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Abstract
Diabetic retinopathy (DR) is a sight-threatening complication of both type-1 and type-2 diabetes. The recent 

success of treatments inhibiting the function of vascular endothelial growth factor (VEGF) demonstrates that specific 
targeting of a growth factor responsible for vascular permeability and growth is an effective means of treating DR-

targets involved in the control of retinal vascular function. However, additional treatment options and preventative 
measures are still needed and these require a greater understanding of the pathological mechanisms leading to the 
disturbance of retinal tissue homeostasis in DR. Although severe DR can be treated as a vascular disease, abundant 
data suggests that inflammation is also occurring in the diabetic retina.Thus, anti-inflammatory therapies may also 
be useful for treatment and prevention of DR. Herein, the evidence for altered expression of angiogenic factors and 
cytokines in DR is reviewed and possible mechanisms by which the expression of VEGF and cytokines may be 
increased in the diabetic retina are examined. In addition, the potential role for microglial activation in diabetic retinal 
neuroinflammation is explored.
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Introduction
Diabetic retinopathy (DR) is a major cause of blindness globally and 

a leading cause of legal blindness in the working age population of the 
developing world [1,2]. Diabetes affects the entire neurovascular unit of 
the retina, with gradual neurodegeneration, gliosis, neuroinflammation, 
compromise of the vascular blood-retinal barrier (BRB), edema, 
angiogenesis, and eventual fibrosis. Although neurodegeneration 
and inflammation have been implicated in the etiology of the disease 
[3,4], diagnosis and treatment of DR are focused on the vascular 
abnormalities that ultimately occur. This is both because the retinal 
vasculature can be visually examined and because vascular changes can 
cause perceptible aberrations in vision and lead to blindness. As DR 
severity increases, vascular abnormalities including plasma leakage, 
microaneurysms, hemorrhage, and growth of abnormal capillaries 
(angiogenesis), occur at increasing frequency. Diabetic macular edema 
(DME) is characterized by an increase in retinal thickness, as well as 
formation of light distorting fluid-filled cystoids within the retinal 
tissue, and serous or exudative deposits separating the neural retina 
from the retinal pigmented epithelium. Leakiness of the normally 
tight BRB is thought to be the primary cause of DME [5], although 
compromise of normal water removal mechanisms from the retina 
could also contribute. Retinal edema is noninvasively examined by 
optical coherence tomography (OCT) imaging of retinal thickness. OCT 
can also detect cystoids and exudative retinal detachments. In DR the 
retinal vasculature can exhibit dilations or microaneurysms appearing 
as small red dots under fundus examination. Microaneurysms are 
clearly visible as hyper-fluorescent dots during fluorescein angiography, 
which entails intravenous injection of fluorescein followed by fundus 
examination under fluorescent illumination. These microaneurysms 
are often associated with leakiness as evidenced by hazy fluorescein 
diffusion into the retina from their locations. Such focal vascular 
leakage during DR can lead to opaque deposits of plasma, known as 
hard exudates. Light can also be obstructed by what were previously 
called soft exudates, now referred to as cotton-wool spots. These are not 
exudates at all, but rather are accumulations of axoplasmic debris in the 
axons of retinal ganglion cells that make up the outermost nerve fiber 

layer of the retina [6]. Patient vision can also be suddenly impaired 
by retinal vascular hemorrhages, leading to obstruction of light by 
blood pooling in the vitreous fluid that fills the eye. Relatively large 
hemorrhages as well as small active hemorrhages are easily diagnosed 
by visible-light ophthalmoscopy. Hemorrhaging often occurs as 
DR progresses to proliferative DR (PDR), which is characterized by 
abnormal angiogenesis of the retinal vasculature. Feathery new vessels 
indicative of neovascularization of the optic disc (NVD) or elsewhere 
on the retina (NVE) are clearly highlighted in fluorescein angiograms. 
In addition to obscuring vision, these new blood vessels fail to form 
a tight barrier and thus contribute to edema. They are also prone to 
rupture. If left untreated severe PDR can lead to fibrovascular growth 
into the vitreous. The resulting epiretinal membranes attach to the 
vitreous and cause macular traction, which can lead to tractional retinal 
detachment and blindness.

In the not too distant past poor metabolic control of diabetes and a 
lack of treatments for DR meant that diabetic patients ran a very high risk 
of eventual blindness. In recent years, heightened screening and early 
diagnosis of diabetes, innovations in blood glucose level monitoring, 
and the advent of intensive glycemic control have counteracted the 
epidemic increase in diabetes to stabilize the prevalence of DR in 
the United States [2]. Tight control of blood sugar levels is the only 
proven preventative measure [7,8]; but with intensive insulin therapy 
comes increased risks of life-threatening hypoglycemic events. Novel 
treatments have also improved the outlook for patients with DR. 
For several decades, vascular dysfunction in DR has been treated by 
laser photocoagulation [9,10]. Focal photocoagulation targets specific 

associated vascular dysfunction, edema and angiogenesis. This has stimulated research of alternative therapeutic 
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edematous regions of the retina with a tight grouping of small laser 
burns, whereas grid photocoagulation distributes laser burns across 
the retina, avoiding the fovea. In pan-retinal photocoagulation (PRP) 

relatively high intensity laser pulses. This procedure preserves central 
vision at the expense of loss of peripheral vision. PRP can prevent 
the progression of PDR as well as reverse DME. Intravitreal steroid 
injections have also been a DR treatment option for many years [10]. 
Steroids can rapidly reduce edema and significantly improve vision, 
demonstrating that a traditional anti-inflammatory treatment can 
diminish the pathology. Because ocular steroid injections often cause 
cataract formation, it is most beneficial to patients who have undergone 
cataract surgery or who have not responded to other DR treatments. 
Unfortunately, intravitreal steroids also increase intraocular pressure 
with the risk of developing glaucoma [11]. 

Recently, treatment of DME and PDR has greatly benefited 
from therapeutics designed to directly inhibit the function of a pro-
angiogenic molecule, vascular endothelial growth factor (VEGF). As 
well as stimulating endothelial cell growth, VEGF also promotes the 
disassembly of junctions between endothelial cells and thus causes 
vascular permeability. In 1994, Aiello and co-workers demonstrated 
that VEGF protein levels are markedly upregulated in the vitreous fluid 
of DR patients [12]. This seminal report, and numerous subsequent 
studies, demonstrated that the mean vitreous VEGF concentrations in 
patients with DME and PDR are often increased to more than 10-times 
normal levels [12-21]. Furthermore, VEGF levels are significantly 
higher in the vitreous of patients with active PDR than in those with 
inactive or quiescent PDR, characterized by regressed or non-perfused 
neo-vessels and lack of active hemorrhage [19,20,22,23]. Targeting 
VEGF has proved highly effective in treating DR symptoms. Steroid 
treatment may, at least in part, decrease DME by inhibiting the 
expression of VEGF [24]. There are now several therapeutic agents 
available or undergoing clinical trials that are injected directly into 
the vitreous in order to bind and block the function of VEGF [25]. A 
humanized antibody against VEGF (bevacizumab, Avastin), which 
was developed and approved for cancer treatment, has been used 
to treat DME and PDR for several years. Although bevacizumab 
treatment for DME or PDR has never been evaluated in a large well-
controlled clinical trial, several small trials have suggested efficacy 
for treatment of DME and improved vision in a fraction (on average 
25%) of DR patients [26]. Recent clinical trials also demonstrated that 
repeated intravitreal injection of a VEGF-binding antibody fragment 
(ranibizumab, Lucentis) reduced the risk of DR progression over a 
two-year period by approximately 67%, compared to sham injection 
[27]. These anti-VEGF treatments thus represent a major advance in 
DR therapy, but are invasive, expensive, somewhat unpleasant and not 
without risk. In addition, the long-term effectiveness and safety of anti-
VEGF treatments are not yet established. 

The success of anti-VEGF treatments to treat DME and PDR has 
stimulated research of alternative therapeutic targets involved in the 
control of retinal vascular permeability and angiogenesis (reviewed in 
[28]). Targeting alternative permeability-inducing or pro-angiogenic 
factors will hopefully address the cases of DME and PDR for which 
anti-VEGF treatments are not effective. Although advanced DR can be 
treated as a vascular disease, there are no therapeutics to prevent the 
onset of DR. Abundant data suggests that inflammation is occurring in 
the diabetic retina and it is believed that anti-inflammatory therapies 
may be useful for treatment and prevention of DR (for recent reviews 
see [29,30]). This review focuses on the evidence for altered expression 
of angiogenic factors and cytokines in DR and examines possible 

mechanisms by which retinal expression of VEGF and cytokines may 
be increased. In addition, the relationship between microglial activation 
and neuroinflammation in the diabetic retina is explored.

The study of vitreous protein changes in diabetic retinopathy

Patient retinas cannot be ethically biopsied, so the contribution 
of angiogenic and inflammatory factors to DR progression in humans 
must be gleaned from studies examining the levels of these proteins 
in extracted vitreous samples, postmortem human retinas, and retinal 
tissue from experimental models. Vitrectomy (the surgical removal of 
vitreous fluid from within the eye) is a procedure that is called for when 
a persistent obstruction, such as blood, is hindering vision, or when 
a fibrovascular growth may cause retinal traction or detachment [10]. 
Thus, vitrectomy is usually only performed on a fraction of DR patients 
with unremitting DME or severe PDR, making large study population 
numbers difficult to acquire. In addition, vitreous is not removed 
from normal eyes, thus control samples must be obtained postmortem 
or, more often, from patients being treated for unrelated conditions 
that call for vitrectomy. These include macular pucker, macular hole, 
idiopathic vitreous hemorrhage or idiopathic epiretinal membrane 
formation. Thus, truly unperturbed, normal human vitreous is 
unobtainable. However, from a compilation of several relatively small 
studies a picture of the changes in the vitreous milieu that accompany 
DME and PDR is emerging. In addition, multiplex protein analysis has 
recently enabled simultaneous measurement of several angiogenic and 
inflammatory mediators in each vitreous sample, thus expanding the 
information gained from each invaluable set of samples. 

An important aspect of interpreting increased level of pro-
angiogenic factors or cytokines in the vitreous of DR patient is the origin 
of the proteins. Vitreous from DME and PDR patients exhibit markedly 
increased protein contents [31-33]. Because of vascular leakiness or 

to various extents [31]. Therefore, it is not safe to assume that the 
concentration of a protein in the vitreous is an accurate reflection of its 
intraocular expression. Methods can be used to estimate and correct for 
the contribution of blood-born protein to vitreous levels [34]; however 
many studies simply report vitreous concentrations and do not test for 
the presence of plasma proteins or hemoglobin in vitreous samples. 
Studies often report the concentrations of factors in serum (or plasma) 
as well as vitreous, demonstrating that increased expression is unique 
to the eye or that vitreous levels do not correlate with serum levels. 
This is usually interpreted as indicating that the blood is not the source 
of increased ocular levels. However, for factors that are abundant in 
the blood, increased levels in the vitreous may still be due to leakage 
from the plasma. The only circumstance that effectively precludes the 
possibility that the majority of a protein measured in the vitreous did 
not originate in the blood is that in which the vitreous concentration 
is comparable to or higher than the concentration in blood. Thus, a 
vitreous/plasma concentration ratio can be reported, which should be 
≥ 1 and should be increased for factors exhibiting elevated vitreous 
levels due to increased intraocular expression [35].

Vitreous levels of angiogenesis factors in diabetic retinopathy

Changes in the vitreous level of several growth factors suggest that 
BRB breakdown and inappropriate retinal vessel growth in PDR is likely 
the result of an imbalance between pro-angiogenic and anti-angiogenic 
environmental influences (Figure 1). As mentioned previously, 
numerous studies have documented marked increases in vitreous 
VEGF levels in DME and PDR [12-21]. The rule of vitreous/plasma 
concentration ≥ 1 certainly applies to VEGF, where levels in DME and 

retinal tissue surrounding the macula is partially ablated by multiple 

hemorrhage, proteins from the blood contaminate these vitreal samples 
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PDR vitreous can be many fold those found in plasma [17]. Several 
additional pro-angiogenic factors are also found to be upregulated in 
PDR, including: angiopoietin-2 (Ang-2) [19,20,36], osteopontin (OPN) 
[37,38], platelet-derived growth factor (PDGF) [39-42], erythropoietin 
(EPO) [18,20,43], stomal cell derived factor (SDF-1, CXCL12) [44,45] 
and cysteine-rich 61 (CYR61) [46,47]. Levels of several anti-angiogenic 
factors are decreased in the vitreous of PDR patients and/or increased 
following laser photocoagulation therapy. These include pigment 
epithelium derived growth factor (PEDGF) [18,36,37], endostatin (ES) 
[48], angiostatin (AS) [49] and tissue kallikrein (TK) [50]. In the most 
severe stage of PDR, when there is a transition from angiogenesis to 
fibrosis, vitreous levels of VEGF decrease while levels of the cytokine 
connective tissue growth factor (CTGF, CCN2) increase [51].

The role of retinal ischemia in VEGF expression in DR

A prevailing hypothesis to explain increased VEGF levels in DR 
vitreous is that retinal capillary obstruction or capillary dropout 
leads to tissue ischemia and hypoxia causing increased retinal VEGF 
expression [52,53]. Capillary obstruction is caused by leukostasis, the 
adhesion of white blood cells to the retinal vasculature, and capillary 
dropout is caused by the death of retinal pericytes and endothelial 

cells. This hypothesis is compelling because VEGF expression is highly 
responsive to hypoxia through transcriptional regulation by hypoxia-
inducible factor 1 alpha (HIF-1α) [54]. Under low oxygen conditions 
HIF-1α protein degradation is inhibited leading to its accumulation 
and subsequent transcriptional activation of target genes containing 
the hypoxia response element (HRE) to which it binds [55]. The 
overall angiogenesis program is responsive to a lack of oxygen, such 
that several pro-angiogenesis factors, including VEGF, EPO, Ang-2 
and SDF-1, are hypoxia-responsive [52]. Thus, a shift in the balance 
of pro- and anti-angiogenesis factors in DR could be explained by 
retinal tissue ischemia resulting in a lack of oxygen delivery and 
stabilization of HIF-1α protein. Accordingly, Wang and co-workers 
measured VEGF and HIF-1α protein levels in vitreous sample from 
PDR patients and found that both were increased compared to levels 
in control subjects [56]. Furthermore, the vitreous levels of VEGF and 
HIF-1α were highly correlated in PDR patients. Han and colleagues 
demonstrated positive immunohistochemical staining for HIF-1α 
and VEGF proteins in epiretinal neovascular membranes obtained 
from PDR patients by vitrectomy [57]. Similarly, Abu El-Asrar et al. 
[58] demonstrated positive immunohistochemical staining for HIF-
1α, VEGF and Ang-2 proteins in vessels of epiretinal membranes 
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Figure 1: Inflammation and vascular dysfunctions in diabetic retinopathy (DR) 
In diabetic macular edema (DME), neuroinflammation with upregulated expression of cytokines such as interleukin-6 (IL-6), IL-8 (CXCL8) and monocyte 
chemoattractant 1 (MCP-1, CCL2), as well as intercellular adhesion molecule 1 (ICAM-1) on the luminal surface on endothelial cells leads to increased adherence 
of leukocytes to the luminal endothelial surface (leukostasis). This can block blood flow and damage endothelial cells. Capillary obstruction due to leukostasis 
and capillary dropout due to death of vascular pericytes and endothelial cells leads to tissue ischemia. Resulting hypoxia may drive expression of vascular 
endothelial growth factor (VEGF). VEGF promotes vascular permeability resulting in leakage of plasma through the blood-retinal barrier (BRB) and tissue edema. 
In proliferative diabetic retinopathy (PDR) upregulated expression of pro-angiogenic factors and down regulation of anti-angiogenic factors leads to an imbalance 
that causes BRB disruption and unproductive angiogenesis. Pro-angiogenic factors include VEGF, angiopoietin-2 (Ang-2), osteopontin (OPN), platelet-derived. growth 
factor (PDGF), erythropoietin (EPO), stomal cell derived factor (SDF-1, CXCL12) and cysteine-rich 61 (CYR61). Anti-angiogenic factors include pigment epithelium 
derived growth factor (PEDGF), endostatin (ES), angiostatin (AS) and tissue kallikrein (TK). Red color indicates upregulation and green indicated downregulation.
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from PDR patients. However, whereas the fraction of HIF-1α positive 
vessels was invariably high in both active (proliferating) PDR and 
inactive (quiescent) PDR membranes, the fraction of VEGF-positive 
and Ang-2-positive vessels was significantly greater in active PDR 
membranes than in inactive PDR membranes. Thus, expression of 
HIF-1α and pro-angiogenic factors did not coincide. The study also 
demonstrated that HIF-1α, VEGF and Ang-2 proteins were co-
localized with CD34-positive endothelial cells. Endothelia are usually 
thought of as the target of, rather than the producers of, pro-angiogenic 
factors. For example, Müller glial cells were largely responsible for 
increased VEGF expression in an experimental model of DR. This was 
demonstrated when conditional knockout of VEGF in Müller cells 
effectively blocked the increase in retinal VEGF expression observed 
in diabetic mice [59]. Furthermore, conditional HIF-1α knockout in 

α
expression following STZ-induced diabetes, which in turn effectively 
blocked the diabetes-induced increases in retinal VEGF expression and 
vascular permeability [60].

Although expression of HIF-1α, VEGF and other pro-angiogenic 
factors are clearly involved in DR progression, the role of hypoxia is 
not fully defined. In an early experimental study, Linsenmeier and co-
workers studied the oxygen levels in retinas of three cats with diabetes 
for over six years and concluded that partial pressure of oxygen 
(PO2) was decreased in regions of the inner retina that correlated 
with vascular abnormalities leading to tissue ischemia [61]. Ly and 
coworkers demonstrated increased HIF-1α protein expression in 
STZ-induced diabetic rats after six weeks of diabetes [62]. By using a 
chemical oxygen-dependent probe, pimonidazole, these authors also 
demonstrated the presence of hypoxia in the diabetic retinas. However, 
other studies in diabetic rodents have not confirmed retinal hypoxia. 
Using immunohistochemical staining, Wright and co-workers failed to 
detect any increase in HIF-1α or HIF-2α protein levels in retinas from 
diabetic mice or rats [63]. Using pimonidazole these authors found 
no increase in hypoxia in mice and a decrease in rats after 12 weeks 
of diabetes. A subsequent study by this group similarly suggested that 
oxygen levels were slightly increased in diabetic rat retinas after three 
weeks of diabetes [64]. Examination of retinal blood flow in Ins2Akita 
diabetic mice found it to be decreased and observed intermittent 
capillary stoppages [65]. However, this study also failed to find evidence 
of any resulting tissue hypoxia.

Although a majority of DR patients exhibit regions of capillary 
nonperfusion upon fluorescein angiogram examination [66], 
confirmation of hypoxia in human DR is also lacking. Lange and co-
workers used an optical oxygen sensor to measure oxygen tension 
in the vitreous of PDR patients as vitrectomy was being performed 
[67]. Surprisingly, mean oxygen tension at the posterior pole (at the 
retinal surface) was increased in PDR patients and oxygen tension 
levels were positively correlated with vitreous VEGF levels. Thus, this 
study provides no evidence of hypoxia-induced VEGF expression in 
the diabetic retina. Several clinical studies have demonstrated an initial 
decrease in retinal blood flow in diabetic patients that is followed by 
an increase in retinal blood flow as DR pathology develops (for review 
see [68]). It has been speculated that diabetes-induced vasoconstriction 
causes early hypoperfusion resulting in hypoxia, and that hypoxia 
eventually reverses the vasoconstrictive effects of diabetes, leading to 

hypoxia causes the marked increase in VEGF expression observed in 
the late stages of DR when DME and PDR are occurring. However, a 
small intervention study with nine DR patients found that supplemental 
inspired oxygen significantly diminished DME after three months, and 

that retinal edema returned in the majority of patients three month after 
discontinuing oxygen therapy [69]. This would suggest that oxygen 
delivery is lacking in DR. In contrast, a clinical study in which retinal 
vascular blood oxygen levels were obtained with an imaging oximeter 
found that retinal arterial blood oxygenation was not affected by DR, 
and was near saturation levels in control, nonproliferative DR and 
PDR patients [70]. Furthermore, venous oxygen saturation levels were 
significantly increased in diabetic retinas and progressively increased 
with DR severity. The decrease in arterio-venous oxygen saturation 
differences observed in DR would suggest that overall oxygen delivery 
to the tissue is ample, whereas oxygen extraction is decreasing with 
DR severity. It is important to note that the preponderance of oxygen 
delivery to the retina comes from the choroidal circulation and is 
consumed in the outer retina by the photoreceptor cells, making the 
inner retina relatively hypoxic under normal conditions [71]. This 
situation could render the inner retina especially susceptible to further 
reductions in oxygen levels due to capillary obstruction or dropout, 
but it may be quite difficult to detect decreases in inner retinal oxygen 
levels that result from focal ischemic events. Regardless, an unequivocal 
test of the hypothesis that ischemic hypoxia causes increased VEGF 
expression in DR is needed.

Possible role of endoplasmic reticulum stress in VEGF 
expression in DR

An alternative mechanism whereby VEGF expression may be 
increased in DR involves endoplasmic reticulum (ER) stress and 
the activating transcription factor 4 (ATF4). ATF4 is one of several 
transcription factors that are activated as part of the unfolded 
protein response (UPR) to stress. Translation of ATF4 mRNA into 
ATF4 protein is induced in response to several stresses that result 
in inhibition of general protein synthesis via phosphorylation of 
the eukaryotic translation initiation factor 2 (eIF2) [72]. These 
stresses include nutrient deprivation, ER stress, oxidative stress, and 
hypoxia. ATF4 protein stability is also indexed to oxygen levels, with 
its degradation inhibited by anoxia [73,74]. In addition to hypoxia, 
starvation for nutrients, oxidative stress, conditions causing ER stress, 
and upregulation of the UPR increase VEGF expression [75-78]. Roybal 
and co-workers demonstrated that upregulation of VEGF expression 
in response to oxidative stress and ER stresses are dependent on ATF4 
function and that the human VEGFA gene contains an ATF4 binding 
site [79,80]. Zong et al. demonstrated that ATF4 is necessary for 
VEGF expression by Müller cells exposed to high glucose levels and 
that blocking ATF4 activity inhibited expression of VEGF by Müller 
cells exposed to hypoxia [81]. Furthermore, two other transcription 
factors that contribute to the UPR, ATF6 and XBP-1, also stimulate 
VEGF expression [82]. Thus, ATF4 protein level control provides a 
complementary mechanism to increase VEGF expression in response 
to oxygen deprivation, and upregulation of VEGF expression in 
response the UPR provides a means to recruit additional blood supply 
in response to several stresses associated with ischemia or oxidative 
stress. Importantly, Zong et al. found that treatment of STZ-induced 
diabetic mice with a chemical protein chaperone to alleviate ER stress 
resulted in inhibition of both retinal VEGF expression and vascular 
permeability [81]. This group also demonstrated that retinal vascular 
permeability during STZ-induced diabetes was abrogated in ATF4 
gene knockout mice [83]. However, at present there is no published 
evidence that ATF4 or the UPR is increased in clinical DR or that 
retinal VEGF expression in DR patients is affected by this mechanism. 

mouse Müller cells abrogated the increase in retinal HIF-1  protein 

vascular dilation [68]. This scenario does not fit with the hypothesis 
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Elevated vitreous levels of IL-6, IL-8 and MCP-1 in DR

In addition to factors that promote angiogenesis, three cytokines 
have consistently been reported as increased in the vitreous of DR 
patients; these are interleukin-6 (IL-6) [16,22,35,40,84-88], IL-8 
(CXCL8) [39,40,85,86,88-91], and monocyte chemoattractant-1 (MCP-
1, CCL2) [21,39,40,88-92]. Yoshimua et al. performed an analysis of 
20 inflammatory mediators in vitreous from patients with a number 
of vitreoretinal diseases and found that only IL-6, IL-8, and MCP-1 
were significantly elevated in all vitreoretinal diseases compared with 
the control group [88]. This study included patients with DME (n=92) 
and PDR (n=147), as well as branch retinal vein occlusion (BRVO, n= 
30), central retinal vein occlusion (CRVO, n=13) and rhegmatogenous 
retinal detachment (RRD, n=63). As a control, vitreous samples from 
a total of 83 patients with either idiopathic macular hole or idiopathic 
epiretinal membrane were examined. Levels of IL-6, IL-8 and MCP-
1 were highly correlated in all the pathologies examined, including 
DME and PDR. As would be expected, VEGF was significantly elevated 
in patients with PDR, but surprisingly not in DME patients. In PDR 
patients, the elevation of VEGF was significantly correlated with IL-6, 
IL-8, and MCP-1 levels. In a similar study of VEGF and IL-6 levels 
in the aqueous humor and vitreous of DME and PDR patients, the 
levels of both VEGF and IL-6 correlated with DR severity scores and 
were significantly greater in patients with active PDR than in those 
with quiescent PDR [22]. In this study, vitreous IL-6 levels were 
significantly correlated with those of VEGF. In a study of the effects 
of glucocorticoid treatment on edema and vitreous cytokine levels 
in DME patients, glucocorticoid injection reversed edema while 
significantly lowering vitreous levels of IL-6, MCP-1, and VEGF, but 
not IL-8 [93]. Thus, glucocorticoids may reverse edema by virtue of 
their anti-inflammatory effects as well as its ability to diminish VEGF 
levels and promote barrier tightening. 

On the other hand, there is a relative lack of reports finding increased 
vitreous levels of inflammatory cytokines that are highly expressed 
during classical inflammation in non-neuronal tissues. For example, 
in a recent examination of IL-1β, TNF-α and IL-6 levels in vitreous of 
PDR patients, only IL-6 levels were increased. In this study, IL-1β was 
undetectable in vitreous and mean TNF-α concentration was slightly 
but significantly decreased in vitreous from PDR patients compared to 
normal patients without DR [35]. This is despite a significant increase 
in plasma TNF-α levels in the PDR subjects, suggesting the presence 
of low-grade systemic inflammation in these patients. Recently, when 
comparing the levels of 16 cytokines in vitreous samples from 13 PDR 
patients and 13 control patients, Shoenberger et al. found a significant 
increase in TNF-α levels with PDR [40]. However, the relative increase 
in TNF-α concentration (2.2 fold) was relatively small compared to 
increases in IL-6 (5.4 fold), IL-8 (14.2 fold), MCP-1 (3.4 fold), and 
VEGF (34 fold). Similarly, Ademiec-Mroczek and colleagues found 
that TNF-α concentrations were increased 2.2 fold in the vitreous of 
PDR patients compared to controls, while IL-6 concentrations in the 
vitreous were increased by 10.2 fold [87].

IL-6 is also classified as a neuropoietin, a group of cytokines including 
IL-6, IL-11, IL-27, IL-31, leukemia inhibitory factor, oncostatin M, 
cardiotrophin-1, neuropoietin and neurotrophin-1. IL-6 can exert 
numerous effects on the nervous system and is implicated in several 
neuroinflammatory and neurodegenerative diseases (for recent reviews 
see [96,97]). The role of IL-6 in nervous tissue is perplexing as it both 
increases acute damage by increasing neuroinflammation and provides 
neuroprotection by promoting neurotrophic factor expression [98,99]. 
IL-6 also supports neurogenesis, the production of new neurons and 
glial cells from neural stem cells. IL-6 is also a strong stimulator of 
reactive astrogliosis, which is characterized by increased content of 
intermediate filaments coinciding with increased expression of glial 
fibrillary acidic protein (GFAP), vimentin and nestin [100,101]. Müller 
cell astrogliosis is a prominent feature of experimental DR [102,103]. 
Astrogliosis during DR may provide an adaptive neuroprotective effect 
[104,105]. However, it may also impair the vascular support function 
of astrocytes and hinder the ability of Müller cells to uptake and 
process excess glutamate released by retinal neurons [106-108]. Glial 
cells, including Müller cells and astrocytes, may also be the initiators 
of neural inflammation in the diabetic retina. Reactive glial cells act 
as cytokine producers [109,110]. In addition, several studies have 
documented the inflammatory response of Müller cells to in vitro high 
glucose conditions, with the hypothesis that such a direct response 
may alter the balance between inflammatory and anti-inflammatory 
cytokine expression observed in DR [81,111,112]. Furthermore, in 
the CNS, astrocytes contribute greatly to the control of leukocyte 
infiltration due to both their role in the maintenance of the endothelial 
blood brain barrier, and by virtue of limiting leukocyte migration 
across the perivascular barrier formed by astrocyte end feet, the glia 
limitans [113]. This is evidenced by the fact that astrocyte depletion 
greatly amplified monocyte infiltration in experimental autoimmune 
encephalomyelitis and forebrain stab injury [114,115]. IL-6 can also 
play a direct role in leukocyte trafficking, particularly in the infiltration 
of monocytes and T-cells [116,117].

It is notable that DR is associated with elevated levels of IL-8 and 
MCP-1, which are chemokines targeting primarily neutrophils and 
monocytes, respectively [118]. Although the findings of high levels of 
IL-8 and MCP-1 in the vitreous of DR patients do not prove a role 
for neutrophil and monocyte recruitment in the pathology, this is a 
likely outcome of their presence. IL-8 induces the transmigration of 
neutrophils across the blood-brain barrier (BBB), followed by their 
degranulation with release of myeloperoxidase and a respiratory burst 
[119,120]. It is feasible that IL-8 elevation is a consequence of VEGF 
expression. Exposure of human brain microvascular endothelial cell 
monolayers to VEGF stimulated IL-8 expression, as well as neutrophil 
transmigration in an IL-8 dependent manner [121]. MCP-1 is thought 
to control monocyte homing to nervous tissue [122]. In addition, 
MCP-1 can directly promote BBB permeability [123]. MCP-1 induces 
transmigration of macrophages across the BBB [124]. This is dependent 
on expression of CCR2, the chemokine receptor to which MCP-1 
binds, by both vascular endothelial cells and migrating macrophages 
[124]. Transgenic expression of MCP-1 in the CNS using an astrocyte-
specific promoter (GFAP) caused encephalopathy characterized by 
BBB leakage and an increased number of tissue monocytes [125]. In 
experimental light-induced retinopathy (LIR), MCP-1 expression 
is increased in Müller cells, which coincides with the recruitment of 
monocytes into the retina [126]. Following light damage, invading 
monocytes cooperate with resident microglia to phagocytose dead 
photoreceptors and then leave in a debris-laden state [127].

Little is known about leukocyte trafficking in the retina during 

The functional role of IL-6 in the pathology of DR is uncertain. IL-6 
was initially identified as an inducer of B-cell antibody production, but 
now it is known that this is an indirect effect due to induction of  T-cell 
IL-21 production, which in turn stimulates B-cell differentiation and IgG 
production [94]. IL-6 exerts profound effects on immune cell responses 
by shifting T-helper cell populations, inhibiting the production of Th1 
cells and promoting the differentiation of Th2 and Th17 cells (for 
review see [95]). IL-6 is well known as a muscle-produced myokine 
and inducer of fever and acute protein synthesis during infection. 
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Leukostasis represents an appealing mechanism to explain both 
tissue ischemia and endothelial damage in DR. However, though well 
established in rodent models of DR, there is no direct clinical evidence 
that leukostasis is occurring in DR patients. Evidence for leukostasis 
leading to retinal capillary nonperfusion in the retinas of obese aging 
rhesis monkeys was obtained by Kim and co-workers [140]. Although 
the analysis was not blinded and included “selected regions of interest” 
rather than randomly-selected regions, these authors found increased 
numbers of esterase staining granulocytes in retinal capillaries of 
diabetic versus control monkeys. They also demonstrated decreased 
endothelial ADPase staining, indicative of nonperfusion, in obstructed 
capillary segments. There is also associative evidence that neutrophil 
adhesion may play a role in human DR. Song and co-workers 
compared the expression of CD18 on neutrophils from 38 DR patients 
and 10 controls and found it significantly elevated and increased with 
the severity of DR [141]. In a large retrospective study of almost 31,000 
persons, Woo and coworkers found that blood neutrophil counts 
were increased by approximately 10% in diabetics and by 20% in 
patients with moderate nonproliferative DR or PDR [142]. The ratio of 
neutrophils to total white blood cell count (WBC) was also significantly 

increased in PDR. The neutrophil count was well correlated with DR 
severity score, and this parameter corresponded to a 2.7-fold odds ratio 
in DR patients within the highest quartile severity group.

Additional cytokines in DR

The fact that MCP-1 IL-8 and IL-6 are conspicuously elevated in 
vitreous of DR patients should not be interpreted to suggest that these 
are the only cytokines of importance in DR pathology. Additional 
cytokines and growth factors have been observed to be elevated in the 
vitreous of DME and PDR patients including: interleukin-1beta (IL-
1β) [14], interferon-gamma-inducible protein 10 (IP-10, CXCL10) 
[21,40,91,143,144], monokine induced by gamma interferon (Mig, 
CXCL9) [21,91], growth-related oncogene (GRO, CXCL1) [40], stomal 
cell derived factor 1 (SDF-1, CXCL12) [44,45], transforming growth 
factor beta (TGF-β2) [145], granulocyte-colony stimulating factor 
(G-CSF) [15], macrophage-colony stimulating factor (M-CSF) [89], 
and platelet factor 4 (PF-4, CXCL4) [21]. However, it is important 
to consider the how plasma extravasation and hemorrhage may be 
influencing the inflammatory milieu of the vitreous, especially in 
PDR patients. Inflammatory factors may be expressed in response to 
leakage of plasma proteins and blood from the retinal vasculature. 
This possibility was recently supported when Goa and co-workers 
performed a proteomic analysis of vitreous from DR patients [146]. 
This analysis showed that vitreous of PDR patients contain abundant 
levels of proteins found in plasma and red blood cells, including those 
of the kallikrein-kinin, coagulation, and complement systems. These 
authors have also experimentally demonstrated that blood-born 
kallikrein, or the release of bradykinin in response to kallikrein, can 
promote retinal inflammation, leukostasis, and edema [147].

Other cytokines may play important roles in DR without 
accumulating markedly in the vitreous or even without increased 
expression in the retina. Huang and coworkers demonstrated that 
retinal cell death and vascular permeability in response to three months 
of diabetes was abrogated in TNF-α knockout mice, despite the fact 
that retinal TNF-α protein levels were not altered by diabetes in wild 
type mice with an intact TNF-α gene [148]. This raises the question: 
How might TNF-α deletion block DR pathologies when retinal 
TNF-α expression is not normally increased in wild type mice? The 
answer could be that this cytokine plays a permissive role in DR, with 
basal retinal levels being necessary and sufficient for DR progression. 
Alternatively, TNF-α knockout may block DR progression by removing 
TNF-α from the bloodstream. It is feasible that TNF-α represents an 
external factor that promotes or aggravates retinal inflammation and 
vascular dysfunction in DR. Several clinical studies have found that 
average serum levels of TNF-α are increased in patients with PDR and 
correlate with other systemic indicators of inflammation [85,87,149-
153]. Relative to healthy controls, plasma levels of TNF-α progressively 
increase in diabetic patients with no retinopathy, with nonproliferative 
DR and with PDR [153]. A recent clinical study of eleven patients 
with severe DME that was refractory to conventional laser coagulation 
therapy found that systemic administration of an anti-TNF-α antibody 
(Infliximab, Remicade) for 16 weeks resulted in a significant 24% 
increase in visual acuity [154]. However, OCT measurements of retinal 
thicknesses and DR severity grading of fundus photographs showed no 
significant anatomical improvements with anti-TNF-α treatment. An 
earlier study of four patients treated with systemic Infliximab observed 
both functional and anatomical improvements in four of six eyes 
examined [155]. It should be noted that two recent studies examining 
intravitreal injections of anti-TNF-α therapeutics, including Infliximab 
and Adalimumab (Humira), in refractory DME patients found no 

DR. However, leukostasis, the adherence of leukocytes to the diabetic 
retinal vasculature, is well documented in experimental models of DR 
(Figure 1). In 1991 Schröder and colleagues demonstrated increased 
leukostasis in retinas of rats made diabetic by alloxan treatment [128]. 
Using staining for esterase these authors concluded that the adherent 
cells were granulocytes (presumably neutrophils) and monocytes, 
with monocytes being most abundant. They also observed that the 
adherent cells were causing microvascular occlusion and capillary 
injury. Activated neutrophils produce reactive oxygen species that 
cause endothelial cell damage [129]. Adhered neutrophils also directly 
stimulate endothelial cell death through secretion of Fas-ligand (FasL) 
causing stimulation of the Fas death receptor on endothelial cells; and 
a FasL neutralizing antibody was able to prevent capillary loss and 
vascular permeability in diabetic rats [130]. In several studies published 
in the 1990’s Adamis and others quantitatively documented leukostasis 
in retinas of rats made diabetic with STZ and examined the mechanism 
of cell adhesion (for review see [131]). Endothelial activation and 
increased surface expression of intercellular adhesion molecules (i.e. 
ICAM-1) is thought to drive leukostasis in DR [132]. ICAM-1 blocking 
antibodies inhibited leukostasis in the STZ rat model by approximately 
30% [133]. Heightened expression of ICAM-1 by endothelial cells 
was suggested to be a response to VEGF exposure or to activation of 
the receptor for advanced glycation end products (RAGE) [134,135]. 
Neutrophil expression of integrin β-2 (CD18) was also increased in STZ 
diabetic rats and a CD18 blocking antibody decreased retinal leukostasis 
by over 60% in these animals [136]. C18 combines with integrin α-L 
(CD11a) to form the leukocyte function-associated antigen 1 (LFA-1), 
with integrin α-M (CD11b) to form the macrophage adhesion receptor 
(MAC-1), and with integrin α-X to form the leukocyte adhesion 
receptor p150,95 [137]. Both LFA-1 and MAC-1 bind to ICAM-1 and 
contribute to leukocyte extravasation [138]. Knockout mice lacking 
CD18 or ICAM-1 each exhibited reduced retinal capillary damage and 
vascular permeability during STZ-induced diabetes [139]. Because 
CD18 is expressed by granulocytes, monocytes and lymphocytes, the 
effects of CD18 inhibition or deficiency could reflect inhibition of 
adhesion by any of these leukocytes. Thus, the adhesion of monocytes, 
neutrophils and other leukocytes in experimental DR is likely to 
be enhanced by the release of chemokines from retinal tissue, the 
expression of adhesion molecules on the retinal vasculature, and the 
expression of integrins by circulating leukocytes.
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benefits of treatment [156,157]. In fact, these studies found adverse 
effects, including vitritis and uveitis, in some eyes receiving Inflixamab. 
Thus, it seems that inhibition of circulating, but not intravitreal TNF-α, 
may be beneficial to DR patients.

Elevated plasma TNF-α could act by promoting endothelial 
activation or nervous tissue inflammation. TNF-α is a powerful 
regulator of endothelial activation and inducer of vascular dysfunction 
[158]. Peripheral inflammation or systemic delivery of TNF-α 
causes a sustained inflammatory response in the central nervous 
system in a TNF receptor-dependent fashion [159]. Thus, low-grade 
systemic inflammation associated with diabetes or with non-retinal 
complications of diabetes could increase the risk of DR progression. 
For example, the presence of diabetic foot ulcers is positively correlated 
with DR as well as with several signs of systemic inflammation, 
including markedly elevated serum TNF-α levels [160,161]. Recently, 
Nwanyanwu et al. retrospectively studied a group of 4,617 insurance 
beneficiaries initially diagnosed with nonproliferative DR and found 
that the presence of non-healing foot ulcers was the best single risk 
indicator for their progression to PDR [162]. These ulcers were 
associated with a 54% increase in the chance of progression. This 
compared to a 14% increase in hazard of progression for each 1-point 
rise in plasma HbA1c level. Thus, foot ulcers increased the risk by as 
much as hyperglycemia corresponding to a nearly 4-point increase 
in HbA1c
in DR must originate in the retinal tissue because chronic systemic 
inflammation characterizes a number of disorders that do not cause 
retinopathy [29]. However, diabetes, or retinal changes due to diabetes, 
could alter the retinal response to systemic inflammation so that the 
combination of these factors results in an increased risk of disease 
progression.

Possible causes of retinal neuroinflammation in DR

An important question to consider is what leads to the 
neuroinflammation and cytokine expression in the diabetic retina. 
Numerous mechanisms have been hypothesized to explain the 
appearance of low-grade chronic inflammation in the diabetic retina 
(reviewed in [29,163]). These include: a direct effect of hyperglycemia, 
dyslipidemia, oxidative stress due to high glucose, advanced glycation 
end products, hypertension, and ER stress. As discussed above, one 
might add systemic inflammation to the list of possibilities. In addition, 
neuroinflammation may be initiated by activation of the retinal resident 
innate immune system, which is primarily composed of tissue-resident 
macrophage-like cells called microglia [164,165]. Because microglia are 
inherently hypersensitive to tissue damage and infection, it is generally 
presumed that microglia initiate neuroinflammation and that other 
glial cells respond to and amplify these responses [110,166]. It has 
been proposed that neuroinflammation should simply be described as 
“microglial activation,” or perhaps as neural “pseudo-inflammation” 
because astrocytes, as well as microglia, become activated and produce 
inflammatory mediators [167]. In fact, neuroinflammation is not 
synonymous with microglial activation, but microglial activation is 
the main mechanism by which neuroinflammation is instigated in 
response to nervous tissue perturbations.

Physically, microglia resembles dendritic cells more than 
macrophages, with a highly ramified morphology composed of a 
small cell body with several highly branched projections or processes. 
The main function of microglia is to monitor the environment and 
respond to abnormalities in an effort to maintain tissue homeostasis. 
An innate neural immune system response would presumably prevent 
a more extreme classical inflammatory response that may result in 

excessive collateral damage to irreplaceable neural tissue. Microglia 
are equipped with an array of molecular pattern recognition receptors 
and scavenger receptors that allow them to recognize and react to the 
presence of “nonself,” such as pathogens, and to “altered self,” such as 
damaged and apoptotic neurons [164]. The term microglial activation 
initially referred to an extreme response to pathogens resulting in a 
highly inflammatory phenotype with amoeboid morphology and 
increased motility [168,169]. This classically activated phenotype 
includes production of inflammatory cytokines, proteases, nitric 
oxide (NO•) and reactive oxygen species (ROS). Thus, fully activated 
microglia can actually cause neuronal death [167,170]. With the 
concept that macrophages can adopt a range of inflammatory (M1), 
anti-inflammatory and reparative (M2) phenotypes also came to the 
realization that microglial activation is not one-dimensional. Rather, it 
seems that microglia can convert from their surveilling phenotype into 
a spectrum of alternative activation states, depending on the type and 
extent of tissue dysfunction, damage, or infection [171]. 

There is very little information regarding the role of microglia in 
clinical DR. In 1991 Weller and coworkers used immunohistochemistry 
to examine microglia in surgically removed preretinal traction 
membranes from patients with PDR, as well as patients with idiopathic 
and traumatic proliferative vitreo retinopathy (PVR) [185]. These 
authors concluded that microglia were prevalent in epiretinal 
membranes from patients with idiopathic PVR, significant in those from 

. Tang and Kern have recently reasoned that inflammation 

In experimental models of DR, microglia are altered in ways 
suggesting their activation, but the precise nature of the activation has 
not been defined. A number of studies utilized immunohistochemistry 
to examine microglia, or to be more precise, cells expressing myeloid 
lineage or monocytic markers, within diabetic and control retinas. 
These studies reported increased numbers of microglia in retinas of 
rats made diabetic with STZ [103,172-175]. Many of these cells were 
less ramified than normal retinal microglia or were even amoeboid 
in shape [103,172,175]. Retinal microglia with short dendrites have 
also been reported in mice made diabetic by Alloxan injection [176], 
as well as Ins2Akita genetically diabetic mice [177,178]. Ibrahim et al. 
used immunohistochemistry with phospho-specific antibodies to 
demonstrate that phosphorylated forms of the mitogen-activated 
protein kinase (MAPK), proteins ERK1/2 and p38, co-localized with 
microglia in retinal sections from STZ-diabetic rats, thus suggesting 
activation of MEK1/2 and MKK3/6 in these cells [179]. Such activation 
of MAPK cascades is consistent with inflammatory activation of 
microglia [180]. However, it should be noted that in all these studies 
microglial cells were identified using antibodies to markers that are 
shared by microglia and other monocytes (i.e. Iba-1, ED1 antigen, 
Isolectin B4, CD11b, and CD68). By virtue of these markers alone it 
is virtually impossible to distinguish activated resident microglia from 
extravasated plasma monocytes (i.e. infiltrating macrophages), as 
well as the small number of retinal dendritic cells. The most reliable 
characteristics differentiating microglia from invading monocytes are 
a low CD45 expression and a highly ramified, dendritic morphology. 
However, during microglial activation CD45 expression can be 
increased and ramification can be lost to various extents [181,182]. 
In addition, circulating macrophages can infiltrate damaged nervous 
tissue, adopt a microglial phenotype and replace resident microglial 
populations [183,184]. Thus, it is unclear to what degree the increased 
numbers of monocytes resembling activated microglia are due to 
infiltration of the diabetic retina by circulating monocytic cells. 
Clearly, further studies are needed to differentiate the activation and 
proliferation of resident microglia from the infiltration and conversion 
of macrophages in DR.
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traumatic PVR patients, but inconsequential in those from patients 
with PDR. However, the lectin and antibodies used to identify microglia 
by immunohistochemistry do not differentiate between microglia 
and other monocytes. Green and Tso used immunohistochemistry 
to compare monocyte numbers and morphologies in 21 retinas from 
diabetic patients, with and without DR, and 10 retinas from control 
subjects [186]. They observed that retinas from DR patients contained 
monocytes near pathologic anomalies, including dilated veins, 
microaneurysms, hemorrhages, cotton-wool spots, as well as retinal 
and vitreal neovascularization. The prevalence of cells staining with 
monocytic markers located near the vasculature led these authors to 
coin the phrase “microvascular perivasculitis.” Thus, monocytes are 
coincident with the focal pathologies that occur in DR. These cells may 
originate from the retina (microglia), the vitreous (hyalocytes), or the 
circulation (macrophages). These cells may represent a causal agent 
in the pathology or, alternatively, are responding to the pathology. 
Monocytes located in the periphery of leaky vessels could represent 
microglia reacting to and disposing of extravasated plasma proteins. 
Phagocytic monocytes would seem necessary if the hemorrhage 
or exudates deposits are ever to be cleared away. Such phagocytic 
clearance is necessary for the resolution of neural inflammation, 
for when phagocytosis is blocked neuroinflammation is prolonged 
and amplified [187]. On the other hand, these cells could represent 
damaging inflammatory macrophages that have invaded by virtue of 
adherence and diapedesis through an activated endothelial cell layer.

Summary
Numerous studies have detected a shift toward expression of 

pro-angiogenic factors and cytokines in the vitreous of DR patients, 
particularly those with severe DME and PDR. The success of anti-VEGF 
biologic therapies demonstrates that targeting one of these factors can 
be of benefit in the latter stages of the disease. However, additional 
therapies are needed to treat DME and PDR patients not responding 
to anti-VEGF therapy. These may target other pro-angiogenic factors 
or bolster the anti-angiogenic side of the equation. Although periodic 
intravitreal injections seem less than ideal, these therapies have the 
benefit of delivery to a closed compartment of molecules that are 
relatively contained and long-lived in that compartment. Perhaps 
a similar approach aimed at cytokines would be of benefit. A better 
understanding of the roles of cytokines in DR onset and progression 
would help guide this strategy. Furthermore, a fuller understanding of 
the mechanisms leading to the development of DME and PDR may 
lead to preventative measures that block disease progression before 
vascular defects become apparent. Undetermined issues include: the 
cellular source and cause of the pro-angiogenic imbalance in DME 
and PDR, including the roles of focal ischemia, tissue hypoxia, and 
the UPR; the origin of increased cytokines in the vitreous; the effect of 
these cytokines on leukostasis and leukocyte trafficking in the diabetic 
retina; the potential consequences of altered leukocyte trafficking; the 
influence of systemic inflammation on DR progression; and the effects 
of microglial activation and/or macrophage infiltration on tissue 
homeostasis and neuroinflammation in the diabetic retina.
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