminal layer of endothelial cells. While macrophages play positive roles in tissue 
repair they may contribute to diabetic retinopathy as chronic mediators of inflammation 
(Duh 2009). It is believed that leukocyte recruitment increases under certain conditions such 
as atherosclerosis, hypercholesteremia and diabetes (Hammes and Porta 2010). Elevated 
expression of ICAM-1 has been shown in the blood vessels of diabetic patients and animals 
and soluble VCAM-1 has been detected in the serum of persons with type 1 diabetes 
(Hammes and Porta 2010; Miyamoto et al. 1999). The results of increased cell adhesion of 
leukocytes to retinal capillary endothelial cells can be correlated with leukostasis, capillary 
occlusion, blood-retinal barrier disruption, increased retinal edema, endothelial cell injury 
and death (Hammes and Porta 2010). 
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McCrohon et al. using a co-culture of monocytes and HUVEC found that dihydrotesterone 
(DHT) increases the level of VCAM-1 in HUVEC and that this results in an increase of 
adhesion of these cells to monocytes. This effect was blocked by the AR blocker 
hydroxyflutamide (McCrohon et al. 1999). In a similar experiment, Death et al. found that 
DHT increased expression of VCAM-1 in male human endothelial cells through a 
mechanism involving NF-κB that was blocked by hydroxyflutamide (Death et al. 2004). 
Others have shown DHT and testosterone can inhibit VCAM-1 and ICAM-1, but Mukherjee 
et al. demonstrated that VCAM-1 inhibition in HUVECs can be reversed by an aromatase 
inhibitor, demonstrating that the apparent VCAM-1 inhibition by testosterone was caused 
by the aromatase conversion of testosterone to estrogen (Mukherjee et al. 2002; Villablanca 
et al. 2010). 

As one might expect, estrogen inhibits the expression of ICAM-1 and VCAM-1 in the 
vascular endothelium during inflammation (Cid et al. 1994; Simoncini et al. 1999; 
Villablanca et al. 2010). Interestingly this inhibition was blocked by the ER antagonist ICI 
182,780, but the selective estrogen receptor modulator (SERM) tamoxifen had no inhibitory 
effects (Simoncini et al. 1999). It is believed VCAM-1 inhibition occurs through ERβ. While 
progesterone at supra-physiological levels inhibits expression of VCAM-1, another 
progestin, medroxyprogesterone acetate (MPA) does not. When tested with HUVECs at 
normal physiological concentrations progesterone has no effect on ICAM-1 or VCAM-1 
expression. When estrogen and progesterone are used concurrently progesterone increases 
the estrogen inhibition of ICAM-1 and VCAM-1 in human iliac artery at supra-physiological 
levels (Villablanca et al. 2010).  

Proliferation of endothelial cells can be viewed as a positive or negative factor. It can be 
positive as a vessel repair mechanism, or negative as in tube vessel formation such as occurs 
in proliferative diabetic retinopathy or rheumatoid arthritis. In conditions such as 
atherosclerosis and diabetic retinopathy an intact endothelium is important due to its role in 
providing “an antithrombotic and anticoagulant surface” (Vazquez et al. 1999). Gender 
differences have been found to exist with endothelial cell proliferation. Liu et al. found 
testosterone, when used at nanomolar concentrations, increased the proliferation of male rat 
vascular endothelial cells (VEC), but had no effect on the proliferation of female VEC. 
Nanomolar E2 increased the increased proliferation of both male and female VEC. Vazquez 
found that progesterone had an inhibitory effect on endothelial cell proliferation acting 
through PR in WT mice (Vazquez et al. 1999). Espinosa-Heidmann studied 9 month old 
female mice (middle aged) with either: 1) a sham operation, 2) an ovariectomy with empty 
pellets, or 3) an ovariectomy with an E2 pellet. After choroidal thermal burns they found 
that female ovariectomized mice with E2 supplementation had a larger area of 
neovascularization compared to either sham operated female mice, ovariectomized female 
mice, or male mice implanted with an estrogen pellet. They hypothesized that the E2 “in the 
absence of other ovarian hormones, paradoxically increased the severity of choroidal 
neovascularization (CNV) in middle aged female mice” (Espinosa-Heidmann et al. 2005). 
Tanemura et al., using the fact that pre-menopausal women are more susceptible to 
choroidal neovascularization than men, found greater neovascularization using laser-
induced photocoagulation in female rats than in male rats. They found that E2 and 
photocoagulation increased the expression of ERβ and VEGFR-2 and found no change in the 
expression of ERα mRNA at any time after photocoagulation. Using a culture of HUVEC to 
measure cell proliferation of transfected endothelial cells they found a significant increase in 
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receiving androgens and an increase in HDLs in male to female patients receiving estrogens. 
They found triglyceride levels increased in both female to male patients receiving androgens 
and male to female patients receiving estrogens (Elamin et al. 2010).  

After menopause it has been found that LDLs and triglyceride levels rise and HDL levels 
decrease. HRT appears to positively affect lipid levels by lowering total cholesterol, LDLs 
and raising HDLs, but negatively affects lipid levels by raising triglycerides (Mendelsohn 
and Karas 2005). Some controversy has arisen over the delivery method of HRT. Nanda et 
al. found that HRT transdermal therapy (estrogen 50 µg/day) had the advantage of 
lowering triglyceride levels as opposed to oral (conjugated equine estrogens 0.625mg/day) 
(Nanda et al. 2003). The Women’s Health Initiative (WHI) trial and the Heart and 
Estrogen/Progestin Replacement Study (HERS) found that a favorable lipid profile 
developed using exogenous estrogens, but also found using estrogen with progestin was 
associated with elevated levels of CVD. Progesterone is believed to either have a neutral 
effect on lipids or to negatively affect estrogen’s positive effects (Hulley et al. 1998; 
Mumford et al. 2011; Rossouw et al. 2002).  

5. Sex hormone effects on specific components in the vessel wall 
The events leading to the retinal damage associated with hyperglycemia such as the 
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Vaz 2011). 
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The initial recruitment of leukocytes into vasculature during the development of 
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expression of ICAM-1 has been shown in the blood vessels of diabetic patients and animals 
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McCrohon et al. using a co-culture of monocytes and HUVEC found that dihydrotesterone 
(DHT) increases the level of VCAM-1 in HUVEC and that this results in an increase of 
adhesion of these cells to monocytes. This effect was blocked by the AR blocker 
hydroxyflutamide (McCrohon et al. 1999). In a similar experiment, Death et al. found that 
DHT increased expression of VCAM-1 in male human endothelial cells through a 
mechanism involving NF-κB that was blocked by hydroxyflutamide (Death et al. 2004). 
Others have shown DHT and testosterone can inhibit VCAM-1 and ICAM-1, but Mukherjee 
et al. demonstrated that VCAM-1 inhibition in HUVECs can be reversed by an aromatase 
inhibitor, demonstrating that the apparent VCAM-1 inhibition by testosterone was caused 
by the aromatase conversion of testosterone to estrogen (Mukherjee et al. 2002; Villablanca 
et al. 2010). 

As one might expect, estrogen inhibits the expression of ICAM-1 and VCAM-1 in the 
vascular endothelium during inflammation (Cid et al. 1994; Simoncini et al. 1999; 
Villablanca et al. 2010). Interestingly this inhibition was blocked by the ER antagonist ICI 
182,780, but the selective estrogen receptor modulator (SERM) tamoxifen had no inhibitory 
effects (Simoncini et al. 1999). It is believed VCAM-1 inhibition occurs through ERβ. While 
progesterone at supra-physiological levels inhibits expression of VCAM-1, another 
progestin, medroxyprogesterone acetate (MPA) does not. When tested with HUVECs at 
normal physiological concentrations progesterone has no effect on ICAM-1 or VCAM-1 
expression. When estrogen and progesterone are used concurrently progesterone increases 
the estrogen inhibition of ICAM-1 and VCAM-1 in human iliac artery at supra-physiological 
levels (Villablanca et al. 2010).  

Proliferation of endothelial cells can be viewed as a positive or negative factor. It can be 
positive as a vessel repair mechanism, or negative as in tube vessel formation such as occurs 
in proliferative diabetic retinopathy or rheumatoid arthritis. In conditions such as 
atherosclerosis and diabetic retinopathy an intact endothelium is important due to its role in 
providing “an antithrombotic and anticoagulant surface” (Vazquez et al. 1999). Gender 
differences have been found to exist with endothelial cell proliferation. Liu et al. found 
testosterone, when used at nanomolar concentrations, increased the proliferation of male rat 
vascular endothelial cells (VEC), but had no effect on the proliferation of female VEC. 
Nanomolar E2 increased the increased proliferation of both male and female VEC. Vazquez 
found that progesterone had an inhibitory effect on endothelial cell proliferation acting 
through PR in WT mice (Vazquez et al. 1999). Espinosa-Heidmann studied 9 month old 
female mice (middle aged) with either: 1) a sham operation, 2) an ovariectomy with empty 
pellets, or 3) an ovariectomy with an E2 pellet. After choroidal thermal burns they found 
that female ovariectomized mice with E2 supplementation had a larger area of 
neovascularization compared to either sham operated female mice, ovariectomized female 
mice, or male mice implanted with an estrogen pellet. They hypothesized that the E2 “in the 
absence of other ovarian hormones, paradoxically increased the severity of choroidal 
neovascularization (CNV) in middle aged female mice” (Espinosa-Heidmann et al. 2005). 
Tanemura et al., using the fact that pre-menopausal women are more susceptible to 
choroidal neovascularization than men, found greater neovascularization using laser-
induced photocoagulation in female rats than in male rats. They found that E2 and 
photocoagulation increased the expression of ERβ and VEGFR-2 and found no change in the 
expression of ERα mRNA at any time after photocoagulation. Using a culture of HUVEC to 
measure cell proliferation of transfected endothelial cells they found a significant increase in 
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cell number in those overexpressing ERβ, but no change in cell number in cells 
overexpressing ERα (Tanemura et al. 2004). 

5.2 Basement membrane 

New blood vessel growth is complex involving breakdown of a vessel wall, endothelial cell 
migration, proliferation, tube formation and formation of a new basement membrane 
(Folkman 1995). Extracellular matrix proteins work as a scaffold whereby cell migration, 
proliferation and capillary formation can occur. Basic fibroblast growth factor (FGF-2) is a 
potent extracellular cytokine which functions in these stages of neovascularization. FGF-2 is 
unique in that it lacks a sequence to allow its release from then endothelial cell where it is 
manufactured. Albuquerque et al. found that FGF-2 release into the cell media is enhanced 
when estrogen is present in a cell culture of human coronary artery endothelial cells and 
that this enhancement can be blocked by the ER blocker ICI 182,780. Furthermore, they 
found this enhancement was inhibited by inhibition of protein kinase C, indicating that 
estrogen does not necessarily result directly in the production of more FGF-2, but that it may 
function with cell matrix proteins to enhance the release of FGF-2 (Albuquerque et al. 1998). 
Extracellular matrix proteases which are regulated post-translationally also play an 
important role in basement membrane remodeling. As an example, tPA and uPA are 
plasminogen activators which are inhibited by the plasminogen activator inhibitor (PAI-1). 
When endothelial cells are quiescent, such as when they are confluent, estrogen functions to 
increase PAI-1 production and reduces production of tPA and uPA, decreasing protease 
activity. When cells are activated such as in angiogenesis, estrogen decreases PAI-1 
production and consequently increases tPA and uPA production thus accelerating protease 
activity (Rubanyi and Kauffman 1998). 

5.3 Pericytes 

Pericytes are derived from the same pluripotent mural precursor cells as vascular smooth 
muscle cells (Hammes and Porta 2010). They appear to play a role in supporting the 
microcirculation against hydrostatic pressure and also function to sustain vessel stability 
through physical and chemical signaling with vessel endothelial cells (Hall 2006). It is 
believed pericyte loss is the first damage occurring with hyperglycemia (Hammes 2005; 
Vidro et al. 2008). Brignardello et al. using bovine retinal capillary pericytes found that 
DHEA, a precursor to both testosterone and estrogen, reduced pericyte loss resulting from 
high glucose as a result of its antioxidant properties. They report that this effect was not 
produced through either AR or ER (Brignardello et al. 1998). In a study of rabbits fed a high-
fat diet, which has been known to increase oxidative stress, Aragno et al. found that DHEA 
restored the rabbits oxidative balance. This supports Brignardello’s hypothesis that the 
protective cellular effect of DHEA is through its antioxidant properties (Aragno et al. 2009). 
Nanomolar concentrations of DHT and E2 had no effect on pericyte loss as a result of high 
glucose (Brignardello et al. 1998). 

6. Hormone receptors in the retina 
Sex hormones and sex hormone receptors are present in the retina from an early stage. 
Many areas of the brain and retina develop in a sexually dimorphic manner during prenatal, 

 
The Role of Sex Hormones in Diabetic Retinopathy 

 

341 

perinatal and postnatal development. Salyer et al. using Long-Evans rats found that 
prenatally and early postnatally in normal rats males had thicker retinas than females. This 
increased thickness was reduced using flutamide, an androgen inhibitor, but not 
significantly so compared to normal males or testosterone-treated males, indicating that the 
process was not entirely mediated through AR. Females at this life-stage had undetectable 
testosterone levels, but when these females were treated with testosterone their retinal 
thickness did not differ significantly from normal or testosterone-treated males. To help rule 
out the conversion of testosterone to estrogen Salyer et al. using immunocytochemistry 
found no aromatase present in the neuroretina at this stage of development, but they did 
find quantities of it in the retinal pigment epithelium (RPE) (Salyer et al. 2001). Interestingly, 
Kobayashi et al. found evidence of 17β-hydroxysteroid dehydrogenase type IV in the RPE of 
chick embryo eye. 17β-hydroxysteroid dehydrogenase type IV is an enzyme which converts 
E2 to less reactive estrone (Kobayashi et al. 1997). It has been proposed its function is to 
protect the embryonic eye against excessive amounts of E2 (Gupta et al. 2005). Messenger 
RNAs of AR have been found in adult rat retina and uvea, rabbit retina and choroid and 
human RPE (Rocha et al. 2000; Wickham et al. 2000). In addition, Rocha et al. found the 
mRNA for 5α reductase, which translates the enzyme which converts testosterone to the 
more active DHT in the RPE (Rocha et al. 2000). Prabhu et al. found AR protein in all layers 
of rat retina except the ganglion and outer nuclear layers (Prabhu et al. 2010). However, in 
an interesting comparison of transformed rat cell lines from brain capillary endothelial cells 
and retinal capillary endothelial cells, Ohtsuki et al. found dominant expression of AR in the 
brain capillary cells, but not the retinal capillary cells. DHT acting through AR, in brain 
capillary endothelial cells (but not the retinal capillary endothelial cells), up-regulated the 
mRNA for organic anion transporter 3 (OAT3) a protein which is found in blood brain 
barrier (Ohtsuki et al. 2005). 

ERs are nuclear receptors but may be also be located either in the cytoplasm or in the cell 
plasma membrane (Marquez and Pietras 2001; Simoncini et al. 2000). As discussed, ER has 
been found in the vascular endothelium of organs other than the gonads including the retina 
(Gupta et al. 2005; Ogueta et al. 1999; Suzuma et al. 1999). The ligand for either ER or ER can 
be a form of estrogen or a selective estrogen receptor modulator (SERM). ER has been 
mapped to the long arm of chromosome 6 and the ER has been mapped to band q22-24 of 
chromosome 14 (Enmark and Gustafsson 1999). ERα and ERβ are highly conserved with >95% 
homology for the DNA-binding domain. The two ERs differ functionally in how they are 
regulated. The -receptor lacks ligand–independent transcriptional activity as compared to 
ERα, meaning when the ligand-dependent carboxy area of ERβ is blocked from its ligand, it 
retains very little activity (Manni and Verderame 2002).  

The ligand-independent area of ERα usually displays only weak activity; however in certain 
cell types it can exhibit strong independent activity (Berry et al. 1990). A pre-requisite for 
transcriptional activity of the estrogen receptors are their compatibilities with certain co-
activators (Shibata et al. 1997); thus, differences in the composition of the highly variable 
(Enmark and Gustafsson 1999) amino area of ER and ER results in differences in intrinsic 
activity related to differences in affinity for their co-activators (Webb et al. 1998). It should 
also be noted there is significant variability between ER and ER in their ligand-binding 
domains, ≈50% variability(Enmark and Gustafsson 1999). These differences suggest it may 
be possible to create pharmaceuticals which could activate one but not the other.  
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cell number in those overexpressing ERβ, but no change in cell number in cells 
overexpressing ERα (Tanemura et al. 2004). 
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manufactured. Albuquerque et al. found that FGF-2 release into the cell media is enhanced 
when estrogen is present in a cell culture of human coronary artery endothelial cells and 
that this enhancement can be blocked by the ER blocker ICI 182,780. Furthermore, they 
found this enhancement was inhibited by inhibition of protein kinase C, indicating that 
estrogen does not necessarily result directly in the production of more FGF-2, but that it may 
function with cell matrix proteins to enhance the release of FGF-2 (Albuquerque et al. 1998). 
Extracellular matrix proteases which are regulated post-translationally also play an 
important role in basement membrane remodeling. As an example, tPA and uPA are 
plasminogen activators which are inhibited by the plasminogen activator inhibitor (PAI-1). 
When endothelial cells are quiescent, such as when they are confluent, estrogen functions to 
increase PAI-1 production and reduces production of tPA and uPA, decreasing protease 
activity. When cells are activated such as in angiogenesis, estrogen decreases PAI-1 
production and consequently increases tPA and uPA production thus accelerating protease 
activity (Rubanyi and Kauffman 1998). 

5.3 Pericytes 

Pericytes are derived from the same pluripotent mural precursor cells as vascular smooth 
muscle cells (Hammes and Porta 2010). They appear to play a role in supporting the 
microcirculation against hydrostatic pressure and also function to sustain vessel stability 
through physical and chemical signaling with vessel endothelial cells (Hall 2006). It is 
believed pericyte loss is the first damage occurring with hyperglycemia (Hammes 2005; 
Vidro et al. 2008). Brignardello et al. using bovine retinal capillary pericytes found that 
DHEA, a precursor to both testosterone and estrogen, reduced pericyte loss resulting from 
high glucose as a result of its antioxidant properties. They report that this effect was not 
produced through either AR or ER (Brignardello et al. 1998). In a study of rabbits fed a high-
fat diet, which has been known to increase oxidative stress, Aragno et al. found that DHEA 
restored the rabbits oxidative balance. This supports Brignardello’s hypothesis that the 
protective cellular effect of DHEA is through its antioxidant properties (Aragno et al. 2009). 
Nanomolar concentrations of DHT and E2 had no effect on pericyte loss as a result of high 
glucose (Brignardello et al. 1998). 

6. Hormone receptors in the retina 
Sex hormones and sex hormone receptors are present in the retina from an early stage. 
Many areas of the brain and retina develop in a sexually dimorphic manner during prenatal, 

 
The Role of Sex Hormones in Diabetic Retinopathy 

 

341 

perinatal and postnatal development. Salyer et al. using Long-Evans rats found that 
prenatally and early postnatally in normal rats males had thicker retinas than females. This 
increased thickness was reduced using flutamide, an androgen inhibitor, but not 
significantly so compared to normal males or testosterone-treated males, indicating that the 
process was not entirely mediated through AR. Females at this life-stage had undetectable 
testosterone levels, but when these females were treated with testosterone their retinal 
thickness did not differ significantly from normal or testosterone-treated males. To help rule 
out the conversion of testosterone to estrogen Salyer et al. using immunocytochemistry 
found no aromatase present in the neuroretina at this stage of development, but they did 
find quantities of it in the retinal pigment epithelium (RPE) (Salyer et al. 2001). Interestingly, 
Kobayashi et al. found evidence of 17β-hydroxysteroid dehydrogenase type IV in the RPE of 
chick embryo eye. 17β-hydroxysteroid dehydrogenase type IV is an enzyme which converts 
E2 to less reactive estrone (Kobayashi et al. 1997). It has been proposed its function is to 
protect the embryonic eye against excessive amounts of E2 (Gupta et al. 2005). Messenger 
RNAs of AR have been found in adult rat retina and uvea, rabbit retina and choroid and 
human RPE (Rocha et al. 2000; Wickham et al. 2000). In addition, Rocha et al. found the 
mRNA for 5α reductase, which translates the enzyme which converts testosterone to the 
more active DHT in the RPE (Rocha et al. 2000). Prabhu et al. found AR protein in all layers 
of rat retina except the ganglion and outer nuclear layers (Prabhu et al. 2010). However, in 
an interesting comparison of transformed rat cell lines from brain capillary endothelial cells 
and retinal capillary endothelial cells, Ohtsuki et al. found dominant expression of AR in the 
brain capillary cells, but not the retinal capillary cells. DHT acting through AR, in brain 
capillary endothelial cells (but not the retinal capillary endothelial cells), up-regulated the 
mRNA for organic anion transporter 3 (OAT3) a protein which is found in blood brain 
barrier (Ohtsuki et al. 2005). 

ERs are nuclear receptors but may be also be located either in the cytoplasm or in the cell 
plasma membrane (Marquez and Pietras 2001; Simoncini et al. 2000). As discussed, ER has 
been found in the vascular endothelium of organs other than the gonads including the retina 
(Gupta et al. 2005; Ogueta et al. 1999; Suzuma et al. 1999). The ligand for either ER or ER can 
be a form of estrogen or a selective estrogen receptor modulator (SERM). ER has been 
mapped to the long arm of chromosome 6 and the ER has been mapped to band q22-24 of 
chromosome 14 (Enmark and Gustafsson 1999). ERα and ERβ are highly conserved with >95% 
homology for the DNA-binding domain. The two ERs differ functionally in how they are 
regulated. The -receptor lacks ligand–independent transcriptional activity as compared to 
ERα, meaning when the ligand-dependent carboxy area of ERβ is blocked from its ligand, it 
retains very little activity (Manni and Verderame 2002).  

The ligand-independent area of ERα usually displays only weak activity; however in certain 
cell types it can exhibit strong independent activity (Berry et al. 1990). A pre-requisite for 
transcriptional activity of the estrogen receptors are their compatibilities with certain co-
activators (Shibata et al. 1997); thus, differences in the composition of the highly variable 
(Enmark and Gustafsson 1999) amino area of ER and ER results in differences in intrinsic 
activity related to differences in affinity for their co-activators (Webb et al. 1998). It should 
also be noted there is significant variability between ER and ER in their ligand-binding 
domains, ≈50% variability(Enmark and Gustafsson 1999). These differences suggest it may 
be possible to create pharmaceuticals which could activate one but not the other.  
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Prior to activation with estrogen, ER and ER are held in the nucleus attached to a molecular 
chaperone such as heat shock protein 90 (HSP90) (Webb et al. 1998). Estrogen combines with 
estrogen receptors to create either homo- or hetero-dimers (Cowley et al. 1997; Osborne et al. 
2000; Pettersson et al. 1997). These dimers combine with appropriate coactivators and bind to 
estrogen response elements (ERE) on the DNA which consist of an inverted repeat of two half-
sites with the consensus motif AGGTCA spaced by 3 base pairs. ER has been detected in pre-
menopausal human female retinas (descending amounts 35 years>49 years>74 years) and in 
human male retinas. Interestingly, Ogueta et al. found the amount of ER in males was 
intermediate between the levels found in 49 to 74 year old females. They localized ERα in the 
retina to the nuclei of the outer and inner nuclear layers, the outer plexiform layer (horizontal 
and bipolar cells), the nuclei of the ganglion cell layer and the RPE (Ogueta et al. 1999). ERβ 
has been localized to the RPE and also to neovascular tissue evolving from the choroid in both 
males and females in a manner which is dependent on estrogen concentration (Giddabasappa 
et al. 2010; Gupta et al. 2005; Marin-Castano et al. 2003). 

7. Effects of sex hormones on individual steps in retinopathy 
Due to prevailing evidences of the roles of sex hormones and sex hormone receptors in the 
development and maintenance of retina, Gupta et al. commented that “it is likely that sex-
based incidences of retinal disorders may be regulated by estrogens (Gupta et al. 2005). We 
suggest androgens and progesterone also play a role. 

7.1 Vascular cell maintenance 

It is well established that the incidence and progression of retinopathy is related to the 
control of systemic factors such as blood pressure and blood glucose management (The 
Diabetes Control and Complications Trial Group 1993; UK Prospective Diabetes Study 
Group 1998). Furthermore lipid levels and waist-hip ratio have been correlated with the 
progression to proliferative retinopathy (Dorchy et al. 2002; Porta et al. 2001). As discussed 
above, blood pressure, lipid levels and waist-hip ratio have all been linked to the effects of 
sex hormones.  

At the cellular level there are factors in the response of retinal capillary endothelial cells, 
pericytes and basement membrane that are often at least partially under the control of sex 
hormones. Leukostasis is positively influenced by the expression of ICAM and VCAM-1 
with androgens and estrogens modulating expression of these attachment proteins. The 
upregulation of these proteins by DHT has been blocked by the androgen receptor blocker 
hydroxyflutamide (McCrohon et al. 1999). Estrogens inhibited ICAM and VCAM-1 
expression (Cid et al. 1994; Simoncini et al. 1999; Villablanca et al. 2010). Progestins seemed 
to inhibit VCAM-1 expression while medroxyprogesterone did not. Progesterone used 
concurrently with estrogen further enhances the estrogen inhibition of ICAM-1 and VCAM-
1 (Villablanca et al. 2010).  

Androgens have been found to increase vascular endothelial cell proliferation in males. E2 
has been found to increase endothelial cell proliferation in both males and females and 
progesterone has a negative effect on this proliferation. Thus sex hormones can play an 
important role in vascular repair (Liu et al. 2002). However it can also be a negative in 
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conditions such as the progression of proliferative diabetic retinopathy. Remodeling of the 
basement membrane is an important element in the development of neovascularization. E2 
plays a role in the control of the extracellular cytokines FGF-2 and PAI-1 which maintain 
some control over this process (Albuquerque et al. 1998; Rubanyi and Kauffman 1998). It is 
well known that pericyte and endothelial cell communication plays an important role in the 
health of retinal capillaries (Hall 2006). It is also well known that pericyte loss is one of the 
first damaging effects of hyperglycemia. The fact that sex hormones can work to protect 
pericytes further links the role of sex hormones to the cell responses to diabetes. 
Furthermore, as discussed previously, sex hormones and their cognate receptors are well 
known to populate the retina of humans. 

7.2 Angiogenesis 

Vascular endothelial growth factor (VEGF) is well known as a controller of angiogenesis 
(Aiello et al. 1994; Folkman 1971).  

Suzuma et al. used bovine retinal microvascular endothelial cells and Mueller et al. used 
human primary and Ishikawa uterine cells to show an increase in VEGF linked to E2 
exposure (Mueller et al. 2000; Suzuma et al. 1999). Kazi et al. have demonstrated in rat 
uterine luminal cells that E2 required the P13K/AKT pathway to increase VEGF gene 
expression (Kazi et al. 2009). Grigsby et al. using a primate cell line of rhesus monkey 
retinal endothelial cells (RhREC) showed a decrease in VEGF levels with E2 exposure, 
which only partially recovered with the concurrent use of tamoxifen and raloxifene 
(Grigsby et al. 2011). 

Pigment epithelium-derived factor (PEDF) is a 50-kDa glycoprotein secreted by the RPE 
(Tombran-Tink et al. 1991; Tombran-Tink and Johnson 1989).  It has been shown to be the 
most important inhibitor of angiogenesis in mammalian eyes, strongly suggesting that 
decreased levels of it play an important role in angiogenic eye diseases such as proliferative 
diabetic retinopathy (Dawson et al. 1999; Takenaka et al. 2005). Gao et al., using Brown 
Norway rats, found PEDF levels to be inversely related to VEGF levels. The latter was 
inversely linked to retinal oxygen concentrations in a balance controlling angiogenesis (Gao 
et al. 2001). Cheung et al. found in human ovarian and surface epithelial cells that ER is an 
important upstream regulator of PEDF. They further found that E2 reduced PEDF levels, 
and that this reduction could be modulated by the introduction of the ER antagonist, ICI 
182,780 (Cheung et al. 2006). In normoxic conditions Grigsby et al. found that, in response to 
E2, PEDF levels were reduced in RhREC cells. Furthermore, this reduction in response to E2 
could be mitigated by concurrent exposure to tamoxifen or raloxifene, but the relative 
change in PEDF and in VEGF did not exactly correspond to cell growth patterns indicating 
that additional factors are involved in E2-induced proliferation of RhREC (Grigsby et al. 
2011). 

8. Conclusions 
There is ample evidence that sex hormones do play a role in the development and 
progression of diabetic retinopathy in humans. For clinicians, there is evidence the 
attainment of puberty and especially pregnancy should raise the level of suspicion of the 
presence or progression of retinopathy. 
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Prior to activation with estrogen, ER and ER are held in the nucleus attached to a molecular 
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to inhibit VCAM-1 expression while medroxyprogesterone did not. Progesterone used 
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important role in vascular repair (Liu et al. 2002). However it can also be a negative in 

 
The Role of Sex Hormones in Diabetic Retinopathy 

 

343 

conditions such as the progression of proliferative diabetic retinopathy. Remodeling of the 
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plays a role in the control of the extracellular cytokines FGF-2 and PAI-1 which maintain 
some control over this process (Albuquerque et al. 1998; Rubanyi and Kauffman 1998). It is 
well known that pericyte and endothelial cell communication plays an important role in the 
health of retinal capillaries (Hall 2006). It is also well known that pericyte loss is one of the 
first damaging effects of hyperglycemia. The fact that sex hormones can work to protect 
pericytes further links the role of sex hormones to the cell responses to diabetes. 
Furthermore, as discussed previously, sex hormones and their cognate receptors are well 
known to populate the retina of humans. 
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Vascular endothelial growth factor (VEGF) is well known as a controller of angiogenesis 
(Aiello et al. 1994; Folkman 1971).  

Suzuma et al. used bovine retinal microvascular endothelial cells and Mueller et al. used 
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8. Conclusions 
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progression of diabetic retinopathy in humans. For clinicians, there is evidence the 
attainment of puberty and especially pregnancy should raise the level of suspicion of the 
presence or progression of retinopathy. 
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Androgens and androgen blockers could possibly have mixed results in treating or 
preventing retinopathy. Androgens can raise blood pressure, have negative results on blood 
lipids, and increase levels of ICAM and VCAM-1. Low levels of androgens are linked with 
metabolic syndrome in males and can negatively affect lipid levels, blood glucose, blood 
pressure and increase hip-waist ratio. However, DHEA, a testosterone precursor, has been 
shown to be effective in protecting pericytes against the effects of high glucose (Brignardello 
et al. 1998). 

It is believed high glucose levels can induce oxidative stress through several mechanisms 
(Brownlee 2001; Cunha-Vaz 2011 Du et al. 2000). Nishikawa et al. found superoxides may be 
generated in either complex I or complex III of the mitochondria, especially as a result of 
hyperglycemia (Nishikawa et al. 2000). The toxicity of glucose and consequent vascular 
damage has been postulated to occur through four supposedly dissimilar mechanisms: 1) 
activation of protein kinase C, 2) aldose reductase activation, 3) advanced glycation 
endproduct formation (AGE) and 4) the hexosamine pathway. What has been described as 
the “unifying hypothesis” is that reactive oxygen species formation is the upstream event 
that occurs in each of these mechanisms (Brownlee 2001; Cunha-Vaz 2011). Giddabasappa et 
al. have recently described their work on ARPE-19 cells in which they find that ERβ protects 
these cells from oxidative damage by protecting the mitochondria and up-regulating ERβ 
and antioxidant genes (Giddabasappa et al. 2010). 

Similar to the “timing hypothesis” of hormone replacement therapy in human females 
where estrogen replacement is only appropriate during certain peri-menopausal stages, 
estrogen may play different roles depending on the stage of retinopathy. At an early stage 
the proliferation of endothelial cells induced by estradiol may be a benefit as a reparative 
mechanism; however, at a stage where proliferative retinopathy is threatening vision this 
increased proliferation and could lead to pathological vessel formation (Espinosa-Heidmann 
et al. 2005; Grigsby et al. 2011; Suzuma et al. 1999). 

Since selective estrogen receptor modulators (SERM) can stimulate or depress estrogen 
effects depending on the type of ER or co-activators present in a particular cell, a SERM, or a 
co-activator blocker might be designed to suppress only that ER found in the retinal 
microvascular endothelial cell environment or to reduce leukostasis by inhibiting ICAM or 
VCAM-1 (Smith and O'Malley 2004). Their actions can be either non-genomic or genomic. 
Tamoxifen has been approved by the US-FDA for reducing the incidence of breast cancer in 
women at high risk for developing the disease, and in the treatment of metastatic breast 
cancer (Tamoxifen 2007). It has been used for over 30 years to treat estrogen-sensitive breast 
cancer. Raloxifene (Evista©) was originally approved for the treatment and prevention of 
post-menopausal bone loss and, more recently, for reducing the risk of invasive breast 
cancer in postmenopausal women with osteoporosis as well as in postmenopausal women 
at high risk for invasive breast cancer (Tamoxifen 2007). Both tamoxifen and raloxifene 
inhibit cell proliferation in breast tissue, but only raloxifene inhibits cell proliferation in the 
uterus; in fact, tamoxifen has been linked to an increase in uterine cancer (Cuzick et al. 
2002). The use of tamoxifen has also been linked to cataract formation (Zhang et al. 1994). 
Grigsby et al. are the first to demonstrate that raloxifene is as effective as tamoxifen in 
reducing the E2-induced proliferation in a primate retinal endothelial cell line. Results from 
this cell study on tamoxifen and raloxifene inhibition of E2-induced cell proliferations 
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suggest that tamoxifen and raloxifene have similar potency to block estrogen mediated 
retinal angiogenesis (Grigsby et al. 2011). 

Much is yet to be learned about the role sex hormones play in the development and 
progression of diabetic retinopathy. It appears that any treatment of diabetic retinopathy 
using sex hormones, or their blockers, may not be a “one size fits all” treatment, but may 
vary according to the life stage, level of retinopathy and the gender of an individual. 
Nonetheless, it is apparent that sex hormones do play a role at several different stages of 
retinopathy and that sex hormone stimulation or modulation, as appropriate, can offer 
promise to control diabetic retinopathy. 

9. Abbreviations 
ACE, angiotension converting enzyme; AGE, advanced glycation end-products; AR, 
androgen receptor; Akt, serine/threonine protein kinase; CNV, choroidal 
neovascularization; COX, cyclooxygenase; CVD, cardiovascular disease; DHEA, 
dehydroepiandrosterone; DHT, dihydrotestosterone; DIEP, Diabetes in Early Pregnancy 
Study; E, estrogens; E2, 17β-estradiol; EDRF, endothelium-derived relaxing factor; ETDRS, 
Early Treatment of Diabetic Retinopathy Study; eNOS, endothelial nitric oxide synthase; ER, 
estrogen receptor; ERα, estrogen receptor alpha; ERβ, estrogen receptor beta; ERE, estrogen-
response element; ERK, extracellular signal-regulated kinases; FGF, fibroblast growth factor; 
HAM, hypoandrogen metabolic syndrome; HDL, high-density lipoprotein; HLA, human 
leukocyte antigen; HRT, hormone replacement therapy; HSP, heat-shock protein; HUVEC, 
human umbilical endothelial cells; IDDM, insulin-dependent diabetes mellitus, type 1; 
ICAM, inter-cellular adhesion molecule; LDL, low-density lipoprotein; LH, luteinizing 
hormone; MAPK, mitogen-activated protein kinase; MCP-1, monocyte chemotactic protein-
1; MPA, medroxyprogesterone; NFκ-β, nuclear factor κβ; NO, nitric oxide; NSAID, non-
steroidal anti-inflammatory drugs; OAT, organic anion transporter; PAI, plasminogen 
activator inhibitor; PEDF, pigment epithelium-derived factor; PG, progesterones; PI3K, 
phosphoinositide 3 kinase; POS, polycystic ovary syndrome; PRA, progesterone receptor A; 
PRB, progesterone receptor B; RAGE, advanced glycation end-product receptor; RPE, retinal 
pigment epithelium; SERM, selective estrogen receptor modulator; tPA, tissue plasminogen 
activator; uPA urokinases plasminogen activator; VCAM, vascular cell adhesion molecule; 
VEC, vascular endothelial cells; VEGF, vascular endothelial growth factor, VEGFR, vascular 
endothelial growth factor receptor; VSM, vascular smooth muscle; WESDR, Wisconsin 
Epidemiological Study of Diabetic Retinopathy; WT, wild-type. 
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