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Abstract
Diabetic retinopathy (DR) is the main cause of visual impairment in industrialized countries. Great efforts are
in place to search for new therapies able to prevent the development of DR and the onset of its complications.
At present, therapy consists of anti-VEGF intra vitreal injections and is aimed at preventing the main causes of
visual impairment, that is, macular oedema and retinal proliferation. However, the current knowledge has led us
to hypothesize about the roles of other factors implicated in the pathogenesis of macular oedema and retinal
proliferation; erythropoietin (EPO) is one such compound.
The aim of the work was to review the recent literature on the applications of EPO within the context of DR
etiopathogenicity.
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Introduction
Erythropoietin (EPO) is a cytokine that was purified for the first
time in 1977; its applications in clinical practice began in 1988 when
recombinant human erythropoietin (rhEPO) was registered, primarily
for the treatment of anaemia in chronic kidney disease (CKD). Since
then, the applications of rhEPO have grown, and now it is used to treat
not only renal anaemia but also anaemia resulting from prematurity
and malignancy/chemotherapy/radiotherapy-related anaemia, myelodysplasia, HIV, and neuroprotection [1].
In ophthalmology, interest in this molecule has grown only recently,
thanks to the discovery of its involvement in the etiopathogenesis of
proliferative retinopathies [2] and neuroprotection [3]. Moreover,
retinal production of EPO and the retinal presence of its receptor
(EpoR) have been discovered in recent years [4].
The aim of this review is to elucidate the current knowledge on
the role of EPO in the etiopathogenesis of diabetic retinopathy (DR)
and any possible roles of EPO in a therapy for this dangerous and
formidable complication on the basis of data available in the current
literature.

Diabetic Retinopathy
DR is a very frequent microvascular complication of diabetes
mellitus (DM); in fact, it is the leading cause of legal blindness in
industrialized countries [5,6].
DR has several pathogenetic steps: initially, glycosylation of
structural proteins leads to the loss of pericytes of the retinal vessels;
the consequences include bulging (micro-aneurysms) and rupture
(micro-haemorrhages) of capillaries, which are associated with the
extravasation of fluids and consequent retinal oedema. The consequence
of these vascular abnormalities is retinal ischemia, which in turn,
releases proangiogenic factors leading to many abnormal new vessels
that proliferate and coat the cortical vitreous surface (proliferating
DR). During this step, there is a higher risk of massive haemorrhage
(vitreous haemorrhage) and tractional retinal detachment; when this
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damage occurs, the chances of recovering vision are poor. This is the
reason why many efforts have been made to both inhibit the growth
and block the development of DR; many of these studies have focused
on retinal neoangiogenetic factors in order to prevent one of the first
steps of DR.
The most important cytokines and growth factors involved in
neoangiogenesis have been well known for a long time; they are
vascular endothelial growth factor (VEGF), interleukin 6 (IL-6),
insulin-like growth factor (IGF), and the products of non-enzymatic
glycosylation [7].
However, suppression of these factors does not completely inhibit
ischemia-induced angiogenesis, suggesting the possible involvement of
other angiogenic factors. Recently, it has been shown that EPO also
has angiogenic activity similar to that of VEGF: in vitro, it stimulates
proliferation, migration, and angiogenesis in endothelial cells that
express EpoR. Furthermore, inhibition of EPO by soluble receptors for
EPO (sEpoR) blocks angiogenesis in vivo.
Over the past years, many studies have suggested that EPO also has
a neuroprotective role, which could play a protective role in the retina.
For these reasons, in regard to DR, EPO could be considered a “twofaced Janus”: it is a pathogenetic factor, but it also plays a protective
role in proliferative diabetic retinopathy (PDR).

Erythropoietin
EPO is a 30.4-kDa glycoprotein hormone, formed by a single
polypeptide chain of 165 amino acids [8], whose gene is located
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on chromosome 7 (7pter-q22) [9]. The conformation of EPO is 4
antiparallel alpha-helices connected by 2 loops, 1 long and 1 short; it
is very similar to other hormones such as growth hormone-releasing
hormone (GRH), prolactin (PRL), IL-6, and granulocyte colonystimulating factor (G-CSF) [10].

by an increase in localised production of EPO [34]. In both the brain
and kidney, EPO production is regulated by an ischemia-dependent
mechanism. These data are derived from models of traumatic brain
injury [35], damage to the spinal cord [36], Parkinson’s disease,
oxidative stress [37], and chemical neurotoxicity [38].

The major site of EPO production during foetal development is the
liver, while in adults, the main site of production is the kidney [11,12].
Recently, production of EPO has been found also in many other tissues,
including the female genital tract, placenta, testes, brain, and human
retina [13-15].

Exogenous administration of EPO in rodents saves hippocampal
neurons from lethal ischemic damage [35,39], and provides
neuroprotection after traumatic brain [35] or spinal cord injuries [36].

The main stimulus for the production of EPO is hypoxia, which
causes an increase in the expression of hypoxia-inducible factor (HIF)
[16]. HIF increases the transcription of genes producing molecules
involved in mechanisms of adaptation to low levels of oxygen, such as
EPO, VEGF, glucose transporters, and glycolytic enzymes [17]. It had
been hypothesized that both the isoforms of HIH—HIF-1 and HIF-2may affect expression of the EPO gene; however, it has been suggested
recently that HIF-2 is the main factor that stimulates expression of the
EPO gene in hypoxic conditions [18]. In contrast, IL-1 and tumour
necrosis factor alpha (TNFα) inhibits the production of EPO in vitro
[19].
EPO acts by binding to a trans-membrane receptor (EpoR)
that belongs to the superfamily of type I cytokine receptors and is
predominantly expressed on hematopoietic progenitor cells. Recently,
EpoR has also been identified in non-hematopoietic cells, such as in
endothelial cells, cardiac myocytes, neurons, liver cells, retinal cells,
the gastrointestinal tract, and the reproductive system [20-23]. In
some organs (eyes, brain, spleen), EpoR expression is increased during
hypoxia [24].
EPO was initially described as a molecule playing a sole role as
a primary regulator of erythropoiesis; it stimulates the production,
survival, and differentiation of erythroid progenitor cells, mainly on
colony-forming-unit-erythroid (CFU-E), and inhibits apoptosis [25].
The presence and production of EPO and EpoR in nonhematopoietic tissues leads one to consider EPO to be a pleiotropic
cytokine that mediates many biological activities beyond
haematopoiesis. At present, it is believed that EPO is a growth factor
with anti-apoptotic, anti-oxidant, anti-inflammatory, and proangiogenic functions [14]. Recent evidence supports EPO acting as a
paracrine growth factor.
EPO has angiogenic activity in vitro and stimulates endothelial
cells to proliferate and migrate [26]; administration of EPO has a
protective effect on endothelial cells [27]. The effectiveness of EPO in
stimulating angiogenesis in vivo and in vitro reaches the same degree
as VEGF [28,29].
EPO also promotes the survival of endothelial and neuronal cells
[30,31]. Recently, it is also known that EPO is a potent anti-apoptotic
factor for cells presenting EpoR, especially nerve cells [14].
In the recent years, many experimental studies have shown that
EPO has a significant neuroprotective effect both in cell cultures
and in animal models of nervous system diseases [20-22]. EPO is a
potent promoter of neuronal survival and can prevent damage to the
nervous system resulting from conditions of reduced oxygen tension,
metabolic stress, or neurotoxic agents [3,32]. EPO prevented apoptosis
and protected neuronal cells from damage in experimental models
of ischemic and hypoxic injury to the central nervous system [33].
In cerebral ischemia, a rapid up-regulation of EpoR occurs, followed
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Erythropoietin and Eye
It has been shown that EPO is produced locally in the retina [13];
also, its receptor (EpoR) is expressed in the human retina [4]. The exact
sites of EPO and EpoR expression in the retina have not yet been defined
with certainty. In one study, it was shown that EPO is expressed in
amacrine and bipolar cells, and EpoR is expressed in the ganglion cells,
amacrine cells, and astrocytes of the mammalian retina [40]. Another
study showed expression of the EPO gene and its receptor in different
layers of the neurosensory retina and retinal pigment epithelium [4].
Still, in a murine model of oxygen-induced retinopathy, the EPO
protein was localized mainly at the level of the internal segment of
the photoreceptors [41], and in an autoptic study of diabetic patients
without diabetic retinopathy, the EPO receptor has been identified in the
neuroretina and retinal pigment epithelium [4]. Another study showed
the presence of the EPO receptor in the epiretinal membrane in eyes
affected by proliferative diabetic retinopathy [42]. Chen et al. showed
that the receptor for EPO should be expressed in each layer of the inner
retina, and especially in the ganglion cell layer [41]. Additionally, Killic
et al. demonstrated the expression of the receptor at the level of the
ganglion cells [24]; while Grimm et al. [43,44] demonstrated evidence
of its localization at the level of the photoreceptor layer [43].
If the location of EpoR in the retina is not yet completely defined,
it is certain that the expression of the receptor in the retina is strongly
influenced by the presence of hypoxia. Hypoxia is indeed a powerful
stimulus for the expression of EPO and its receptor, and a growing
amount of evidence suggests that hypoxia may induce changes in the
expression of EPO receptors in the eye. It seems that hypoxia (through
HIF-1) results in an up-regulation of both EPO in the retina and the
expression of receptor for EPO [43]. Animal studies show that levels of
the receptor are greater in retinas exposed to ischemic conditions than
in normal retinas [44].
Another study that investigated the distribution of the EPO
receptor in the retina revealed differences between the central and
peripheral retina. EpoR is expressed in the ganglion cell layer at the
posterior pole of human eyes in non-diabetic subjects, while it is not
expressed at the level of the inner and outer nuclear layers or at the level
of the plexiform layer. In contrast, in the diabetic retina at the posterior
pole there is greater expression at the photoreceptor level than in the
ganglion cell layer. The increased expression in the photoreceptor
level is very probably linked to an earlier state of hypoxia and the great
ischemic susceptibility of these cells [45].
In the peripheral retina, the thickness and the numbers of cells
normally decrease. In non-diabetic eyes, there is a progressive and
corresponding reduction in the concentration of EpoR. In contrast, in
the diabetic retina, there is also a significant increase in EpoR in the
periphery; in this case, the increased expression of EPO receptors is also
linked to the ischemia/hypoxia that affects this peripheral area [45]. In
ischemic conditions, like those that occur in diabetic retinopathy, there
may be an up-regulation of the expression of EpoR in the photoreceptor
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layer and in the peripheral retina. The increase in EPO receptors may
reflect an increase in hypoxia, and this could be a system by which the
body tries to protect the retina from hypoxia-induced damage.
EPO also appears to have a potent neuroprotective effect [25,33,4648], in particular, against neurological damage from ischemia and
reperfusion and light-induced retinal degeneration in animal models
[35,40,49,50]. There is increasing evidence that EPO is a eurotrophic
factor not only in the brain, but also in the retina [46]. EPO can protect
retinal ganglion cells from degeneration induced by reperfusion
after ischemia [40,51] and promotes the survival of ganglion cells, as
demonstrated in a mouse model of glaucoma [52].
EPO is able to restore proteins at the tight junction level and
protect the blood–brain barrier through increased permeability
induced by VEGF [53]. Because of the resemblance between the blood–
brain and blood–retinal barriers, is possible that EPO also acts as an
anti-permeability factor in the retina [52]. In fact, when administered
systemically as a treatment for anaemia in diabetic patients with renal
impairment [54], improvements were noted in the patients’ diabetic
macular oedema.
EPO also has an anti-inflammatory effect on the brain [55], and
this action could be effective on the retina [2].
The expression of EPO and its receptor in the retina are noticeable
in cases of apoptosis caused by oxidative stress, such as that induced
by light [56]. Furthermore, it has been shown that EPO can reduce
apoptosis associated with oxidative damage in retinal pigment epithelial
cells in culture [57]. Apoptotic cell death is implicated in many
degenerative retinal diseases, including retinitis pigmentosa, glaucoma,
and macular degeneration [46]. In oxidative stress, up-regulation of
EPO provides neuroprotection against retinal degeneration. Studies on
mice have shown that an increase in EPO can protect the retina from
damage induced by light after the retina has been exposed to a hypoxic
environment [43].
In conclusion, EPO is a powerful physiological stimulus for the
mobilization of endothelial progenitor cells [58]; therefore, EPO could
have a significant role in the turnover of endothelial progenitor cells in
damaged areas of the retina [2].

Erythropoietin and Diabetic Retinopathy
Diabetic retinopathy (DR) is the leading cause of blindness in
working-age patients in industrialized countries [5,6].
Macular oedema is the leading cause of visual impairment in
patients with type 2 diabetes mellitus [59] and is caused by fluid
accumulation compromising the internal blood–retinal barrier
[59,60]. VEGF (vascular endothelial growth factor) and other proinflammatory cytokines seem to be the main factors involved in the
pathogenesis of diabetic macular oedema [61,62]. However, knowledge
about the modulators of the permeability of the blood–retinal barrier
in macular oedema is limited.
Recent studies have shown that, although VEGF is the main
mediator of retinal angiogenesis, its inhibitional one is not enough
to prevent retinal neovascularisation in eyes receiving this treatment
[63]. Therefore, it was hypothesized that there must be other important
ischemia-induced angiogenic factors, one of which may be EPO.
Similar to VEGF, EPO plays an important role in retina angiogenesis
[44]; recent studies have demonstrated intraretinal production of this
molecule, which has an angiogenic potential equal to that of VEGF
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[28,64]. The inhibition of the expression of EPO in mRNA (small
interfering RNA) is effective in suppressing retinal neovascularisation
[41]. Therefore, EPO could be an important factor involved in
stimulating angiogenesis in proliferative diabetic retinopathy.
Intraocular levels of EPO are increased in diabetic retinopathy
[4,13,64]. The cause of high levels of EPO in the vitreous humour of
patients with diabetic macular oedema and proliferative DR remains
unclear [13,64,65].
The increase in vitreous EPO and in the proliferation of DR could
in part depend on increased serum diffusion resulting from the high
permeability of retinal vessels; however, this seems to be mainly caused
by increased local production; the blood concentration is lower than
that in the vitreous humour [66].
Increased levels of EPO gene expression were found in human
and animal retinas [13,64], and EpoR immunoreactivity was detected
in epiretinal membranes in diabetic eyes [42]. Increased expression
of EPO was found both in the retinal pigment epithelium and in the
neuroretina of diabetic eyes [4,13]. The mRNA expression of EPO is
increased, especially in the pigment retinal epithelium, compared to
the neurosensory retina [4].
The retina is one of the most metabolically active tissues of the
human body and therefore is very sensitive to reductions in oxygen
tension. Hypoxia is the major stimulus of both systemic and intraocular
production of EPO; in fact, elevated levels of intravitreal EPO are
associated with ischemic ocular diseases such as proliferative diabetic
retinopathy and occlusion of the central retinal vein [13,64,67].
High intravitreal levels of EPO were found both in the presence
of proliferative diabetic retinopathy and in diabetic macular oedema
without ischemia [13,64,65]. This suggests that the increase in vitreous
EPO not only results from ischemia, but also from other factors [13].
The mechanism that induces increased production of EPO in the
retinas of diabetic patients is still not completely understood, even if
the main stimulus is hypoxia, which increases the gene transcription of
the gene for EPO through HIF-1.
Watanabe et al. [65] observed an increase in EPO levels in the
vitreous humour of patients with inflammatory eye diseases [28,64],
and since inflammation plays a pathogenic role in DR [68], this may
contribute to the high levels of EPO observed in diabetic patients.
Hyperglycaemia may be another factor that induces production of EPO.
Although there are no studies evaluating the effect of glucose on the
retinal expression of EPO, a direct relationship has been demonstrated
in a hamster ovary cell line [69].
Moreover, the reduction of EPO catabolism may contribute to the
high levels of EPO detected in the retina and in the vitreous humour of
diabetic donors. The glycosylation of EPO reduces its affinity for EpoR
[70]. Given that EPO is degraded only in cells expressing EpoR, and
that the link determines the degree of intracellular degradation [71], it
is possible that a high level of glycosylation of EPO is associated with
reduced clearance of EPO.
The consequences of EPO expression in diabetic retinopathy
remain to be elucidated, but to date, the available knowledge suggests
that it has a protective role, at least in the early stages of diabetic
retinopathy.
Retinal neurodegeneration is an early event in diabetic retinopathy,
and therefore, it is possible that a high production of EPO is necessary
for it to act as a neuroprotective factor. Indeed, there are numerous
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experimental studies that demonstrate the beneficial role of EPO in
cases of neurological insults such as hypoxia, ischemia [40], photooxidation [43], and increased intraocular pressure [52]. Layton et al.
[72,73] showed that in culture, the retinal neurotrophic effect of EPO is
attenuated by high concentrations of glucose, similar to those present
in diabetes. Recently, it was shown that in early diabetes, the exogenous
administration of EPO through intravitreal [73] or intraperitoneal
injections [74] protects the nervous and vascular structures in
murine models. There is increasing evidence that demonstrates the
neuroprotective ability of EPO both in the brain and in the retina
[33,46].

al. recently described a murine model of hypoxia-induced retinopathy
and demonstrated that the administration of exogenous EPO during
the initial phase prevents vascular leakage and apoptosis of retinal
neurons induced by hypoxia; however, a late treatment with EPO
may increase pathological neovascularisation [43]. The administration
of exogenous EPO through intravitreal injections in rats with early
diabetic retinopathy prevents the death of retinal cells and protects the
functions of the blood–retinal barrier [73,75].

EPO protects retinal pigment epithelial cells through increased
permeability; this is mainly mediated by JAK2 and PI3/AKT signalling
pathways. Furthermore, treatment with EPO leads to an increase in
intracellular free Ca2+ into retinal pigment epithelial cells, stimulating
the flow from the extracellular space. This could contribute to the
protective effect of EPO to barrier functions. By using an in vitro
bovine blood–brain barrier model, it has been demonstrated that EPO
protects against increased permeability induced by VEGF and protects
the tight junction [53]; similar results were found in a murine model
[51]. Since the blood–retinal barrier is very similar to the blood–brain
barrier, it is possible that EPO acts as an anti-permeability factor in
the retina as well. In fact, EPO reduces diabetic macular oedema when
administered systemically as a therapy to patients with an aemia and
chronic renal failure [54].

However, in advanced stages when retinal hypoxia is predominant
and when there are also high levels of VEGF, EPO contributes to
neovascularization, and consequently, to the worsening of DR [43,79].
Moreover, in these later stages, the recruitment of EPCs could aggravate
retinal neovascularisation [80]. Suppression of EPO during this phase
might be beneficial and could be associated with the inhibition of
VEGF [64].

Studies have also been conducted to evaluate the effect of EPO on
pericytes. The initial results, which evaluated the utility of exogenous
EPO as a vasoprotective and neuroprotective agent, are promising
[73,75]. Pericytes play a fundamental role in maintaining the structural
integrity of vessels and the blood–retinal barrier; they not only regulate
the tone but also preserve the ability to produce prostacyclin, which
protects against damage induced by lipid peroxidation. The loss and
dysfunction of pericytes are among the earliest changes in the course
of diabetic retinopathy, and determine many pathological changes
[76]. The mechanism responsible for the loss of pericytes in the early
DR is complex; high glucose levels, as well as AGEs, oxidative stress,
and inflammation may cause apoptosis of retinal pericytes. Another
mechanism is the NF-κB factor activation in retinal pericytes in
response to hyperglycaemia. EPO could protect pericytes through its
anti-oxidant and anti-inflammatory properties. Several mechanisms
could be involved, for example, the reduction of the release of
inflammatory cytokines, such as TNFα and IL1β; the restoration
of the integrity of cellular barriers interrupted by oxidative stress;
the reduction of intracellular levels of reactive oxygen species the
restoration of the antioxidant potential of cells; the total antioxidant
capacity; glutathione peroxidase; superoxide dismutase; and the
reduction of lipid peroxidation products [77].
EPO, beyond its anti-permeabilization, anti-inflammatory, and
neuroprotective actions, protects from apoptosis induced by high
glucose levels and the harmful effects of free radicals [51,78].
In addition, EPO is a potent physiological stimulus for the
mobilization of endothelial progenitor cells (EPCs) [58] and,
therefore, could play a significant role in regulating the movement of
circulating EPCs to damaged retinal areas [44]. An early addition of
systemic EPO prevents the loss of retinal blood vessels as well as the
neovascularisation and pathological degeneration of retinal neurons
[43]. During the vascular leakage phase of retinopathy, supplements of
EPO can help prevent the loss of retinal vessels, and therefore, prevent
pathological neovascularisation induced by hypoxia [43,64]. Chen et
J Diabetes Metab
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For all these reasons, the increased intraocular synthesis of EPO,
which occurs in diabetic retinopathy, could repair the damage induced
by diabetes.

During the proliferative phase of retinopathy, high levels of EPO
in response to increased retinal hypoxia were mainly produced in
the neuronal layer. The increased production of EPO-mRNA occurs
especially in the inner and outer nuclear layers. The suppression by
intravitreal injection of EPO-EPO siRNA (small interfering RNA,
a new technology to suppress gene expression) could significantly
suppress retinal neovascularisation [41].
Inhibition of EPO provides benefits in preventing
neovascularization during the phase in which it occurs. The inhibition
of EPO alone, however, does not completely inhibit neovascularization,
indicating that other factors, such as VEGF, are active in promoting
neovascularisation [44,64].
It is not clear if EPO acts on cystoid macular oedema. However,
it has been found repeatedly that EPO limits the extent of cerebral
oedema in experimental models of brain damage [81,82]; EPO also
improves macular oedema when administered for the treatment
for anaemia in patients with diabetes and renal failure [54]. We can
therefore hypothesize that EPO may have positive effects on the retina
in cases of macular oedema.
Therefore, endogenous EPO may act in a dual role in the
pathogenesis of diabetic retinopathy and may represent an interesting
target to study in order to understand the physiological mechanisms
and to evaluate new therapeutic strategies.
Further studies will be needed to understand whether ocular or
systemic EPO may have a predictive role in diabetic retinopathy, as it
has been shown to have for other systemic factors [83].

EPO as a Future Therapy
Since regulated oxygen/hypoxia growth factors play a role in
stimulating retinal angiogenesis [84], the inhibition of these factors is a
key approach in the inhibition of retinal neovascularisation [7].
To date, DR therapies have been mainly based on only one of
these factors: VEGF. This hypoxia-regulated factor is essential for
retinal neovascularization, and for this reason, a drug that inhibits its
activity has long been used in intravitreal formulations. The inhibition
of VEGF by intravitreal injection of bevacizumab (Avastin®) or
ranibizumab (Lucentis®) is currently used successfully to suppress
neovascularisation in macular degeneration and in diabetic retinopathy
[85], but this therapy is not without complications [86].
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However, not all patients are responsive to this therapy, and in some
cases, the pathological condition persists, resulting in the loss of retinal
neurons [87-89]. The prevention of neuronal death could represent a
new target in the treatment of severe diabetic macular oedema [90].
The intravenous administration of EPO to treat anaemia in
diabetic patients with renal impairment showed a beneficial effect in
macularoedema and improvements in visual acuity [91]. In a 1961
study, it was shown that the severity of anaemia is related to these verities
of DR [92]. Friedman reported 5 cases in which patients with severe
anaemia and proliferative diabetic retinopathy showed a significant
reduction in macular hard exudates after systemic treatment with EPO
[93]. It is possible that the visual acuity improvement following therapy
with EPO is mainly due to the neuroprotection mechanism, rather than
resulting from an improvement in vascular leakage [88]. EPO has in
fact been used in studies for the treatment of multiple sclerosis [94] and
diabetic neuropathy [95].
Moreover, a restoration of function of Muller cells has been
demonstrated through the action of EPO administered intraperitoneally
to diabetic rats [96]. The neurotrophic and neuroprotective properties
of EPO [73,94] as well as its cytoprotective and vascular-protective
effects [73,95] and its ability to protect the retinal pigment epithelium,
are valid reasons for proposing EPO or agonists to EpoR as new
therapeutic agents for the treatment of the early stages of diabetic
retinopathy.
Some studies have evaluated the intravitreal effect of EPO in the
eyes of patients with diabetic macular and severe chronic oedema [88].
These studies have shown a positive response in the short term, and
patients benefiting from this treatment have shown increases in visual
acuity. Recent studies have shown that a single intravitreal injection of
EPO in the eyes of mice at the onset of diabetes mellitus prevents the
death of retinal neurons and protects the integrity of the blood–retinal
barrier [73]. In diabetic animals, intravitreal injection of EPO resulted
in a reduction of vascular leakage [73].
A study has suggested that EPO may reduce the loss of pericytes in
the early stages of DR, and therefore, could be used as a new therapeutic
agent for the initial forms of DR based on its anti-oxidant, antiapoptotic, and neuroprotective properties [97]. Mitsuhashi et al. [98,99]
reported that EPO may play an important role against the progression
of diabetic retinopathy by reducing blood vessel degeneration in the
very early stages of the disease [98].
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