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Abstract
Diabetic retinopathy (DR) has been classically considered 
to be a microcirculatory disease of the retina caused 
by the deleterious metabolic effects of hyperglycemia 
per se  and the metabolic pathways triggered by 
hyperglycemia. However, retinal neurodegeneration 
is already present before any microcirculatory abn­
ormalities can be detected in ophthalmoscopic exa­
mination. In other words, retinal neurodegeneration 
is an early event in the pathogenesis of DR which 
predates and participates in the microcirculatory 
abnormalities that occur in DR. Therefore, the study 
of the mechanisms that lead to neurodegeneration will 
be essential to identify new therapeutic targets in the 
early stages of DR. Elevated levels of glutamate and 
the overexpression of the renin- angiotensin-system 
play an essential role in the neurodegenerative process 
that occurs in diabetic retina. Among neuroprotective 
factors, pigment epithelial derived factor, somatostatin 

and erythropoietin seem to be the most relevant and 
these will be considered in this review. Nevertheless, it 
should be noted that the balance between neurotoxic 
and neuroprotective factors rather than levels of neu­
rotoxic factors alone will determine the presence or 
absence of retinal neurodegeneration in the diabetic 
eye. New strategies, based on either the delivery of 
neuroprotective agents or the blockade of neurotoxic 
factors, are currently being tested in experimental 
models and in clinical pilot studies. Whether these novel 
therapies will eventually supplement or prevent the 
need for laser photocoagulation or vitrectomy awaits 
the results of additional clinical research.
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INTRODUCTION
Diabetic retinopathy (DR) has been classically considered 
to be a microcirculatory disease of  the retina due to the 
deleterious metabolic effects of  hyperglycemia per se 
and the metabolic pathways triggered by hyperglycemia 
(polyol pathway, hexosamine pathway, DAG-PKC 
pathway, advanced glycation end-products and oxidative 
stress). However, retinal neurodegeneration is already 
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present before any microcirculatory abnormalities can 
be detected in ophthalmoscopic examination. In other 
words, retinal neurodegeneration is an early event in the 
pathogenesis of  DR which predates and participates in 
the microcirculatory abnormalities that occur in DR[1,2]. 
This concept was first introduced by Barber et al[3]. These 
authors observed that one month after inducing diabetes 
in rats by using streptozotocin there was a high rate of  
apoptosis (TUNEL positive cells) in the neuroretina 
without a significant apoptosis in endothelial cells. In the 
same paper, the authors found a higher rate of  apoptosis 
in the neuroretina from diabetic donors compared to 
non-diabetic donors, even in the case of  a diabetic 
donor without microvascular abnormalities. These 
findings have been further confirmed in experimental 
models. In addition, it has been demonstrated in 
experimental models that, apart from apoptosis, another 
feature of  retinal neurodegeneration is glial activation[1-5]. 
Our research group has been able to demonstrate 
that both apoptosis and glial activation occur in the 
retina of  diabetic patients and precede microvascular 
abnormalities[6,7] (Figure 1). 

Retinal ganglion cells are the earliest cells affected 
and have the highest rate of  apoptosis[8]. However, an 
elevated rate of  apoptosis has been also observed in the 
outer nuclear layer (photoreceptors)[9] and in the retinal 
pigment epithelium (RPE)[10].

Neuroretinal damage produces functional abnor
malities such as the loss of  chromatic discrimination, 
contrast sensitivity and dark adaptation. These alterations 
can be detected by means of  electrophysiological studies 
in diabetic patients with diabetes duration of  less than 
two years, i.e. before microvacular lesions can be detected 
in ophthalmologic examination. In addition, neuroretinal 
degeneration will initiate and/or activate several metabolic 
and signalling pathways which will participate in the 
microangiopathic process as well as in the disruption 
of  the blood-retinal barrier (a crucial element in the 
pathogenesis of  DR)[11].  

The underlying mechanisms that lead to neuronal 
deficits are likely to be broad. In addition, it is unknown 
which of  the two primordial pathological elements 
(apoptotis or glial activation) is the first to appear and is 
consequently the primary event. Nevertheless, it seems 
that retinal glial cells play an essential role in maintaining 
the normal function of  the retina. When Müller cells (the 
principal glial cells in the retina) become gliotic, display 
altered potassium siphoning, glutamate and GABA 
uptake are also known to express several modulators of  
angiogenesis[12]. 

IN VIVO EXPERIMENTAL MODELS TO 
STUDY RETINAL NEURODEGENERATION 
IN THE SETTING OF DR
Since neurodegeneration is an early event in the path
ogenesis of  DR, it is not necessary to use animal models 

with microangiopatic lesions in the eye such as Torii or 
Goto-Kakizaki rats. The experimental model currently 
used to study retinal neurodegeneration in DR is the rat 
with streptozotocin-induced diabetes (STZ-DM). In this 
model, electroretinographic abnormalities are present 
two weeks after inducing diabetes[13] and the presence of  
neural apoptosis and glial reaction can be clearly detected 
one month after starting diabetes[3,5]. However, it should 
be noted that the interpretation of  the results of  retinal 
neurodegeneration in STZ-DM rats might be hampered 
by the neurotoxic effect of  STZ. Streptozotocin is a 
potent neurotoxic agent and is able to produce neural 
degeneration. Therefore, neurodegeneration (apoptosis 
+ glial activation) observed in rats with STZ-DM 
could be due to STZ itself  rather than the metabolic 
pathways related to diabetes. It is worthy of  mention that 
pathological changes to the brain after an intraventricular 
injection of  STZ are very similar to the neurodegeneration 
reported in DR[14]. Therefore, it may be advisable to use 
murine models with a spontaneous development of  
diabetes or at least experimental models in which diabetes 
has not been induced by a neurotoxic drug. 

Mice have been used much less than rats as expe
rimental models for the study of  DR and retinal neuro
degeneration. This is because they are more resistant to 
the STZ effect (mice need 3-5 doses of  STZ to induce 
diabetes whereas in rats one dose is sufficient), have 
lower eye cups and present a lower degree of  lesions 
compared to rats. This relative protection in developing 
pathological lesions related to diabetes can be partly 
attributed to a lower activity of  aldose reductase (polyol 
pathway) compared to rats[5]. Nevertheless, because of  
its great potential for genetic manipulation, the mouse 
offers a unique opportunity to study the molecular 
pathways involved in disease development. Among mice, 
C57BL/KsJ-db/db is the model that best reproduces 
the neurodegenerative features observed in patients 
with DR. C57BL/KsJ-db/db mice carry a mutation in 
the leptin receptor gene and are a model for obesity-
induced type 2 diabetes. They develop hyperglycemia 
starting at ∼8 wk of  age as a result of  excessive food 
consumption. It is noteworthy that they present an 
abundant expression of  aldose-reductase in the retina (an 
important differential trait from other mouse models)[15]. 
Therefore, C57BL/KsJ-db/db seems appropriate for 
investigating the underlying mechanisms of  retinal 
neurodegeneration associated with diabetes and for 
testing new drugs. 

NEUROTOXIC AND NEUROPROTECTIVE 
FACTORS
The main neurotoxic metabolite involved in diabetic 
retinal neurodegeneration is glutamate. In addition, there 
is emerging information about the neurotoxicity due to 
angiotensin Ⅱ in the setting of  the RAS overexpression 
that exists in DR. The role of  other neurotoxic factors 
has yet to be elucidated. 
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Several types of  insult cause the upregulation of  neuro
trophic factors and their receptors in the retina resulting 
in decreased photoreceptor cell death from subsequent 
injury. This phenomenon is more prominent in rats than 
in mice and neurotrophic factors are more efficacious 
in rats than mice[16]. Among the neuroprotective factors, 
pigment epithelial derived factor (PEDF), somatostatin 
(SST) and erythropoietin (Epo) seem to be the most 
relevant and will be reviewed in this paper. However, there 
are other neuroprotective factors such as neuroprotectin 
D1 (NPD1), brain-derived neurotrophic factor (BDNF), 

glial cell-line-derived neurotrophic factor (GDNF), ciliary 
neurotrophic factor (CNTF) and adrenomedullin (AM). 
It is worthy of  mention that the balance between the 
neurotoxic and neuroprotective factors will determine the 
fate of  the retinal neurons. 

Glutamate
Glutamate is the major excitatory neurotransmitter in 
the retina and is involved in neurotransmission from 
photoreceptors to bipolar cells and from bipolar cells to 
ganglion cells. However, an elevated glutamate level (which 
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Figure 1  Comparison of the two key elements of neurodegeneration (glial activation and apoptosis) between a representative case of diabetic patient 
without DR and a non-diabetic subject. As can be seen, neurodegeneration is higher in the retina from the diabetic donor. A: Glial activation in the human retina. 
Glial fibrillar acidic protein (GFAP) immunofluorescence (green) from a non-diabetic donor (left panel) and a diabetic donor (right panel); B: Apoptosis in the human 
retina. Upper panel: Non-diabetic donor (B1: Propidium iodide, B2: TUNEL immunofluorescence). Low panel: Diabetic donor (B3: Propidium iodide, B4: TUNEL 
immunofluorescence). RPE: Retinal pigment epithelium; ONL: Outer nuclear layer; INL: Inner nuclear layer; GCL: Ganglion cell layer. The bar represents 20 mm.
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results in excessive stimulation) is implicated in the so 
called “excitotoxicity” which leads to neurodegeneration. 
The excitotoxicity of  glutamate is the result of  over
activation of  N-metil-D-aspartame receptors which have 
been overexpressed in DM-STZ rat receptors[17]. There 
are at least two mechanisms involved in glutamate-induced 
apoptosis: a caspase-3-dependent pathway and a caspase-
independent pathway involving calpain and mitochondrial 
apoptosis inducing factor[18].

Elevated levels of  glutamate in the retina have been 
found in experimental models of  diabetes as well as in 
the vitreous fluid of  diabetic patients with PDR[19,20]. 
However, there is no information about this issue in the 
earlier stages of  DR. 

The cause of  the high levels of  glutamate in DR has 
been related to a dysfunction of  macroglia in metabolising 
glutamate[21]. The reason for this dysfunction seems to 
be related to impairment in the glutamate transporter of  
Müller cells due to diabetes-induced oxidative stress[22]. 
In addition, two enzymatic abnormalities in glutamate 
metabolism have been found in the diabetic retina: 
transamination to alpha-ketoglutarate and amination to 
glutamine. The reduced flux through these pathways may 
be associated with the accumulation of  glutamate[23].

Angiotensin Ⅱ
The blockade of  the RAS with a converting enzyme 
inhibitor or by using angiotensin Ⅱ type 1 (AT1) receptor 
blockers (ARBs) is one of  the most used strategies for 
hypertension treatment in diabetic patients. Apart from 
the kidney, the RAS system is expressed in the eye. In the 
retina, RAS components are largely found and synthesized 
in two sites: neurons and glia cells in the inner retina and 
in blood vessels[24]. The finding of  renin and angiotensin 
in glia and neurons suggests a role for these molecules in 
neuromodulation.

There is growing evidence that RAS activation in 
the eye plays an important role in the pathogenesis of  
DR[24]. Therefore, apart from lowering BP, the blockade 

of  the RAS could also be beneficial “per se” in reducing 
the development and progression of  DR. In fact, recent 
evidence supports the concept that RAS blockade in nor
motensive patients has beneficial effects in the incidence 
and progression of  DR[25-27].

The major components of  RAS have been identified 
in ocular tissues and are overexpressed in the diabetic 
retina. Angiotensin Ⅱ binds and activates two primary 
receptors, AT1-R and AT2-R. In adult humans activa
tion of  the AT1-R dominates the pathological states. 
AT1-R activation by angiotensin Ⅱ produced by the 
retina stimulates several pathways involved in the pa
thogenesis of  DR such as inflammation, oxidative 
stress, cell proliferation, pericyte migration, remodelling 
of  extracellular matrix by increasing matrix metallo
proteinases, angiogenesis and fibrosis (Figure 2)[24]. In 
addition, AT1-R activation by angiotensin Ⅱ promotes 
leukostasis (the inappropriate adherence of  leukocytes to 
the retinal capillaries) and neurodegeneration[24,28]. Apart 
from reducing microvascular disease, there is growing 
evidence pointing to neuroprotection as a relevant 
mechanism involved in the beneficial effects of  ARBs 
in DR. In this regard, it has recently been reported that 
candesartan (the ARB with the best diffusion across 
the blood-brain barrier) has a neuroprotective effect 
after brain focal ischemia[29]. In addition, telmisartan and 
valsartan inhibit the synaptophysin degradation that exists 
in the retina of  a murine model of  DR[30]. Moreover, 
valsartan is able to prolong the survival of  astrocytes and 
reduce glial activation in the retina of  rats with hypoxia-
induced retinopathy[31]. Furthermore, mitochondrial 
oxidative stress asociated with retinal neurodegeneration 
has been improved by using losartan in a model of  spon
taneously hypertensive rats[32]. Taken together, it seems 
that neuroprotection is a relevant mechanism involved in 
the beneficial effects of  ARBs in DR. 

PEDF
PEDF is a 50 kDa protein encoded by a single gene that 
is preserved across phyla from fish to mammals. It shares 
homology with the serine proteinase inhibitor (Serpin) 
family but lacks proteinase activity. PEDF was first 
purified from human RPE cells and was described as a 
neurotrophic factor with neuroprotective properties[33]. 
In this regard, it should be noted that intraocular gene 
transfer of  PEDF significantly increases neuroretinal cell 
survival after ischemia-reperfusion injury[34] and excessive 
light exposure[35]. In addition, PEDF protects neurons 
from glutamate-mediated neurodegeneration[36].

Apart from its neurotrophic factor and neuroprotec
tive properties, there is growing evidence that PEDF is 
among the most important natural inhibitors of  angio
genesis and that it is the main factor accounting for the 
antiangiogenic activity of  vitreous fluid where it is found 
in abundant quantities[37]. PEDF is responsible for the 
avascularity of  the cornea and vitreous fluid and under 
hypoxic conditions its secretion is decreased. In addition, 
elevated glucose down-regulates PEDF expression in 
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Figure 2  AT1-R activation by angiotensin Ⅱ produced by the retina 
stimulates several pathways involved in the pathogenesis of DR such 
as inflammation, oxidative stress, leukostasis and angiogenesis. AT1-R:
Angiotensin Ⅱ type 1 receptor; AT2-R: Angiotensin Ⅱ type 2 receptor; AGEs: 
Advanced glycated end products; BM: Basal membrane; BRB: Blood retinal 
barrier; ECM: Extracellular matrix; VEGF: Vascular endothelial growth factor. 



RPE cells. The receptors for PEDF are not known but 
experimental studies suggest that there may be receptors 
in the retina[38-40]. In addition, it has been suggested 
that antiangiogenic and neurotrophic activities reside in 
separate regions of  the molecule, thus suggesting that 
more than one receptor exists[40,41].

Therefore, there are enough arguments to propose 
PEDF as a serious new candidate for DR treatment. 
PEDF can successfully be delivered to the eye by viral 
vectors. As an alternative to viral-mediated gene trans
fer, transplantation of  autologous cells transfected 
with plasmids encoding for PEDF delivers therapeutic 
doses of  PEDF to the eye. Another mechanism for 
delivering PEDF to the eye is to exploit its endogenous 
availability or production. It seems likely that much of  the 
endogenous PEDF in the eye is bound to extracellular 
matrix molecules and thus may not be active. Drugs that 
release PEDF from these matrix molecules could increase 
free PEDF to therapeutic levels. In addition, levels of  
PEDF mRNA and secreted protein could be increased 
by either dexamethasone or retinoic acid[42]. Therefore, 
new strategies for diabetic retinopathy treatment based on 
PEDF activation are warranted.

SST
SST is a peptide that was originally identified as the 
hypothalamic factor responsible for the inhibition of  
the release of  the growth hormone from the anterior 
pituitary. Subsequent studies have shown that SST has 
a much broader spectrum of  inhibitory actions and is 
much more widely distributed in the body, occurring 
not only in many regions of  the central nervous system 
but also in many tissues of  the digestive tract and in 
the retina[43]. SST mediates its multiple biological effects 
via specific plasma membrane receptors that belong to 
the family of  G-protein coupled receptors with seven 
transmembrane domains. So far, five SST receptor 
subtypes (SSTRs) have been identified (SSTRs 1-5).

Neuroretina and, in particular, the amacrine cells have 
been classically described as the main source of  SST in 
the retina. However, we have found that SST expression 
and content is higher in RPE than in the neuroretina 
from human eye donors[6] (Figure 3). Therefore, RPE 
rather than neuroretina is the main source of  SST, at 
least in humans. The amount of  SST produced by the 

human retina is significant as deduced by the strikingly 
high levels found in the vitreous fluid[44,45]. Apart from 
SST, SSTRs are also expressed in the retina, with SSTR1 
and SSTR2 being the most widely expressed[43,46,47]. The 
production of  both SST and its receptors simultaneously 
suggests an autocrine action in the human retina. 

The main functions of  SST for retinal homeostasis 
are the following: (1) SST acts as a neuromodulator 
through multiple pathways, including intracellular Ca2+ 
signaling, nitric oxide function and glutamate release from 
the photoreceptors. In addition, a loss of  SST immu
noreactivity occurs after degeneration of  the ganglion 
cells. Therefore, the neuroretinal damage that occurs in 
DR might be the reason for the decreased SST levels 
detected in the vitreous fluid of  these patients. In fact, 
we have recently found that low SST expression and 
production is an early event in DR and is associated with 
retinal neurodegeneration (apoptosis and glial activation)[6]; 
(2) SST is a potent angiostatic factor. SST may reduce 
endothelial cell proliferation and neovascularisation by 
multiple mechanisms including the inhibition of  postre
ceptor signalling events of  peptide growth factors such 
as IGF-I, VEGF, epidermal growth factor and PDGF[48]; 
and (3) SST has been involved in the transport of  water 
and ions. Various ion/water transport systems are located 
on the apical side of  the RPE adjacent to the subretinal 
space and a high expression of  SST-2 has been shown in 
this apical membrane of  the RPE[46]. 

In DR there is a downregulation of  SST associated 
with retinal neurodegeneration[6]. The lower expression of  
SST in RPE and neuroretina is associated with a dramatic 
decrease of  intravitreal SST levels in both PDR[39,40] and 
DME[49]. As a result, the physiological role of  SST in 
preventing both neovascularisation and fluid accumulation 
within the retina could be reduced and consequently the 
development of  PDR and DME is favoured. In addition, 
the loss of  neuromodulator activity could also contribute 
to neuroretinal damage. For all these reasons, intravitreal 
injection of  SST analogues or gene therapy has been 
proposed as a new therapeutic approach in DR[50]. 

Epo 
Erythropoietin (Epo) was first described as a glycoprotein 
produced exclusively in fetal liver and adult kidney that 
acts as a major regulator of  erythropoiesis. However, 
Epo expression has also been found in the human brain 
and in the human retina[51,52]. In recent years, we have de
monstrated that both Epo and its receptor are expressed 
in the adult human retina[53]. Epo and EpoR mRNAs are 
significantly higher in RPE than in the neuroretina[53]. In 
addition, intravitreal levels of  Epo are ∼3.5 fold higher 
that those found in plasma[52]. The role of  Epo in the 
retina remains to be elucidated but it seems that it has a 
potent neuroprotective effect[54,55]. 

Epo is upregulated in DR[52,53,56,57]. Epo overexpression 
has been found in both the RPE and neuroretina of  
diabetic eyes (Figure 4)[52,53]. This is in agreement with 
the elevated concentrations of  Epo found in the vitreous 
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fluid of  diabetic patients (∼30 fold higher than plasma and 
∼10 fold higher than in non-diabetic subjects)[52]. Hypo
xia is a major stimulus for both systemic and intraocular 
Epo production. In fact, high intravitreous levels of  Epo 
have recently been reported in ischemic retinal diseases 
such as PDR[52,56-58]. In addition, it has been reported that 
Epo has an angiogenic potential equivalent to VEGF[57,59]. 
Therefore, Epo could be an important factor involved 
in stimulating retinal angiogenesis in PDR. However, 
intravitreal levels of  Epo have been found at a similar 
range in PDR to that in DME (a condition in which 
hypoxia is not a predominant event)[52]. In addition, 
intravitreal Epo levels are not elevated in non-diabetic 
patients with macular edema secondary to retinal vein 
occlusion[60]. Finally, a higher expression of  Epo has 
been detected in the retinas of  diabetic donors at early 
stages of  DR compared to non-diabetic donors and 
this overexpression is unrelated to mRNA expression 
of  hypoxic inducible factors (HIF-1α and HIF-1β)[53]. 
Therefore, stimulating agents other than hypoxia/ischemia 
are involved in the upregulation of  Epo that exists in the 
diabetic eye.

The reason why Epo is increased in DR remains to 
be elucidated but the bulk of  the available information 
points to a protective effect rather than a pathogenic 
effect at least in the early stages of  DR. In addition, Epo 
is a potent physiological stimulus for the mobilization of  
endothelial progenitor cells (EPCs) and therefore could 
play a relevant role in regulating the traffic of  circulating 
EPCs towards injured retinal sites[61]. In this regard, the 
increase of  intraocular synthesis of  Epo that occurs in 
DR can be contemplated as a compensatory mechanism 
to restore the damage induced by the diabetic milieu. 

In fact, exogenous Epo administration by intravitreal 
injection in early diabetes may prevent retinal cell death 
and protect the blood retinal barrier function in STZ-
DM rats[62]. Nevertheless, in advanced stages, the elevated 
levels of  Epo could potentiate the effects of  VEGF 
thus contributing to neovascularisation and consequently 
worsening PDR[61,63].

The potential advantages of  Epo or EpoR agonists 
in the treatment of  DR include neuroprotection, vessel 
stability and enhanced recruitment of  EPCs to the 
pathological area. However, as mentioned above, timing 
is critical since if  Epo is given at later hypoxic stages the 
severity of  DR could increase. However, in the case of  the 
eye, disease progression is easy to follow without invasive 
investigation and allows timing of  the administration of  
drugs to be carefully monitored hopefully resulting in 
better clinical outcomes.

CONCLUSION
Neurodegeneration is an early event in the pathogenesis 
of  DR. Elevated levels of  glutamate and the over
expression of  the RAS system play an essential role in 
the neurodegenerative process that occurs in the diabetic 
retina. Among the neuroprotective factors, PEDF, SST 
and Epo seem to be the most important contributing 
factors but the role of  NPD1, BDNF, GDNF, CNTF and 
AM should also be taken into account. In fact, the balance 
between neurotoxic and neuroprotective factors rather 
than the levels of  neurotoxic factors alone will determine 
the presence or not of  retinal neurodegeneration in the 
diabetic eye. 

Finally, it should be stressed that the study of  the 
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Figure 4  Comparison of Epo (upper pannel, green) and EpoR 
(lower pannel, red) immunofluorescence in the human retina 
between  representative samples. A, C: Non-diabetic donor; B, D: 
Diabetic donor. RPE: Retinal pigment epithelium; ONL: Outer nuclear 
layer; INL: Inner nuclear layer; GCL: Ganglion cell layer. The bar 
represents 20 mm. 
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mechanisms that lead to neurodegeneration will be 
essential for identifying new therapeutic targets in the early 
stages of  DR. At present this is a growing and increasingly 
important field in medicine which involves several areas 
of  knowledge such as diabetology, ophthalmology and 
the neurosciences and consequently clinical trials with a 
multidisciplinary approach are needed.
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