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Volume 2014, Article ID 768026, 7 pages

Integration of Data from Omic Studies with the Literature-Based Discovery towards Identification of
Novel Treatments for Neovascularization in Diabetic Retinopathy, Ales Maver, Dimitar Hristovski,
Thomas C. Rindflesch, and Borut Peterlin
Volume 2013, Article ID 848952, 7 pages

Therapies for Neovascular Age-Related Macular Degeneration: Current Approaches and Pharmacologic
Agents in Development, Mostafa Hanout, Daniel Ferraz, Mehreen Ansari, Natasha Maqsood,
Saleema Kherani, Yasir J. Sepah, Nithya Rajagopalan, Mohamed Ibrahim, Diana V. Do,
and Quan Dong Nguyen
Volume 2013, Article ID 830837, 8 pages

Does the Adult Human Ciliary Body Epithelium Contain “True” Retinal Stem Cells?, Rebecca Frøen,
Erik O. Johnsen, Bjørn Nicolaissen, Andrea Facskó, Goran Petrovski, and Morten C. Moe
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1000 Ljubljana, Slovenia

4Department of Ophthalmology, University of Szeged, Szeged 6700, Hungary

Correspondence should be addressed to Daniel Petrovič; dp.petrovic@gmail.com
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Neovascular ocular disorders such as diabetic retinopathy
and neovascular age-related macular degeneration (neovas-
cular AMD) are an important cause of blindness in the world
[1]. In these disorders, neoangiogenesis plays an important
role [2], while various environmental and genetics factors
are involved in their pathogenesis [2]. In the last decade of
research, the importance of gene-environmental interactions
and epigenetic mechanisms has been increasingly empha-
sized.

Inflammation has an important role in the development
of proliferative diabetic retinopathy (PDR) as described in
the paper by M. Urbančič et al., 2013, “A flow cytometric
analysis of vitreous inflammatory cells in patients with prolif-
erative diabetic retinopathy.” Histological and flow cytometric
analyses have recently demonstrated the importance of histi-
ocytes/macrophages and T lymphocytes in the development
and activation of this disease, but no prediction on the visual
prognosis was made. Moreover, higher CD4/CD8 ratio in
the vitreous of patients with PDR compared to that in their
blood was consistent with local inflammatory response in the
disease.

Characterization of the cell surface marker phenotype of
ex vivo cultured cells growing out of human fibrovascular
epiretinal membranes (fvERMs) from PDR can give insight
into their function in immunity, angiogenesis, and retinal
detachment, as described in the paper by Z. Veréb et al., 2013,
“Functional andmolecular characterization of ex vivo cultured

epiretinal membrane cells from human proliferative diabetic
retinopathy.” Several surface markers such as hematopoietic
(CD34, CD47) and mesenchymal stem cell markers (CD73,
CD90/Thy-1, and PDGFR 𝛽) have recently been reported
in fvERMs from patients with PDR. Additionally, secretion
of different angiogenesis-related factors (DPPIV/CD26, EG-
VEGF/PK1, ET-1, IGFBP-2 and 3, IL-8/CXCL8,MCP-1/CCL2,
MMP-9, PTX3/TSG-14, serpin E1/PAI-1, serpin F1/PEDF,
TIMP-1, and TSP-1) was demonstrated in cells growing out
of the fvERMs.

The importance of different genes in the pathogenesis
of PDR has been reviewed by D. Petrovič, 2013, in the
paper “Candidate genes for proliferative diabetic retinopathy.”
Several pathogenetic mechanisms have been implicated in
the development of PDR such as alteration in retinal blood
flow, hemostatic abnormalities, metabolic changes, increased
oxidative stress, increased polyol and hexosamine pathway
flux, activation of protein kinase C isoforms, and increased
advanced glycation end-product formation, growth factors,
and so forth (D. Petrovič, 2013, “Candidate genes for prolifera-
tive diabetic retinopathy” [1]). One of the regulatory genes that
has been implicated in the development of diabetic retinopa-
thy is osteoprotegerin acting as an important regulatory
molecule in the vasculature, as shown in the paper by S. M.
Ramuš et al., 2013, “SNP rs2073618 of the osteoprotegerin gene
is associated with diabetic retinopathy in Slovenian patients
with type 2 diabetes.”
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Epigenetic mechanisms are expected to be involved in
the pathogenesis of PDR as well. Gene polymorphisms and
epigenetic mechanisms responsible for PDR are reviewed
in this paper (D. Petrovič, 2013, “Candidate genes for pro-
liferative diabetic retinopathy”; R. A. Kowluru et al., 2013,
“Epigenetic modifications and diabetic retinopathy”). The role
of epigenetics in diabetic retinopathy is now an emerging
area as described in “Epigenetic modifications and diabetic
retinopathy” byR. A. Kowluru et al., 2013. It is well known that
diabetic environment facilitates epigenetics modifications,
which can alter the gene expression without permanent
changes in DNA sequence. It has been shown recently
that genes encoding mitochondrial superoxide dismutase
and matrix metalloproteinase-9 are epigenetically modified,
and, by activation of epigenetically modified enzymes, DNA
methyltransferases are increased and micro-RNAs responsi-
ble for regulating nuclear transcriptional factor and growth
factors are upregulated.

Additionally, omics analysis provides important informa-
tion that enables the development of new treatment modali-
ties in vascular eye disorders as described in the paper by A.
Maver et al., 2013, “Integration of data from omic studies with
the literature-based discovery towards identification of novel
treatments for neovascularization in diabetic retinopathy.”
Discovery of novel treatments for diabetic retinopathy by
complementing the interpretation of omics results using
the vast body of information existing in the published
literature is a promising approach. With collection of data
from transcriptomic studies performed on retinal tissue
from animal models of diabetic retinopathy, identification
of altered genes and pathways can be enabled, and this
approach may help determine new therapies in diabetic
retinopathy.

In the development of AMD, one of the leading causes
of blindness in the elderly, many environmental, lifestyle,
and genetic factors are involved. Among them, oxidative
stress seems to play a pivotal role. The response to oxidative
stress involves several cellular defense reactions leading to the
accumulation of detrimental products such as intracellular
lipofuscin and extracellular drusen.Moreover, there aremany
anatomical changes in the retinal pigment epithelium, Bruch’s
membrane, and choriocapillaris in response to chronic oxida-
tive stress, hypoxia, and disturbed autophagy and these
are estimated to be crucial components in the pathology
of neovascular processes in AMD, as shown in the paper
by J. Blasiak et al., 2013, “Oxidative stress, hypoxia, and
autophagy in the neovascular processes of age-related macular
degeneration.”

The disease has remained at the epicenter of clinical
research in ophthalmology. During the past decade, the
focus of researchers has ranged from understanding the
role of vascular endothelial growth factor (VEGF) in the
angiogenic cascades to developing new therapies for retinal
vascular diseases. Anti-VEGF agents such as ranibizumab
and aflibercept have become increasingly well-established
therapies as shown in the paper by M. Hanout et al., 2013,
“Therapies for neovascular age-related macular degeneration:
current approaches and pharmacologic agents in develop-
ment.” Additionally, many other new therapeutic agents,

which are in the early phase of clinical trials, have shown
promising results.

Stem cell therapy is a promising approach in different
diseases, including those causing blindness. Recent reports
of retinal stem cells being present in several locations of
the adult eye have sparked great hopes that they may be
used to treat the millions of people worldwide who suffer
from blindness as a result of retinal disease or injury [3]. A
population of proliferative cells derived from the ciliary body
epithelium has been considered one of the prime stem cell
candidates, and as such they have received much attention in
recent years ([3] “R. Frøen et al., 2013, “Does the adult human
ciliary body epithelium contain “true” retinal stem cells?”).
However, until fully accepted as an important treatment
modality in different eye disorders, their usefulness must be
confirmed in well-designed clinical trials.

Daniel Petrovič
Quan Dong Nguyen

Borut Peterlin
Goran Petrovski
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Age-related macular degeneration (AMD) is the leading cause of severe and irreversible loss of vision in the elderly in developed
countries. AMD is a complex chronic neurodegenerative disease associated withmany environmental, lifestyle, and genetic factors.
Oxidative stress and the production of reactive oxygen species (ROS) seem to play a pivotal role in AMD pathogenesis. It is known
that the macula receives the highest blood flow of any tissue in the body when related to size, and anything that can reduce the
rich blood supply can cause hypoxia, malfunction, or disease. Oxidative stress can affect both the lipid rich retinal outer segment
structure and the light processing in the macula. The response to oxidative stress involves several cellular defense reactions, for
example, increases in antioxidant production and proteolysis of damaged proteins.The imbalance between production of damaged
cellular components and degradation leads to the accumulation of detrimental products, for example, intracellular lipofuscin and
extracellular drusen. Autophagy is a central lysosomal clearance system that may play an important role in AMD development.
There are many anatomical changes in retinal pigment epithelium (RPE), Bruch’s membrane, and choriocapillaris in response to
chronic oxidative stress, hypoxia, and disturbed autophagy and these are estimated to be crucial components in the pathology of
neovascular processes in AMD.

1. Introduction

Environmental risk factors can interact with genetic factors
or a sequence of disease-involving genes characteristic for
each individual. These confounding factors can complicate
the phenotype of the diseases and prevent identification of
primary element(s) in different pathologies. Indeed, it is
hard to determine whether any particular pathology is linked
with the stress caused by a risk factor or if it is a conse-
quence of the pathology or a combination of both. Oxidative
stress is associated with many age-related diseases including
age-related macular degeneration (AMD) [1]. Cells possess
many different protective mechanisms to combat the acute
detrimental effects of oxidative stress; however, chronically
elevated stress can induce local pathological changes which

may be irreversible. This can be due to a reduced cellular
defense reaction towards the stress that subsequently leads
to increased detrimental changes, and, eventually, a vicious
cycle forms in which oxidative stress impairs the antioxidant
properties of the cells and facilitates further the extent of
stress. Damaged cellular components, which are no longer
functional, should be degraded by cellular clearance systems
including autophagy, which is a self-eating process triggered
by oxidative stress and hypoxia. If the autophagic degradative
pathway is faulty, an accumulation of damaged proteins as
aggregated deposits takes place that may cause anatomical
obstacles to physiological processes [1]. Therefore, the triplet
of oxidative stress-hypoxia-impaired autophagy may play an
important role in the pathophysiology of AMD. This review
will elaborate the interplay between these triplet factors and
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Figure 1: Optical coherence tomography (OCT) showing the major
structures of the human retina in dry AMD patient. The structures
marked are fovea, photoreceptors (PR), photoreceptor outer seg-
ments (POS), RPE-Bruch’s complex (RPE-BM), and choroid (CHR).
Drusen accumulate between RPE and Bruch’s membrane. Optic
nerve has been shown by thick arrow.

how they associate with neovascular processes occurring in
this disease.

2. Age-Related Macular Degeneration

AMDis themain cause of irreversible vision loss in the elderly
people accounting for about half of the newly registered cases
of blindness in the developed world.The age-related increase
in prevalence of the advanced form of the disease has been
estimated to rise and reach an overall morbidity of 50% by
the year 2020 [2, 3]. The initial symptoms of AMD include
loss of central visual acuity, a subjective impression of the
curvature of straight lines or metamorphopsia, and gradually
enlarging central scotoma. The disease has a multifactorial
etiology involving various environmental, demographic, and
genetic risk factors. Although age is the most significant
risk factor in AMD, the disease is also associated with
hypertension, atherosclerosis, smoking, fat-rich diet, obesity,
genetics, and epigenetics [4–7]. The abundance and complex
interactions between all these risk factors limit the effective-
ness of therapeutic options.Themacular structures undergo-
ing pathological changes are functionally and anatomically
distinct but related, that is, photoreceptors, retinal pigment
epithelium (RPE), Bruch’s membrane, and choriocapillaris
(Figure 1). The central processes involved in AMD pathology
are, in the early or dry type of the disease, lipofuscinogen-
esis, autophagocytosis, and drusenogenesis, accompanied or
followed by inflammation and neovascularization in the wet
type of AMD (see later) [1].

3. Association between Pathophysiological
Factors in AMD

Since the retina is one of the tissues with the most intense
blood flow in the organism, retinal structural changes asso-
ciated with AMD can result in disturbance of retinal blood

flow. The Blue Mountains Eye Study indicated that AMD is
associated with focal arterioral narrowing and arteriovenous
nicking in the retinal vasculature [3]. Vascular factors have
been reported to play an important role in the AMD patho-
genesis. There is a growing body of evidence that choroidal
and retinal blood flow are diminished in AMD [8, 9]. There-
fore, hypoxia is thought to be associated with the progression
of AMD. Normal retinal physiology and all forms of AMD
are regulated by vascular growth factors, but under certain
conditions, the physiological balance shifts to pathological
[10]. Vascular dysfunctionsmay result in oxidative stress, that
is, overproduction of ROS, which induces further changes
in the retinal vessels. Such changes can also be evoked by
hypoxia, since it stimulates synthesis and release of hypoxia-
inducible factor-1 (HIF-1) and vascular endothelial growth
factor (VEGF) that contribute to neovascularization (NV).
Noteworthy here is that hypoxia is a classical inducer of
autophagy [11], which in turn can be stimulated by oxida-
tive stress in an attempt to clear macromolecules damaged
by ROS. Therefore, interaction between hypoxia, oxidative
stress, and autophagy exists and it can be postulated to play
an important role in the pathogenesis of AMD (Figure 1).

4. Oxidative Stress in AMD

Oxidative stress results from disturbances in the prooxida-
tive/antioxidative cellular balance due to elevated levels of
oxidation reactions producing ROS: superoxide anion (O

2

−∙),
hydroxyl radical (OH∙), hydrogen peroxide (H

2
O
2
), and

singlet oxygen (1O
2
). ROS can be formed in many ways,

(1) as a product of the respiratory chain in mitochondria,
photochemical and enzymatic reactions, (2) as a result of the
exposure to UV light, (3) ionizing radiation, or (4) heavy
metal ions. Hydrogen peroxide is a molecule with low react-
ivity, but it can readily penetrate cell membranes and generate
the most reactive form of oxygen—the hydroxyl radical, via
the Fenton reaction: H

2
O
2
+ Fe2+ → Fe3+ +OH− +OH∙.

ROS play an important role in the regulation of many
physiological processes involved in intracellular signaling
[12], but they can also induce serious damage to biomolecules.
Lipid peroxidation (autooxidation) is a process of oxidation
of polyunsaturated fatty acids due to the presence of several
double bonds in their structure and it involves production
of peroxides and reactive organic free radicals. The latter
can then react with other fatty acids, initiating a free radical
reaction cascade. ROS also attack structural and enzymatic
proteins by the oxidation of residual amino acids, prosthetic
groups, formation of cross links, and protein aggregates as
well as proteolysis. The inactivation of key proteins can have
serious consequences in the vital metabolic pathways. ROS
can also react with nucleic acids attacking the nitrogenous
bases and the sugar phosphate backbone. Furthermore, they
can evoke single- and double-strandedDNAbreaks.The cells’
inability to repair the incurred damage may lead to death
or, alternatively, mutations may occur in the DNA leading to
carcinogenesis or development of neurodegenerative diseases
[13].
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Mitochondrial DNA (mtDNA) is more susceptible to
oxidative damage than its nuclear counterpart [14].Mutations
in mtDNA can cause disturbances in the respiratory chain
and loss of control of ROS production. mtDNA is not
protected by histones or other associated proteins, and since
it has intronless regions and a high transcription rate, it has a
higher susceptibility to oxidative modifications in its coding
region. The much less effective repair system for mtDNA
damage may be the cause for accumulating oxidative stress
and its consequences thereof.

Oxidative damage of the cellular components plays an
important role in the senescence process [15]. The amount
of accumulated damage increases with age due to impairs
in the DNA repair system and an intensified oxidative stress
and decreased antioxidant defense [14]. Mutations in the key
DNA repair genes result in an impaired recognition system
and an inefficient repair of DNA damage, which accelerates
the aging of the organism, leading to age-related disruptions
in cellular and tissue functions. The aging of the organism is
inevitable since the formation of ROS is a result of normal
daily cellular metabolism. Therefore, cells have developed
complex defense mechanisms to combat both the formation
of ROS and the impacts of their actions.

Cells which are themost sensitive to oxidative damage are
nonproliferative postmitotic cells, including photoreceptors
and RPE cells, since they do not possess any DNA damage
detection systems in the cell cycle checkpoints. Furthermore,
the macular environment promotes the production of ROS.
In the macula, the predominant photoreceptors are cones,
which have higher demand and production of energy than
rods and, therefore, higher demand for oxygen [16–19]. In
addition, rods and cones differ in their susceptibility to
oxidative stress, with cones exhibiting a higher sensitivity
to free radicals [20]. The macula is constantly exposed
to a high metabolic rate and oxidative stress due to the
high partial pressure of choriocapillaris and the amount of
polyunsaturated fatty acids (PUFAs) from the retinal outer
segments [21]. Oxidated PUFAs are not efficiently digested in
the lysosomes of aged RPE cells and become deposited in the
form of lipofuscin (Figure 1). This is thought to be important
in inducing the formation of drusen between the RPE cells
and Bruch’s membrane. Lipofuscin is a chromophore, serving
as themainRPEphotosensitizer [22], which, after absorbing a
high-energy photon, especially that of blue light, undergoes a
variety of photochemical reactions involving ROS formation,
which, in turn, evoke photochemical damage in the retina and
RPE cells [23].

5. Hypoxia in AMD Pathophysiology

In themajority of human tissues, the concentration of oxygen
ranges from 3 to 5% and a decline below this range is usually
considered hypoxia [24]. In a more general sense, hypoxia
may be defined as a decrease in available oxygen reaching
the tissues of the body. Hypoxia should not be considered
dangerous in itself, because many human beings live at high
altitudes and they have adapted to live under reduced oxygen
tension. However, some serious consequences of hypoxia

can occur, including failure of energy balance causing ATP
depletion, ROS-induced damage of cellular components,
uncontrolled excitatory neurotransmitter release, inflamma-
tion and stimulation of the immune system, and delayed cell
death [25]. The cellular reactions to hypoxia evoke change
in expression of many genes. HIF-1 is the main regulator
of oxygen homeostasis and consists of HIF-1𝛼 and HIF-1𝛽
subunits [26]. HIF-1 regulates the expression of hundreds
of genes to ensure cell survival under conditions of hypoxic
stress, aimed at restoring O

2
homeostasis. Under hypoxic

conditions, HIF-1 interacts with pyruvate dehydrogenase
kinase 1 (PDK1), lactate dehydrogenase A (LDHA), and
BNIP3 and BNIP3L proteins involved in the mitochondrial
autophagy pathway [26–30].

In general the inner retina layers are better protected
from ischemic stress than other parts of the central nervous
system; these cells are capable of recovering after an acute
hypoxic insult, but not after chronic retinal ischemia and
hypoxia which can lead to cell death and irreversible visual
impairment [31–34]. There is a report that retinal blood flow
is disturbed in both dry and wet or neovascular type of
AMD [35]. Moreover, the reduction in choroidal perfusion
has been positively correlated with AMD progression [36].
These observations indicate that hypoxia is associated with
AMD. Nonetheless, the question remains: is the hypoxia a
consequence or a reason for the disease? The answer to this
question is hard to formulate as long as our knowledge about
very early mechanisms of AMD is so scarce. Measurement
of oxygen tension, perfusion pressure, and blood flow rate
indicates that hypoxia is the result of diminished choroidal
blood circulation [34, 35].

Inflammation and local hypoxia are present in the aging
of choriocapillaris, RPE cells, and neural retina [36]. During
inflammation, hypoxia in the retinal cells may result from
increased consumption of oxygen due to the increased
metabolic activity of the inflamed retina. In general, AMD
can be characterized as presence of chronic inflammatory
state, with local infiltration of inflammatory cells, higher
circulatory levels of proinflammatory cytokines, and com-
plement components [37]. Although the precise mechanisms
underlying such chronic inflammation are not yet known,
it can be speculated that oxidative stress-related damage to
macromolecules in the retina may activate redox-regulated
transcription factors, such as nuclear factor kappa B (NF-𝜅B),
and increase the expression of proinflammatory molecules.
NF-𝜅B can also be activated by advanced glycation end
products (AGEs) and their receptor (RAGE) that are all
overexpressed in AMD [38, 39]. Chronic oxidative stress and
the presence of chronic inflammation decrease the ability
of RPE cells to remove damaged or nonfunctional proteins
via the lysosomal clearance system, including autophagy
(Figure 1) [1].

6. Autophagy: A Cellular Clearance
System in AMD

Autophagy, also known as self-eating, is a process of degra-
dation and elimination of no longer needed intracellular
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Figure 2: Schematic presentation of the macroautophagy process in aged retinal pigment epithelial (RPE) cells. Oxidative stress, ROS, and
hypoxia lead to protein damages and aggregation that induces autophagy. The substrate (cargo) for autophagy is degraded by lysosomal acid
hydrolases, including cathepsins D, B, and L, after the fusion of lysosome and autophagosome that form autolysosome. Rab7, LAMP-2A,
and SNAREs proteins are critical for the lysosome and autophagosome fusion process. Ubiquitin (Ub), LC3II, and p62 are complexed to the
cargo and connect autophagy to the proteasomal clearance system.Macroautophagy is prevented in AMD, since lysosomal lipofuscin disturbs
cathepsin activity and autophagy flux. Fusion mechanisms in the RPE cells are under investigation.

Figure 3:Optical coherence tomography (OCT) showing the edema
of the human retina in wet AMD patient (arrow).

components [40]. It contributes to the equilibrium between
the production of proteins and organelles and their clearance.
In addition to removing defective structures, autophagy is
a means of providing macromolecules for energy genera-
tion under conditions of nutritional starvation [41]. Auto-
phagy can be categorized into at least three classes: macro-
autophagy, chaperone-mediated autophagy (CMA), and
microautophagy. A marked reduction of macroautophagic
activity with aging has been associated with an increase in
CMA [42], while microautophagy has been less described
in the pathogenesis of AMD. The main focus here will be

on macroautophagy (often referred to as just autophagy),
which involves the formation of autophagosomes, double-
membrane vesicles, in a multistep process. The autophago-
somes combine with lysosomes and degrade their contents
with several acidic hydrolases. This process is mediated by
more than 30 autophagy-related (Atg) proteins. Macroau-
tophagy consists of two subsets: autophagy of specific
organelles and selective macroautophagy. Although substan-
tial progress has been made in understanding the com-
plex mechanisms regulating autophagy, many interactions
involved in controlling this process have not been adequately
described so far [40]. ROS inhibits the activity of the signaling
protein mammalian target of rapamycin (mTOR) that evokes
dephosphorylation of Atg13, activation of Serine/threonine-
protein kinases-ULKs, and recruitment of FIP200. The
ULKs-Atg13-FIP200 complex plays a crucial role in the
formation of double-membrane autophagic vacuoles—the
autophagosomes [43–45]. Other important proteins in the
autophagosome formation are Atg14L (Atg14L-Beclin 1-
hVps34-p150) and UVRAG (UVRAG-Beclin 1-hVps34-p150)
complexes. Atg8/LC3 is a ubiquitin-like protein which con-
nects autophagy to the proteasomal clearance system via
ubiquitin and p62 binding sites (Figure 2) [1, 46, 47]. LC3 is
formed by the cleavage of its precursor by Atg4 andmodifica-
tion with phosphatidylethanolamine (PE) mediated by Atg7,
Atg3, and Atg16L complex. Atg7 promotes the formation
of the Atg10–Atg12, Atg5–Atg12, and LC3-PE conjugates,
which also play an essential role in the creation of the final
form of autophagosome [43–45]. Atg7, Atg3, and Atg10 are
sensitive to redox signaling, which supports the associa-
tion between autophagy and oxidative stress. We recently
described that the SQSTM1/p62 protein is a connecting
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Khdrbs1: KH domain containing, RNA binding, signal transduction associated 1; Nup52: nucleoporin 52, component of the p62/sequestome
1 complex; Sqstm1: sequestome 1; VEGF: vascular endothelial growth factor).

link between autophagy and proteasome-mediated prote-
olysis, which is upregulated under exposure to various
oxidative stimuli in AMD donor samples [48]. One critical
step in autophagy clearance is fusion of autophagosome and
lysosome that is regulated by Rab7, LAMP-2, and a large
superfamily of specific small proteins, SNAREs (SNAP (sol-
ubleN-ethyl-maleimide-sensitive-fusion-protein attachment
protein) receptors) (Figure 2) [49]. SNAREs increase the
permeability of membranes and drive the actual membrane
opening leading to fusion of the contents of the two organelles
[50]. After fusion, the lysosomal proteases, which include
cathepsins D, B, and L, degrade the sealed cargo proteins
[51, 52]. The enzyme activity of the cathepsins is suppressed
by oxidized lipoprotein, emphasizing the mutual relation-
ship between oxidative stress and autophagy [53]. Impaired
lysosomal function evokes decreased autophagy flux that
may be a critical aspect of RPE cell degeneration and AMD
development [54].

7. Neovascularization in AMD

Unlike dry type of AMD, wet or exudative AMD is hall-
marked by defects in Bruch’s membrane or the outer blood-
retina barrier, as well as formation of choroidal neovascular-
izations (CNVs) and/or subretinal neovascular membranes
(SRNVMs). CNV evokes retinal edema that is one diagnostic
criterion for wet AMD (Figure 3). Besides these, a direct
pathological contact between RPE and endothelial cells (ECs)
can enhance the proangiogenic potential of the ECs to prolif-
erate and migrate, similar to the process induced by hypoxia.
The linkage between pathological changes in the RPE and
the development of CNVs is the result of a multifactorial
interplay of oxidative stress, hypoxia, and autophagy in wet
AMD pathogenesis.

Using EpiphaNet’ interactive tool software (http://epipha-
net.uth.tmc.edu/) and a mesh of linkage terms such as
“angiogenesis,” “autophagy,” and “age-related macular degen-
eration,” one can find putative connector pathways for

these processes (Figure 4). Platelet endothelial cell adhesion
molecule (PECAM-1) and Thrombospondin 1 (TSP-1) stood
out as such linkage molecules in the EpiphaNet analysis,
and, indeed, they have been shown in the literature to have
a mutually reciprocal relationship with angiogenesis [55].
Impaired expression of TSP-1 in rodent eyes with AMD has
been previously described, and the decreased TSP-1 level in
Bruch’s membrane and choroidal vessels during AMD has
been claimed as the possible cause of CNV [56]. Similarly,
interaction analysis between “autophagy” and “angiogenesis”
found TSP-1 as a common denominator between angio-
genesis, autophagy, and AMD, having been detected as
antiangiogenic molecule and a target for antineovascular
therapy as well [57]. Besides these, Tek and Angpt1 gene-
encoded angiopoietin-1 and receptor, respectively, connect
the physiologic and pathologic neovascularization processes
with AMD. Indeed, Angp1 has been detected in surgically
excised CNV membranes obtained surgically from eyes with
AMD, while Tie2/Tek immunoreactivity has been observed
in the vascular structures of CNVs, as well as the RPE
monolayer [58].

8. Concluding Remarks

There is a growing body of evidence suggesting that oxidative
stress is linked to hypoxia in AMD. Similar relationships
probably also exist between oxidative stress and deficient
autophagy as well as between faulty autophagy and hypoxia
in AMD. Therefore, the trio of oxidative stress-hypoxia
autophagy may represent a self-fueling chain reaction of
events, which accelerates AMD progression. However, the
question “Who was the first?” still remains open. In many
cases, oxidative stress is a primary source of ROS, which
can damage cellular biomolecules and organelles. Their
accumulation should lead to their degradation by cellular
clearance systems of which autophagy is one of the most
important. However, since autophagy can be disturbed by
the activities of ROS, this may lead to detrimental protein
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accumulation. These negative properties of ROS may also
affect vascularmolecules, disturbing the choroidal blood flow
and inducing hypoxia.The relationship between hypoxia and
ROS production has not been firmly established but many
of the ambiguous results in this topic can be attributed to
the lack of adequate techniques to detect or determine the
exact ROS levels in the retina. Therefore, further studies
investigating the mechanisms underlying the mutual associ-
ations between oxidative stress, hypoxia, and autophagy in
the different forms of AMD, in particular neovascular AMD,
should aim at clarifying this issue.
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Diabetic retinopathy (DR) is a secondary complication of diabetes associated with retinal neovascularization and represents the
leading cause of blindness in the adult population in the developed world. Despite research efforts, the nature of pathogenetic
processes leading toDR is still unknown,making development of novel effective treatments difficult. Advances in omic technologies
now offer unprecedented insight into global molecular alterations in DR, but identification of novel treatments based on massive
amounts of data generated in omic studies still represents a considerable challenge. For this reason, we attempted to facilitate
discovery of novel treatments for DR by complementing the interpretation of omic results using the vast body of information
existing in the published literature with the literature-based discovery (LBD) approaches. To achieve this, we collected data from
transcriptomic studies performed on retinal tissue from animal models of DR, performed a meta-analysis of these datasets and
identified altered genes and pathways. Using the SemBT LBD framework, we have determined which therapies could regulate
perturbed pathways or that could stabilize the gene expression alterations in DR. We show that by using this approach, we not
only could reidentify drugs currently in use or in clinical trials, but also could indicate novel treatment directions for ameliorating
neovascularization processes in DR.

1. Introduction

Diabetic retinopathy (DR) is a secondary complication of
diabetes, resulting from microvascular dysfunction and neo-
vascularization in the retinal tissue of diabetic patients [1]. It
represents the leading cause of blindness in the adult popula-
tion in the developed world, and its prevalence progressively
increases with duration of diabetes and presence of concomi-
tant features ofmetabolic syndrome [2]. Despite considerable
efforts to define environmental and genetic factors forDR, the
exact pathogenetic mechanisms leading to development of
this disorder are still poorly understood [3, 4]. For this reason,
finding effective treatments represents a significant challenge.
Classic treatment with laser photocoagulation remains the
modality of choice for prevention of severe visual loss [5].

This approach, however, is only successful in around 50% of
cases, while also resulting in restriction of peripheral vision
and decrease of color and night vision acuity [5]. Based
on recent novel insight into the pathogenesis of DR, novel
chemical and biological treatments have emerged, but are
either still in the initial stages of clinical utilization or are
currently undergoing clinical trials [6]. The main directions
of current clinical research into novel medication treatments
for DR are focused on using modulators of angiogenesis,
nonsteroidal anti-inflammatory drugs, and treatments with
steroidal agents [7].

Technical advances in the field of molecular biology
and molecular genetics, dominated by advances in omic
technologies, now offer unprecedented insight into etiology,
pathogenetic mechanisms and progression of DR [8–11].
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Development of highly parallel technologies now allows
investigation of a global profile of alterations in DR on the
level of gene sequence, expression, protein alterations, and
other molecular levels. In this way, novel contributing mech-
anismsmay be discovered, offering the basis for development
of novel treatments acting upon perturbed cellular processes.
While omic approaches offer unprecedented insight into eti-
ology, pathogenesis, and homeostatic responses in disease, it
is challenging to interpret the large amount of data generated
in this manner and to distill the biologically meaningful
information, including potential therapeutic targets [12]. For
these reasons, novel solutions towards interpreting these
results are required to facilitate discovery of mechanisms
amenable for therapeutic intervention.

In order to profitably exploit the latest genomic research
techniques, it is essential to use the vast body of information
existing in the published literature. Due to the large size of
the life sciences literature, sophisticated information man-
agement techniques, such as the literature-based discovery
(LBD) [13], are needed to complement traditional informa-
tion retrieval. For example, the LBD paradigm in its essential
form can be used to find a new treatment for a disease
by first analyzing the literature about the disease to find
related pathogenetic processes. The literature is then further
searched for substances that address those pathogenetic
phenomena and could thus assist in treatment of the disease
under investigation. To date, LBD has already been employed
on several occasions, aiming to discover new therapeutic
agents or to identify new therapeutic targets for existing drugs
(drug repurposing)—see Hristovski et al. paper for a review
[14]. Several tools allowing LBD-based therapeutics discovery
are now available, including two algorithms developed by our
group—BITOLA [15–17] and SemBT [18, 19]. The latter tool
has been developed to allow incorporation of data from omic
technologies into the primary LBD search mechanism and
allows identification of therapeutics based on empirical data
originating from various omic approaches, including results
from transcriptomic, proteomic, and other studies.

We therefore hypothesized that discovery of novel ther-
apeutics for neovascularization processes in DR based on
data generated by omic technologies could be facilitated by
incorporation of information from LBD. To demonstrate
this, we have collected the data on transcriptomic alterations
occurring in animal models of DR and attempted to find
new therapeutic modalities based on this source of omic data
using the LBD approach.

2. Methods and Materials

To demonstrate the feasibility of information provided by
global molecular profiling approaches in searching for novel
potential therapeutic targets for DR, we have selected avail-
able data from previously performed genome-wide expres-
sion (transcriptome) profiling studies in DR and performed
a meta-analysis of these datasets. Afterwards, a search for
therapeutics with potential for use in DR was performed on
this data with support from the LBD approach implemented
in the SemBT tool.

2.1. Meta-Analysis of Transcriptomic Alterations in Retinas of
Animal Models with Diabetic Retinopathy. Initially, a search
and selection of amenable studies were performed based on
data deposited in the Gene Expression Omnibus (GEO) and
ArrayExpress (AE) databases. Studies found were in all cases
performed on retinal tissue from animalmodels ofDR, where
diabetes was artificially induced by streptozocin (Table 1).

Subsequently, studies were selected for meta-analysis
based on sufficient number of samples and compatibility of
study design. Based on these criteria, two studies (GSE19122
and GSE12610) reporting transcriptome alterations in mouse
models of DR were incorporated in the meta-analysis in
order to determine a set of most consistently differentially
expressed genes in retinal samples of animal models of DR.

All the following steps in this section were performed in
the R statistical environment version 2.7.1 (http://cran.r-
project.org/), in the Bioconductor environment (available
at http://bioconductor.org/, [20]). Raw data from microar-
ray experiments were obtained from the GEO repository
(http://www.ncbi.nlm.nih.gov/geo/, [21]) andwere examined
using the arrayQualityMetrics package, followed by normal-
ization and nonspecific filtering with affyPLM and genefilter
packages, where necessary. Ultimately, 12,177 genes with
expression values measured for 19 samples (10 mice with DR
and 9 controls) met our filtering criteria and were included in
the meta-analysis step.

Differential expression of genes across all three studies
was calculated using meta-analysis algorithms implemented
in the RankProd package [22]. RankProd uses a nonpara-
metric statistical measure to detect genes constantly highly
ranked across different microarray datasets and is therefore
a feasible meta-analysis tool, enabling fusion of omic data
from different studies and allowing for inclusion of data from
different laboratories and performed on differing platforms.
Significance values and false discovery rate (FDR) valueswere
calculated by performing 1000 permutations of the source
dataset. Mouse gene Entrez identifiers were then converted
to their human counterparts using homology information
for mouse genes collected in the hom.Mm.inp Bioconductor
annotation library. Human orthologs of mouse genes with
highest differential expression in mouse models of DR were
therefore included as targets for novel therapeutic discovery
by the SemBT algorithm.

We also performed gene set enrichment analysis of genes
scoring highest in meta-analysis of two datasets against a
background of all human genome genes; for this reason Gene
Ontology functional gene annotations [23] were utilized,
and the DAVID tool (http://david.abcc.ncifcrf.gov/, [24])
was used for estimating the enriched functional categories,
where overrepresentation was called after the significance
scores were below 0.05 after adjustment for multiple testing
according to Benjamini-Hochberg correction [25].

2.2. Searching for Novel Candidate Therapeutics Using the Lit-
erature-Based Discovery. We considered two paths towards
finding novel therapeutics based on whole transcriptome
profiling information (Figure 1). Firstly, we searched for
pharmacological substances modulating pathways altered in
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Table 1: List of studies reporting alterations in global expression profile in DR.

GEO accession Species Description Array platform Sample number Ref.
GSE19122 Mouse Streptozotocin (STZ) induced Illumina Ref8 14 [11]
GSE12610 Mouse STZ induced Affymetrix mouse genome 430 2.0 array 5 NA
GSE20886 Rat STZ induced Illumina ratRef-12 9 [10]
GSE28831 Rat STZ induced Agilent-014879 whole rat genome microarray 6 [30]
NA: no journal article could be associated with GEO identifier.
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Figure 1: Workflow of approaches employed to identify novel therapeutics for DR based on transcriptional profiling information.

DRmodels, and secondly, we directly searched for substances
that have a stabilizing effect on the largest set of genes in
models of DR. The complete process of analyses workflow in
the present study is presented schematically in Figure 1.

To search for novel therapeutics based on transcriptomic
data, we utilized the SemBT tool developed by Hristovski
et al. [18, 19], available in [26], allowing us to integrate
the results of microarray gene expression experiments with
semantic relations extracted from the literature with the
SemRep [27] application. SemRep is symbolic rule-based
natural language processing system that extracts semantic
predications from MEDLINE citations in several domains,
including clinical medicine [27], molecular genetics [28],
and pharmacogenomics [29]. In SemBT, we used the data
generated by microarray expression profiling to obtain infor-
mation on which genes are upregulated and which are
downregulated in DR, compared to control subjects. The
semantic relations provided information on the interactions
of these differentially expressed genes with other biomedical
concepts.

For integration of omic data and LBD, we have developed
discovery patterns, which are query combinations whose
results represent a novel hypothesis—not evident in the
literature or in the microarray results alone. For example, to
investigate genes that are upregulated in the microarray, we
searched for concepts (genes, drugs, etc.) that are reported

in the literature as inhibiting the upregulated genes. We call
this discovery pattern “inhibit the upregulated.” Similarly,
we investigated downregulated genes with the “stimulate
the downregulated” pattern, in which case we searched for
biomedical concepts known to stimulate the downregulated
genes. Using these discovery patterns, we could combine
information from the microarray data about up- or down-
regulated genes in patients having DRwith information from
the literature about biomedical concepts that can be used
to regulate those genes. An example of a search using these
discovery patterns is shown in Figure 2, which implements
the “inhibit the upregulated” pattern in SemBT for DR. In
the Query field, in a suitable syntax, we limited the search
to pharmacologic substances (drugs) or organic chemicals
that can inhibit target genes or their products. Then, in the
Microarray Filter group of fields, we require that those same
genes that are inhibited are those that are upregulated in DR.

After the search was executed, two groups of results were
generated by SemBT. The group Semantic Relations reflects
particular drugs inhibiting genes that are upregulated; sorted
in descending order by the number of times (Frequency field)
the semantic relations were mentioned in the biomedical
literature. For each association, SemBT provided a hyperlink,
which was used to show the list of sentences from which
the relations were extracted. Additionally, SemBT provided
the PubMed ID (PMID for each sentence; this was used to
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Table 2: Some of the sentences from which the semantic relation Resveratrol-inhibits-CYP1A1 was extracted.

Resveratrol INHIBITS CYP1A1|CYP1A1 gene

These data demonstrate that resveratrol inhibits CYP1A1 expression in �itro, and that 
it does this by preventing the binding of the AHR to promoter sequences that regulate 
CYP1A1 transcription. (PMID: 9865727)

These data suggest that resveratrol inhibits CYP1A1 via an AhR-independent post
transcriptional pathway. (PMID: 11597580)

Supporting this result, resveratrol was shown to inhibits CYP1A1 and CYP1B1 gene 
expression, as measured by real-time reverse transcriptase-polymerase chain reaction. 
(PMID: 15162144)

Resveratrol inhibits transcription of CYP1A1 in �itro by preventing activation of the 
aryl hydrocarbon receptor. (PMID: 9865727)

Figure 2: Finding agents that inhibit a subset of genes up-regulated in diabetic retinopathy.

Table 3: The highest ranked GeneOntology terms, annotating top
genes resulting from the meta-analysis of microarray studies per-
formed in rat models of diabetic retinopathy.

GeneOntology term P value∗

Regulation of cell proliferation 2.5𝐸 − 4

Intracellular signaling cascade 7.4𝐸 − 3

Negativee regulation of macromolecule
biosynthetic process 2.9𝐸 − 2

Response to wounding 3.0𝐸 − 2

Negative regulation of multicellular organismal
process 3.9𝐸 − 2

Vasculature development 4.3𝐸 − 2
∗Significance values for enrichment are adjusted for multiple testing accord-
ing to the Benjamini-Hochberg method.

show the PubMed citation in which the sentence appears).
Examples of this aspect of SemBT are shown in Table 2. The
second group of results reflects the number of distinct genes,
a particular drug inhibits or stimulates, depending on the
discovery pattern used for search. In Figure 2, these results
are shown in the left column (obtained by using Filters option
in the SemBT interface).

3. Results

We performed a meta-analysis of available transcriptomic
data in animal models of DR. Firstly, the search was carried
out for therapeutics affecting perturbed pathways, identified
by transcriptome profiling, and subsequently, for therapies
directly modulating genes with altered expression in DR.

3.1. Results of Meta-Analysis of Genome-Wide Expression
Profiling in Diabetic Retinopathy. Meta-analysis of included
studies has revealed 385 genes upregulated and 539 probesets
downregulated in DR animal models with false positive rate
values lower than 0.05. Significantly enriched functional
categories of genes, annotated with terms from the Biological
Process branch of the Gene Ontology, are presented in
Table 3. The result of functional profiling for top genes
included pathways with a well-established role in DR, such
as regulation of cell proliferation and angiogenesis.

3.2. Identification of Therapeutics Affecting Pathways Altered
in Diabetic Retinopathy. To demonstrate the feasibility of
a pathway-based approach to find therapeutic modalities
suitable for treatment, we initially searched for therapeutic
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Table 4: Pharmacological substances affecting the angiogenesis
pathway found dysregulated by global gene expression profiling in
diabetic retinopathy models. Presented are pharmacological sub-
stances having at least 20 or more associations with the angiogenesis
pathway in the literature.

Subject Semantic relation Object Frequency
Endostatins Inhibits Angiogenesis 69
Thalidomide Inhibits Angiogenesis 37
Angiostatins Inhibits Angiogenesis 34
Curcumin Inhibits Angiogenesis 30
Bevacizumab Inhibits Angiogenesis 29
TNP 470 Inhibits Angiogenesis 23
Sphingosine
1-phosphate Affects Angiogenesis 22

Small molecule Inhibits Angiogenesis 22
Epigallocatechin
gallate Inhibits Angiogenesis 21

Anti-inflammatory
Agents,
Nonsteroidal

Inhibits Angiogenesis 16

Resveratrol Inhibits Angiogenesis 15

Table 5: Pharmacological substances affecting the main biological
pathways found dysregulated in diabetic retinopathy models by
transcriptional profiling in disease.

Substance Semantic relation Process Frequency
Curcumin Disrupts Cell proliferation 69
Endostatins Inhibits Angiogenesis 69
Tretinoin Disrupts Cell proliferation 65
Resveratrol Disrupts Cell proliferation 56
Dexamethasone Disrupts Cell proliferation 52
Tretinoin Affects Cell proliferation 50
Caffeine Disrupts Wound healing 45
Epigallocatechin
gallate Disrupts Cell proliferation 43

Polyamines Affects Cell proliferation 40
Thalidomide Inhibits Angiogenesis 37

agents modulating the vasculogenesis pathway.The results of
this search included therapeutic substances with a previously
described therapeutic effect in DR, including a group of
therapeutics belonging to the class of angiogenesis inhibitors
(including bevacizumab), which are currently either in ini-
tial phases of clinical applications or being investigated in
clinical trials (Table 4). Interestingly, the potential of anti-
inflammatory treatments has already been noted in this stage,
with the high ranking of nonsteroidal anti-inflammatory
agents and dexamethasone among the top candidate thera-
peutic agents.

Following this search, we performed a combined search
for therapeutic substances modulating main functional path-
ways discovered by transcriptomic profiling in the retina. We
have searched for substances concurrently modulating sev-
eral pathways found altered inDR.The results of such a search

Table 6: Pharmacological substances with a potential stabilizing
effect on genes differentially expressed in animal models of DR.
Substances in bold are those occurring in both lists, concurrently
stabilizing both upregulated and downregulated genes.

Therapeutic substance
Number of downregulated genes
in RD that are stimulated by the

substance
Dexamethasone 19
Tretinoin 18
Ethanol 12
Phenylephrine 7
Curcumin 6
Hydroxymethylglutaryl-
CoA reductase
Inhibitors

6

Isoproterenol 6
Resveratrol 6

Therapeutic substance
Number of upregulated genes in
RD that are inhibited by the

substance
Dexamethasone 14
Ethanol 14
Curcumin 10
Tretinoin 9
Small molecule 9
Epigallocatechin gallate 8
Rosiglitazone 8
PD 98059 7
Indomethacin 6
Propranolol 6
Quercetin 6

are presented in Table 5. Here, in addition to angiogenesis
modulators the algorithm also identified therapeutic agents
modulating angiogenesis and cell proliferation processes
concurrently.

3.3. Identification of Therapeutics with a Stabilizing Effect on
Genes with Altered Expression in Diabetic Retinopathy. We
searched for therapeutic substances conferring a stabilizing
effect on gene expression, causing downregulation of genes
upregulated in DR and upregulation of genes downregulated
in DR. The therapeutic substances stabilizing expression of
the largest number of genes towards baseline are presented in
Table 6.

Dexamethasone in addition to nonsteroidal anti-in-
flammatory agents was found to stabilize the largest num-
ber of genes differentially expressed in DR, concurrently
conferring a stabilization effect on both downregulated and
upregulated genes. Additionally, antioxidants were found to
stabilize a large number of genes differentially expressed in
DR.

Both approaches to novel therapeutics identification
demonstrated the possible utility of a set of known drugs or
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substances, including dexamethasone, curcumin, resveratrol,
and tretinoin, which affect pathways perturbed in DR while
at the same time stabilizing the specific gene expression
alterations occurring in DR.

4. Discussion

Wehave shown the feasibility of LBD to support finding novel
therapeutic targets, based on information generated by global
transcriptional profiling in a model of DR. We have shown
that hypothesis-free approaches may detect both previously
known and novel pathogenetic mechanisms occurring in
the disease model of DR. We have also demonstrated that
literature-based discovery could predict treatments that are
either already utilized for treatment of DR or may present
novel therapeutic opportunities.

In the present study, we have advanced the approach that
we previously utilized for discovery of novel therapeutics, by
allowing for identification of substances targeting pathways
altered in DR and substances stabilizing the expression of
genes altered in DR. Although several studies have utilized
omic technologies to investigate global alterations in DR,
so far most comprehensive studies have been performed on
animal models, specifically on the level of transcriptomic
alterations in DR, which directed us to use this information
in searching for novel treatments for DR. To show the utility
of LBD in discovering novel treatments based on data from
transcriptome profiling approaches, we initially collected
data from studies performed on animal models of DR and
performed a meta-analysis of these datasets. Among the
top genes uncovered by the meta-analysis, genes related to
functions known to be dysregulated in DR were detected,
including cell proliferation processes and vasculature devel-
opment. Considering that the process of neovascularization is
a hallmark of advancedDR and includes cellular proliferation
and development of new blood vessels in the retina, we
believe that the transcriptome could be regarded as a useful
surrogate for biologic processes occurring in human disease.

The search we used for therapeutic agents in DR also
has some pitfalls. Firstly, the source studies we utilized in
the search were performed on animal models of DR after
artificial induction of diabetes by streptozocin, which may
not represent a faithful surrogate for pathogenetic processes
occurring in human cases of DR. Despite this, we expect
that more comprehensive omic studies in human DR will
be conducted in the near future, allowing the possibility for
even more effective therapeutics search based on such data.
Secondly, as the discovery of associations between therapeu-
tic agents and differentially expressed genes is performed
by computational language processing, this may result in
the generation of spurious associations and false positive
predictions of possible therapeutic substances. This effect
may, however, be ameliorated by inspection of sentences
supporting the associations prior to definitely assuming the
therapeutic potential of the substance.Thirdly, we have noted
that substances with more publications in the literature tend
to occurmore commonly in the list of top potential treatment
substances. To ameliorate this issue, it would be possible

to prioritize potential substances based on a representation
scoring approach, normalizing the publication bias.

Although LBD has already been used to generate
hypotheses regarding novel therapeutic approaches (see [14]
for a review), most of the approaches are based purely on
the literature, and in only one case has LBD been integrated
with transcriptomic experiment results [18]. In the approach
described in this paper, we additionally integrate into LBD the
results of gene enrichment analysis based on Gene Ontology
functional categories, which to our knowledge, has not been
done before. Furthermore, LBD has not been applied to DR
before.

In conclusion, the work presented incorporates a novel
strategy towards identification of treatments for human dis-
ease based on integration of data fromomic technologieswith
LBD and provides novel therapeutic directions for treating
neovascularization processes occurring in DR.
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Copyright © 2013 Mostafa Hanout et al.This is an open access article distributed under theCreative CommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

As one of the leading causes of blindness, age-relatedmacular degeneration (AMD)has remained at the epicenter of clinical research
in ophthalmology. During the past decade, focus of researchers has ranged from understanding the role of vascular endothelial
growth factor (VEGF) in the angiogenic cascades to developing new therapies for retinal vascular diseases. Anti-VEGF agents such
as ranibizumab and aflibercept are becoming increasingly well-established therapies and have replaced earlier approaches such as
laser photocoagulation or photodynamic therapy. Many other new therapeutic agents, which are in the early phase clinical trials,
have shown promising results. The purpose of this paper is to briefly review the available treatment modalities for neovascular
AMD and then focus on promising new therapies that are currently in various stages of development.

1. Introduction

Age-related macular degeneration (AMD) is the leading
cause of visual loss in developed countries in individuals
over the age of 50 years. Two types of AMD have been
reported: nonneovascular (dry AMD) and neovascular (wet
AMD). Neovascular AMD is less common, affecting only
10% of AMD patients [1]. However, it is more likely to lead
to significant visual loss. Neovascular AMD is characterized
by choroidal neovascularization (CNV) development (imma-
ture pathological vessels grow from the choroid towards the
retina). Leakage from these immature vessels leads to exu-
dation and hemorrhage. Without treatment, the condition
causes irreversible damage to the retinal layers and yields
central visual loss.

The management of neovascular AMD has markedly
changed over the past decade. The approval of pegaptanib
sodium (Macugen) in December 2004 by the Food and
Drug Administration (FDA) marked the beginning of the

molecular era in the treatment of neovascular AMD. Subse-
quently, the introduction of ranibizumab, bevacizumab, and
aflibercept has dramatically changed the treatment paradigm
of AMD-related CNV [2].

Promising therapeutic molecules continue to emerge and
exert their influence through a variety of mechanisms. Some
molecules target vascular endothelial growth factor (VEGF),
a key player in the disease process, while othermolecules have
different targets along the angiogenesis cascades.

2. Previously Established Therapies

2.1. Laser Photocoagulation. Laser photocoagulation works
on the principle of cauterizing the feeder vessels of the
subfoveal CNV, thus halting subretinal fluid accumulation
and preventing progression of the disease [3].

The Macular Photocoagulation Study (MPS) compared
the usefulness of laser photocoagulation to observation in
preventing severe visual loss in patients with neovascular
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AMD. The study results showed that 60% of nontreated eyes
had experienced severe visual loss contrasted to 25% of the
treated eyes. This magnitude of benefit observed with laser
treatment unjustified withholding of laser treatment from
eyes in the observation group and led to early termination
of recruitment [3, 4].

Combination therapy of laser with other modalities may
also lead to potential benefits. However, the incidence of
recurrent and persistent CNV after laser treatment decreases
the long term effectiveness of this method of therapy [5].

Overall, laser photocoagulation for neovascular AMD
may help to slow the progression of vision loss in the
long run. However, it may be associated with increased
risk of vision loss during the early stage after treatment
which lasts for longer durations with subfoveal CNV. Taking
this concern into consideration, laser photocoagulation is
not recommended with subfoveal CNV, especially with the
advent of the several other pharmacologic therapies [6].

2.2. Verteporfin (Visudyne, Novartis, Basil, Switzerland).
Photodynamic therapy (PDT), first approved in July 2000 for
subfoveal CNV, uses light-activated verteporfin to damage
fibrovascular tissue by inducing occlusion of new vessels
[7]. The Visudyne in Occult (VIO) study for occult CNV
compared the change in best corrected visual acuity (BCVA)
from baseline to 12 and 24months between PDT and placebo.
Out of 364 patients with occult CNV, 244 patients were
assigned to PDTand 120 patientswere assigned to the placebo
group.Thirty-seven percent and 47% of patients treated with
verteporfin lost 15 letters or more at 12 months and 24
months, respectively, versus 45% and 53% in the placebo
group. Verteporfin-treated patients who lost 30 letters or
more at these two endpoints were 16% and 24% respectively
versus 17% and 25% in the placebo group [8].

2.3. Antivascular Endothelial Growth Factor

2.3.1. Pegaptanib Sodium (Macugen, EyeTech, New York, NY,
USA). Pegaptanib is a 28-base RNA aptamer that binds
selectively and inhibits activation of VEGF-A

165
, which is

the most prevalent isoform of VEGF in neovascular AMD
[9, 10]. VEGF inhibition Study in Ocular Neovascularization
(VISION)was a double-masked, randomized, controlled trial
that evaluated three different doses of intravitreal (IVT)
pegaptanib sodium for neovascular AMD. A total of 1208
patients were randomized to four groups (who received
0.3mg, 1.0mg, and 3.0mg pegaptanib sodium), respectively,
in addition to a sham group. Patients were administered
IVT pegaptanib every 6 weeks over a period of 48 weeks.
A loss of fewer than 15 letters was observed in 65 to 70%
of patients who received pegaptanib (𝑃 ≤ 0.03) compared
to 55% of patients in the sham group at week 54. Severe
vision loss of ≥ 30 letters was observed in 8 to 14% of
patients who received pegaptanib injection inclusive of all
the treatment arms compared to 22% in the sham group.
Ocular adverse events (AEs) that occurred more commonly
in the study eyes of patients getting IVT pegaptanib included
eye pain (34%), vitreous floaters (33%), punctuate keratitis
(32%), and increased intraocular pressure (IOP) (20%). The

intravitreal injection of pegaptanib was not associated with
the potential VEGF inhibition-related systemic AEs recog-
nized with systemic administration of VEGF inhibitors such
as hemorrhagic events, thromboembolic events, and vascular
hypertensive disorders [9].

2.3.2. Ranibizumab (Lucentis; Genentech, Inc., South San
Francisco, CA, USA). Ranibizumab is a recombinant, hu-
manized monoclonal antibody fragment that inhibits all
active isoforms ofVEGF-A. In the anti-VEGF antibody for the
Treatment of Predominantly Classic Choroidal Neovascular-
ization in AMD (ANCHOR) study, which compared PDT
with ranibizumab, a mean reduction of 9.8 letters was found
in the PDT arm compared to a gain of 8.1 to 10.7 letters in the
ranibizumab arm, validating the effectiveness of ranibizumab
as a therapy for the improvement of vision in patients with
neovascular AMD [11].

In addition to the ANCHOR study, the Minimally Clas-
sic/Occult Trial of the anti-VEGF antibody ranibizumab
in the Treatment of Neovascular AMD (MARINA) study
showed that 94.5% of patients receiving 0.3mg and 94.6% of
patients receiving 0.5mg dose of ranibizumab lost ≤15 letters
at 12 months compared to 62.2% in the sham group. Twenty-
five percent of patients receiving 0.3mg and 33% patients
receiving 0.5mg ranibizumab gained ≥15 letters at 12 months,
which remained stable at 24 months as compared to 5.0%
in the sham group. There was a mean increase of 6.5 and
7.2 letters in 0.3mg and 0.5mg groups, respectively, versus a
mean decrease of 10.2 letters in the sham group. The rate of
reported endophthalmitis was 1.0% (5 out of 447 patients).
Stroke occurred at a rate of 0.8% in sham group, 1.3% in the
0.3mg group, and 2.5% in the 0.5mg group [12].

The Safety of Intravitreal Lucentis for AMD (SAILOR)
study had two cohorts of patients. Cohort 1 was randomized
in a 1 : 1 to receive 3 consecutive monthly injections of 0.3mg
or 0.5mg ranibizumab then retreated based on visual acuity
(VA) and retinal thickness values. Each group was further
stratified into treatment näıve and treated patients. Cohort 2
patients received 3 consecutive monthly injections of 0.5mg
ranibizumab and were retreated afterwards at the discretion
of the investigator. Treatment-näıve patients gained 5.8 letters
with 0.3mg dose and 7.0 letters with 0.5mg dose at 3 months.
The gain was 0.5 and 2.3 letters for the 0.3mg and 0.5mg
groups, respectively, at 12 months. For the previously treated
patients, 4.6 and 5.8 letter-gain were observed in the 0.3 and
0.5mg groups respectively at 3 months, whereas 0.3 and 1.7
letter-gain were observed at 12 months. A large number of
Cohort 2 patients discontinued from the study, which was
noted during data analysis. Overall, the median Snellen VA
improved from 20/100 to 20/80 at months 6 and 12. Less
than 1% patients in Cohort 1 and 0.1% in Cohort 2 developed
endophthalmitis. Among nonocular SAEs, 0.7% and 1.2%
patients in 0.3mg and 0.5mg ranibizumab group suffered
from stroke, respectively, at 12 months [13].

2.3.3. Bevacizumab (Avastin, Genentech, Inc., South San Fran-
cisco, CA, USA). Bevacizumab is a full-length humanized
monoclonal antibody that targets all isoforms of VEGF-A.
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Currently, bevacizumab is the most widely used anti-VEGF
agent throughout the world for treatment of neovascular
AMD due to its low cost and similar efficacy, with proper
treatment schedule [14, 15].

According to the bevacizumab for Neovascular Age-
Related Macular Degeneration (ABC trial), there was a
statistically significant gain of ≥15 letters among 33% of
patients compared to 3% in the standard of care (receiving
verteporfin PDT or pegaptanib) and sham groups at the end
of one year of study. Two out of 65 patients treated with
IVT bevacizumab suffered from intraocular inflammation
including iritis, iridocyclitis, vitritis, and anterior chamber
inflammation. Systemic SAEs also occurred in 4.6% of
patients (1 atrial fibrillation and 2 myocardial infarctions) in
the treatment arm [16].

The Comparison of Age-Related Macular Degeneration
Treatments Trial (CATT) was a multicenter study that
included 1208 patients who were treated with ranibizumab
or bevacizumab either monthly or as needed with monthly
followup. The results showed that bevacizumab is equivalent
to ranibizumab with a visual acuity gain of 8.0 and 8.5 letters,
respectively, at one-year followup [17]. The two-year results
revealed equivalence (noninferiority) between the two agents
in therapeutic benefit and associated adverse effects in favor
of monthly treatment over the as-needed regimen.There was
a slightly higher number of systemicAEs among patients who
were treated with bevacizumab [18].

The interim one-year results of the ranibizumab ver-
sus bevacizumab to treat Neovascular Age-Related Macular
Degeneration (the IVAN Study), which enrolled 610 patients
with treatment-naı̈ve neovascular AMD, showed noninferi-
ority of bevacizumab to ranibizumab in safety and efficacy,
both in the monthly and the as-needed regimens [19].

2.3.4. Aflibercept (Eylea, Regeneron, Tarrytown, NY, USA).
Aflibercept (also known as VEGF-Trap) is a human recom-
binant fusion protein which consists of extracellular domains
of VEGF receptor 1 and 2 (VEGFR-1 and -2) fused with Fc
portion of IgG1. It binds to VEGF-A, VEGF-B, and placental
growth factor (PlGF) [20]. It has a higher affinity for VEGF
compared to other anti-VEGFs, including bevacizumab and
ranibizumab [21].

The Clinical Evaluation of Antiangiogenesis in the Retina
Intravitreal Trial 2 (CLEAR-IT 2) is a phase II clinical trial
of VEGF Trap-Eye with monthly injection of 0.5mg or
2mg aflibercept for the first three months followed by PRN
administration from months 4 to 12. Combination of all
groups showed a mean gain of VA of 5.7 letters at week 12
and 5.3 letters at week 52 (𝑃 < 0.0001) [20, 22]. Ocular
AEs of aflibercept included conjunctival hemorrhage (38.2%,
5.6%), retinal hemorrhage (14.0%, 11.3%), subjective visual
loss (13.4%, 6.3%), vitreous detachment (11.5%, 7.3%), and eye
pain (9.6%, 11.4%) at the end of the study [20, 23].

Intravitreal Aflibercept (VEGF Trap-Eye) in Wet Age-
RelatedMacular Degeneration (VIEW 1 andVIEW2 studies)
are two parallel, similarly designed, phase III clinical trials
comparing efficacy and safety of aflibercept and ranibizumab
for treatment of neovascular AMD. A total of 2419 patients

with active subfoveal or juxtafoveal CNVwith leakage involv-
ing the fovea were enrolled in the two studies. In VIEW 1,
patients were recruited from 154 sites in the United States
and Canada and in VIEW 2, patients were recruited from 172
sites in Europe, Middle East, Asia, and Latin America. The
two studies showed that IVT aflibercept given every 2months
after 3 consecutivemonthly injections is equivalent in efficacy
and safety to monthly ranibizumab. Thus, aflibercept offers
a potential advantage of lessening the burden of monthly
evaluations and treatments as well as decreasing the potential
risks associated with monthly IVT injections [24].

3. New Emerging Therapies

3.1. Small Interfering RNA (siRNA). The role of messenger
RNA (mRNA) in the production of protein is very crucial.
Translation of single mRNA can lead to the production of
up to 5,000 copies of a protein molecule. Hence, one can
recognize the importance of RNA interference in inhibition
of protein assembly by blocking the amplification step in
protein synthesis.

siRNA is incorporated into the RNA-Induced Silencing
Complex (RISC) inside the cell, enhancing the helicase
activity of this complex and leading to selective and potent
cleavage and degradation of the mRNA. The siRNA can be
engineered tomatch a specific nucleotide sequence of a target
mRNA [25].

(1) siRNA 027 (AGN211745) is a small interfering RNA
that targets VEGFR-1 on the endothelial cells, which
in turn mediates new blood vessels formation when
stimulated by VEGF or PlGF. IVT injection of siRNA
027 in mice reduced the VEGFR-1 mRNA levels
and suppressed the development of CNV at rupture
sites of Bruch’s membrane as well as decreased reti-
nal neovascularization in oxygen-induced ischemic
retinopathy [26, 27]. A dose escalating study of (up
to 1600 𝜇g) IVT injection of siRNA in 26 patients
showed tolerability and stabilization or improvement
of VA in cases with neovascular AMD refractory to
other types of treatment [28].

(2) siRNA PF-04523655 (REDD14) inhibits the expres-
sion of hypoxia-induced gene RTP801, which in
turn inhibits activation of the mammalian target of
rapamycin (mTOR) pathway leading to reduction of
VEGF-A production. An additional antiangiogenic
effect of mTOR inhibition is achieved by decreasing
the response of endothelial cells to VEGF through
intracellular signal suppression. In the evaluation
of the siRNA PF-04523655 versus ranibizumab for
the treatment of neovascular AMD (MONET study),
the combination of PF-04523655 with ranibizumab
achieved better improvement in BCVA (9.5 let-
ters) than ranibizumab monotherapy group (6.8 let-
ters), which achieved better improvement than PF-
04523655 monotherapy (<4 letters), with no safety
concerns among the three groups. However, these
observations were not statistically significant [29].
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3.2. Other Antagonists to the VEGF Pathway

3.2.1. Sphingosine-1-phosphate (S1P) Antibody. S1P is a bioac-
tive lipid mediator whose biological activities are moderated
via G protein-coupled cell surface receptors that are found on
endothelial cells. It is proposed that retinal pigment epithelial
cells (RPE) are a major source of S1P in the retina and that
the S1P stored and released from RPE is responsible for
the pathological angiogenesis, vascular permeability, fibrosis,
and inflammatory responses associated with neovascular
AMD [30].

Sonepcizumab is a monoclonal antibody that selectively
binds to S1P. It was evaluated in mice with oxygen-induced
ischemic retinopathy and was found to cause decreased
inflow of macrophages into the retina, suppression of retinal
neovascularization, and reduced CNV in mice after laser dis-
ruption of Bruch’s membrane [30]. iSONEP (Lpath, Inc.), the
ocular formulation of sonepcizumab, was administered IVT
to subjects with CNV secondary to AMD. Results showed
regression (>75%) in the CNV lesion in 3 out of 4 patients
with occult lesions and resolution of RPE detachment [31].
iSONEP is currently being evaluated in additional clinical
trials (clinical trial identifier is NCT01414153) to confirm its
efficacy [32].

3.2.2. Squalamine Lactate. Squalamine lactate is an antian-
giogenic compound that belongs to the aminosterol class of
drugs. It blocks off cell membrane ion transporters that are
responsible for keeping cell function in check. Squalamine
blocks the action of VEGF and integrin expression when
bound to calmodulin, thereby preventing angiogenesis. A
phase I/II clinical trial enrolled 40 patients with neovascular
AMDand showed vision stability in patients receivingweekly
25mg/m2 and 50mg/m2 of intravenous squalamine lactate
(Evizon, Genaera Corporation, Plymouth Meeting, PA) with
potential increase in VA in 26% of patients. However, the
intravenous formula of the drug was terminated by Genaera
and is no longer in clinical development for AMD [31]. A
randomized clinical trial evaluating the efficacy and safety of
topical squalamine lactate for the treatment of neovascular
AMD is currently recruiting patients (clinical trial identifier
is NCT01678963) [33].

3.2.3. Palomid 529. Palomid 529 prevents angiogenesis by
inhibiting the mammalian target of rapamycin (Akt/mTOR)
signal transduction pathway and causing dissociation of
rapamycin complexes, TORC1 and TORC2. Animal studies
have shown that palomid 529 reduces proliferation and
stabilizes the structure of vessels already formed [34]. A phase
I trial testing the safety and efficacy of palomid 529 in patients
with neovascular AMD who have not responded to anti-
VEGF treatments has been completed. However, the results
have not yet been published [35].

3.2.4. KH902. KH902 is a recombinant, soluble, VEGFR
protein in which the binding domains of VEGF receptors
1 and 2 are combined with the Fc portion of IgG. The
receptor portion of the molecule has a very high affinity

for all VEGF-A isoforms, PlGF 1 and 2, and VEGF-B [36].
It has similar properties as aflibercept. KH902 has been
shown to reduce laser-induced choroidal neovascularization
in monkeys. In a phase I dose escalating study, 28 patients
with neovascular AMD were given a single IVT injection
of 0.05mg, 0.15mg, 0.5mg, 1.0mg, 2.0mg, and 3.0mg
KH902 and followed up for 12 weeks. No safety concerns
were detected and bioactivity of KH902 was suggested with
improvement in VA, reduction in central retinal thickness,
and reduction in CVN area in patients with exudative AMD
[37]. Further studies are being planned.

3.2.5. AAV2-sFLT01. Intravitreal injection of adeno-associ-
ated viral (AAV2) vector is being used to deliver an anti-
VEGFmolecule, sFLT01. AAV2 vectors haveminimal toxicity
with a potential for long-term expression [38]. Two studies
were performed on cynomolgus monkeys to evaluate the
efficacy of AAV2-sFLT01. In the first study, the study eye was
treated by 2 × 108 or 2 × 109 vector genomes (vg) and the
contralateral eyewas treated by the same dose of AAV2 vector
that does not encode for a transgene (AAV2-Null). Laser-
induced CNV occurred 6 weeks later in both groups. None
of the treatment eyes demonstrated a statistically significant
reduction of CNV leakage compared to the AAV2-Null
control eyes. In the second study, dosage was increased to 2 ×
1010 vg in the study eye with no treatment in the contralateral
eye. Laser induced CNV occurred at week 22. Statistically
significant reduction of CNV leakage was observed in the
treated eyes with only 7% of the treated burns showed leakage
compared to 56%of burns in the control eyes.The technology
of AAV2-sFLT01 warrants further evaluation to study its
potential benefits of long termprotection and limited number
of injections [39].

3.2.6. MP0112. MP0112 is a designed ankyrin repeat protein
(DARPin) based antiangiogenic drug that specifically binds
all VEGF-A isoforms. Animal studies indicated a potential
of reducing the dosing frequency in humans by 3 to 4
folds compared to current standard therapies [40]. A phase
I/II escalating dose multicenter clinical trial investigated the
safety and efficacy of intravitreal injection of MP0112 for
neovascular AMD over a span of 16 weeks (clinical trial
identifier is NCT01086761). However, the study has been
terminated by the sponsor after completion of part A of the
study and results have not yet been published [41].

3.3. Tyrosine Kinase Inhibitors. The biological activity of
VEGF is mediated by the VEGFRs. VEGFR-1 and -2 are
receptor tyrosine kinases [42]. Therefore, inhibition of tyro-
sine kinase seems to be a potential therapeutic option for
treatment of neovascular AMD.

3.3.1. Vatalanib. Vatalanib is a powerful tyrosine kinase
inhibitor with activity against the platelet derived growth
factor receptor (PDGFR) and c-Kit receptor kinases. Pre-
clinical studies have demonstrated that this drug prevents
angiogenesis [43]. A phase I/II trial to evaluate the safety
and efficacy of oral vatalanib combined with PDT has been
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completed (clinical trial identifier is NCT00138632); the
results, however, have not been published yet [44].

3.3.2. Pazopanib. Pazopanib is a new generation tyrosine
kinase inhibitor against VEGFR, PDGFR, and c-kit [45]. A
phase I clinical trial with topical pazopanib in 38 subjects has
successfully demonstrated its safety and tolerability. A phase
II trial to evaluate its pharmacodynamics, pharmacokinetics,
and safety has been completed. However, the results have not
been published yet (clinical trial identifier is NCT01072214)
[46].

3.4. Radiation. Commonly used anti-VEGF treatments for
AMD usually suppress rather than eliminate the disease
and usually involve repeated IVT injections. Radiation is
a promising and noninvasive therapeutic option that can
eliminate the ability of pathologic vascular endothelial cells
to replicate, thereby impairing their function and leading
to their cellular death. Thus, it may help to decrease the
frequency of anti-VEGF IVT injections [47].

3.4.1. IRay. The IRay system is an emerging noninvasive
therapeutic option for neovascular AMD.The system delivers
3 overlapping beams through the inferior pars plana to
the macula. The spot size of each beam is 3.5mm at the
sclera which gives a 4mm spot size at the macula. With
the overlapping between the 3 beams the effective spot size
achieved at the macula is approximately 6mm. The patient’s
eligibility for treatment is determined based on the proximity
of the optic nerve to the macula [48].

Radiation retinopathy does not usually occur until a dose
of 45Gy is delivered to the retina typically after 2.5 years.
Since IRay uses doses of either 16Gy or 24Gy, this may
decrease the likelihood of radiation retinopathy and makes it
a plausible mode of treatment [49].The IRay Plus Anti-VEGF
Treatment for Patients with Neovascular AMD (INTREPID)
study is ongoing and aims to evaluate the effectiveness
and safety of a one-time radiation therapy with juxtaposed
administration of as-needed anti-VEGF injections for treat-
ing neovascular AMD [50].

3.4.2. Epiretinal Macular Brachytherapy (EMB). EMB is a
new treatment option for neovascular AMD. By allowing the
Strontium-90 (Sr90) source to be placed close to the highly
diseased area with approximately 5mm retinal penetration,
it enables targeted delivery of radiation to the neovascular
tissue [51] and prevent nonocular exposure. Using a 24Gy
source, the required dose can be delivered within 3 to 4
minutes [52].

A small scale study yielded positive results for the use
of EMB in adjunct with bevacizumab with a mean gain
of 8.9 letters in VA at 12 months [53]. However, the Epi-
macular Brachytherapy for Neovascular Age-relatedMacular
Degeneration (CABERNET) study, a multicenter trial, did
not endorse the use of EMB as a monotherapy [47, 54]. The
mean VA change at Month 12 compared to baseline for EMB
was −0.5 letters with relatively higher incidence of cataract
formation and disease progression.

The Macular Epiretinal Brachytherapy in Treated Age-
related Macular Degeneration (MERITAGE) study showed
relatively favorable results for EMB. Visual improvement was
observed in 47.2%of the participants, with decreased required
number of anti-VEGF injections to 3 injections only over
the 12 month period in more than 50% of participants. Sub-
conjunctival hemorrhages were commonly reported whereas
no cases of radiation retinopathy were reported during the
course of the study, albeit it was short [55].

Overall, radiation may have potential therapeutic effects;
thus far, no study has confirmed its role in the management
of neovascular AMD.

3.5. Others

3.5.1. Platelet Derived Growth Factor Antagonists: E10030. In
order for newly sprouting vessels to mature and stabilize,
endothelial cells need to be coated by pericytes. A key
mediator of this process is the platelet-derived growth factor
beta (PDGF-𝛽) [56]. Inhibitors of PDGF-𝛽 such as the
pegylated aptamer E10030 (Ophthotech) have been demon-
strated to prevent this process, thereby making nascent
blood vessels susceptible to VEGF inhibition. Safety and
pharmacokinetic profile of E10030 have also been evaluated
as a monotherapy or in conjunction with ranibizumab in
treating neovascular AMD patients [57]. Furthermore, a
phase II study to assess the safety and efficacy of E10030 in
combination with ranibizumab has been completed (clinical
trial identifier is NCT01089517) [58]. Preliminary results
showed that combination of E10030 and ranibizumab was
superior to ranibizumab monotherapy [59].

4. Expert Opinion

The last decade has been a remarkable period for the
management of neovascular AMD. Clinician scientists have
come far from witnessing patients lose their sights to reviv-
ing their vision with new therapies. Since the arrival of
photodynamic therapy which, for the first time, stabilized
vision, there has been significant advances in the treatment
of neovascular AMD with the use of VEGF inhibitors [60,
61]. In the pioneering ANCHOR and MARINA studies, the
fluorescein angiography (FA) showed reduction in vascular
permeability, leakage, and edema, but the actual structural
changes underlying exudative disease remained unaffected
by the treatment. The CATT and VIEW studies were able
to confirm the effectiveness of VEGF antagonists including
bevacizumab, ranibizumab, and aflibercept. A new treatment
modality, the antiplatelet derived growth factor (anti-PDGF)
agent, has shown the ability to induce neovascularmembrane
regression and, when used in combination with ranibizumab,
produce additional vision gain than anti-VEGFmonotherapy.

There is a consensus on several susceptibility genes for
AMD, most notably complement factor H, and LOC387715/
ARMS2 [62], which have been shown to affect the patient’s
response to treatment [63]. Other pharmacological agents
and approaches are being evaluated as potential therapies for
neovascular AMD as well. These drugs act through differ-
ent mechanisms, such as modulating the anti-inflammatory
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response, which may complement current therapies very
appropriately.The future of neovascular AMDwill very likely
depend on our understanding and application of possible
combination therapies of different agents and approaches.
Further research is warranted in order to achieve this goal
and, fortunately, is occurring throughout the world [64].
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Recent reports of retinal stem cells being present in several locations of the adult eye have sparked great hopes that they may be
used to treat the millions of people worldwide who suffer from blindness as a result of retinal disease or injury. A population of
proliferative cells derived from the ciliary body epithelium (CE) has been considered one of the prime stem cell candidates, and
as such they have received much attention in recent years. However, the true nature of these cells in the adult human eye has still
not been fully elucidated, and the stem cell claim has become increasingly controversial in light of new and conflicting reports. In
this paper, we will try to answer the question of whether the available evidence is strong enough for the research community to
conclude that the adult human CE indeed harbors stem cells.

1. Introduction

In the retina, light is translated into electrical impulses that
are processed and transmitted further into the brain through
a complex neuronal chain. This sensory pathway is damaged
in common eye diseases such as retinal degenerative dis-
eases, diabetic retinopathy, arterial occlusions, traumas, and
glaucoma. Stem cell-based therapies still hold great promise
to treat several neurodegenerative diseases and/or injuries,
and the retina may be an ideal candidate for regenerative
medicine due to its relatively small size and immunity, as well
as recent discoveries in retinalmicrosurgery and visualization
[1]. There are three main categories of human stem cells
which are currently being investigated for retinal regenerative
therapy: embryonic stem cells (ESCs) [2], induced pluripo-
tent stem cells (iPS cells) [3], and somatic or adult neural
stem cells (NSCs) [1, 4]. One of the putative advantages of
adult NSCs is the possibility for autologous transplantation
without reprogramming, whereby NSCs may be harvested

from adult patients, expanded or modified in vitro, and re-
transplanted into the original patient [5]. However, most
studies regarding isolation and characterization of NSCs in
the adult eye have until recently been performed in lower
vertebrates and rodents [4]. In this review, we will focus on
the adult human eye.

The neuroretina—like the rest of the central nervous
system (CNS)—is considered to have limited regenerative
potential in adult humans, and severe injuries can lead to
permanent damage forwhich currently there are no definitive
curative treatment options. Until the 1990s, it was a central
dogma of neuroscience that no new neurons could be formed
in the adult human CNS. This doctrine was best formulated
in the words of the histologist Ramon y Cajal: “Once the
development was ended, the fountains of growth and regen-
eration of the axons and dendrites dried up irrevocably. In the
adult centers, the nerve paths are something fixed, ended, and
immutable. Everythingmay die, nothingmay be regenerated.
It is for the science of the future to change, if possible, this
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harsh decree.” [6]. However, despite this dogma, researchers
have continuously tried to identify NSCs in humans that
are both able to self-renew and differentiate into functional
retinal cell types to treat patients with retinal disorders, and
one of the key scientific questions has been whether such
NSCs exist in the patient’s own eye. In this search for retinal
stem cells (RSCs), the ciliary body epithelium (CE) has been
considered as one of the prime niches. There is also evidence
that both Müller glia [7–10] and retinal pigment epithelial
(RPE) cells [11] can have properties of NSCs in the adult
human eye, but these important topics will not be addressed
in the current review.

2. The RSC Hypothesis

The development of the retina forms the theoretical back-
ground for the RSC hypothesis. During embryogenesis,
the optic cup forms as a double-layered extension of the
forebrain, with which it is continuous [12]. The inner layer
of the optic cup differentiates into the neural retina cen-
trally and into the nonpigmented layer of the CE, and iris
peripherally, while the outer layer gives rise to three types
of pigmented epithelial cells: RPE, pigmented CE and iris
pigmented epithelium (IPE). Thus, all of these tissues—
although diverse—share a common origin from multipotent
NSCs and form a structural and developmental continuum
with the brain.

The second element that lead to the RSC hypothesis is the
observation that in many lower vertebrates new retinal cells
are constantly produced throughout life from multipotent
cells residing in the ciliary marginal zone (CMZ) [13]. In
mammals, this zone anatomically corresponds to the area
around the peripheral margin of the retina and contains
NSCs during retinogenesis. However, after birth, this stem
cell population appears to have been depleted or remains
in a quiescent state in vivo [8, 12]. Based on the above
considerations, it was postulated that it is possible to isolate
and propagate a rare/small population of quiescent RSCs
from the adult mammalian CE. The first evidence to support
this claim was put forward by Tropepe et al. and Ahmad et al.
in 2000 [14, 15], and a number of studies on the proliferative
and differentiation potential of these cells have since been
performed to date [4, 8].

3. The Problem of Identifying a Stem Cell

If a subpopulation of CE cells is to be labeled as stem cells,
they must fulfill certain criteria. A stem cell is commonly
defined as a cell that has the ability to (a) self-renew, (b) prolif-
erate to form progenitor cells with a higher degree of lineage
commitment, and (c) ultimately give rise to all the terminally
differentiated and functional cells of the tissue from which
it is derived [16]. In contrast to stem cells, progenitor cells
could have a more restricted lineage potential. When trying
to judge whether a population of cells meet these criteria, we
face several problems. There are few, if any, genetic markers
or morphological characteristics that precisely identify a
stem cell as such. Thus, one can only conclude that stem

cells are present in a tissue sample retrospectively, based
on the functional criteria of proliferation, self-renewal, and
production of differentiated cells [17].

When studying NSCs in vitro, it is common to use the
neurosphere assay, first described byReynolds andWeiss [18],
where the tissue is prepared to form a single-cell suspension
and cultured in a definedmedium containingmitogens. After
a few days, free-floating clusters of cells with a characteris-
ticALLY rounded appearance, known as neurospheres, are
formed (Figure 1(a)). These are thought to represent stem
cells and their progeny [18]. Through repeated passaging,
where the spheres are dissociated and replated as single cells,
the stem/progenitor cell population may be expanded. This
assay has also become an important method to strengthen
the presence of a stem/progenitor cell population in a tissue.
The continued formation of neurospheres over the course of
many passages is interpreted as an expression of the stem cell’s
capacity for self-renewal and the expression of mature neural
and glial markers as the stem cell’s multipotency [17, 19].

However, the neurosphere assay has limitations.The pop-
ulation of cells within a sphere is heterogenous, consisting of
cells atmany different stages of differentiation and committed
to different lineages [20–22]. Also, the neurosphere culturing
method is sensitive to variations in factors such as cell density,
concentrations of added mitogens, and number of passages.
This canmake it difficult to compare results between research
groups and may account for the great variation in published
results [16, 19]. In vivo, stem cells are thought to reside in a
so-called stem cell niche, where their properties are carefully
regulated by the structural and functional conditions of
the extracellular matrix, cell-cell interactions, and complex
signaling cascades [23]. The sphere may be viewed as an in
vitro niche which provides different stimuli and cues to the
cells therein. Thus, depending on the inherent plasticity of
the cells, theymay display different potency in vitro than they
would be capable of in vivo [19]. It has recently been shown
that sphere formation in culture, andCE spheres in particular,
may grow nonclonally by incorporating other spheres and
adherent cells. [24, 25]. Therefore, we can strictly only use
sphere formation and repeated passaging as a test of the
cells’ ability to survive and proliferate in culture for extended
periods of time, and not as a test of “stemcellness.” Lastly,
evidence has also been presented that nonstem cells may be
capable of forming clonogenic spheres in culture [26]. Since
most of the evidence for the existence of RSCs in the adult
ciliary body is based on the neurosphere assay, it is important
to have a clear understanding of the benefits and limitations
of this culture method.

4. Evidence Favoring the Presence of RSCs in
the Adult Human CE

Coles et al. attempted to culture cells isolated from the neural
retina, pars plana and pars plicata of the ciliary body, RPE,
and iris using the neurosphere assay and found that spheres
were formed only from the ciliary body and iris. Of these,
only spheres from the ciliary body could be passaged to
form secondary spheres, indicating that only cells from this
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Figure 1: Light microscopy of secondary sphere derived from postmortem CE (a). Immunocytochemical analysis of secondary spheres
derived from postmortem CE (b), costaining of Nestin (green) and Claudin-1 (red). Nuclear staining with Hoechst (blue).

location exhibited the capacity for self-renewal.Multipotency
was inferred by the immunohistochemical detection ofmark-
ers for mature retinal cells of all lineages. Finally, cells were
transplanted into developing mouse retinas, where a number
of them showed signs of migration and integration into the
host retina, as well as expression of mature retinal markers
[27]. Mayer et al. found sphere-forming cells in both the pars
plana and the neural retina itself (in contrast to the study cited
above). These spheres consisted of cells expressing immature
neuronal and glial markers. When exposed to differentia-
tion conditions, a subset of cells expressing rhodopsin—a
photoreceptor marker—was identified [28]. The same group
later performed a study showing that adult human retina
consistently gave rise to spheres in culture irrespective of
age, sex, or postmortem time [29]. Xu et al. characterized
spheres derived from the ciliary body, confirming earlier
findings that they consist of proliferating cells that express
certain immature neuronal and glial markers, while mature
retinal markers could not be identified. Differentiation was
not attempted [30].

Whilst the results of these studies partly support the
adult RSC hypothesis, they have obvious weaknesses. The
capability of sphere-forming CE cells for proliferation and
self-renewal is well documented, but their multipotency is
less so. To date, it has only been shown that these cells
express certain mature retinal markers in culture. In order to
conclude that functional retinal neurons have been formed, it
would be necessary to demonstrate that they are postmitotic,
have the correct morphology, and are capable of firing action
potentials and releasing neurotransmitters [31]. Also, it is
important to remember that these putative stem cells are
derived from a nonneural tissue (but with neuroepithelial
origin)—the CE. None of these papers investigated whether
theCE-derived spheres contained a pure population of neural
and glial cells—like neurospheres from the brain—or if they

Table 1: Comparison of gene expression profile of four key neural
stem cell (NSC) markers.

Gene WT CE CE spheres PVR spheres SVZ spheres
GFAP − −/+ ++ +++
Sox-2 − + + ++
Nestin + + + ++
Nanog + + + +
Semiquantitative comparison of RT-PCR expression in adult human ciliary
body epithelium (CE) whole tissue samples (WT CE) [32] and cultivated
spheres from the adult humanCE [32], proliferative vitreoretinopathy (PVR)
samples [33], and subventricular zone (SVZ) biopsies [34]. No detectable
expression: (−), very low: (−/+), low: (+), middle: (++), and high: (+++)
expression.

retained part of the epithelial phenotype of the tissue from
which they were derived. This would have an important
impact on their status as RSCs, as well on their potential use
in cell-based therapy.

5. RSC or CE Cells?

Recently, several studies have questioned the existence of
NSCs in the CE of the adult human eye [7, 9, 26, 34, 35].
Initially, we examined how the morphological characteristics
and gene expression profiles of sphere-forming cells of
the CE compared to those of brain-derived neural stem
cells and found that CE spheres contained a population of
proliferative epithelial-like cells with decreased expression
of neural stem cell markers compared to CNS neurospheres
[34] (Table 1). These results are partially in agreement with a
recent study by Cicero et al., showing that although cells of
the CE are able to clonally proliferate to form spheres and
express certain markers of retinal stem/progenitor cells in
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culture, each cell still contained pigment and displayedmem-
brane interdigitations and epithelial junctions, characteristic
of differentiated ciliary epithelial phenotype [26]. Another
recent study demonstrated that although CE cells in culture
expressed significant levels of pluripotent and retinal pro-
genitor markers, they consistently failed to differentiate into
photoreceptors [35]. A study that separated the pigmented
and nonpigmented CE found that only the nonpigmented
CE proliferated to form spheres in culture, expressing high
levels of epithelial markers, very limited numbers and levels
of neural progenitor markers, and could not be induced to
show signs of proper neural differentiation [7].

In light of this recent evidence, it is necessary to re-
evaluate the RSC hypothesis regarding the adult human CE.
The three stem cell functions described earlier: self-renewal,
ability to form progenitor cells, and functional terminal
differentiation are characteristically triggered by tissue injury.
The self-renewal and proliferative capacity of CE cells is well
documented [15, 27, 30, 34]. There is also little doubt that
CE spheres contain a population of cells that display certain
characteristics of neuroepithelial progenitors. Several studies
have shown that CE spheres do express a range of immature
neural and retinal markers [15, 27, 30, 34]. Importantly,
we found that the spheres contain two distinct populations
of cells: one Nestin+ and one Claudin-1+, while no double
positive cells were detected (Figure 1(b)) [32]. This suggests
that, in contrary to the conclusion drawn by Cicero et al., CE-
derived spheres consist of a homogenous population of ciliary
epithelial cells, they contain both epithelial cells and cells with
a more neural progenitor-like phenotype.

However, expression of certain progenitor markers in
vitro is not sufficient evidence of the presence of true stem
cells. Kohno et al. showed that CE-derived spheres initially
consist of Nestin− epithelial-like cells that begin to express
Nestin during cultivation. These spheres had the ability to
grow nonproliferatively by incorporating adherent Nestin−
cells, which then became Nestin+ [24]. It was later shown
that CE cells rapidly upregulate this protein during the first
24 hrs in culture, before they have time to clonally proliferate
[26]. Thus, it is possible that the cell population in CE
spheres with neuroepithelial properties is not derived from
trueNSCs residing within the CE but rather from a trans-/de-
differentiation process where CE cells respond to stem cell
culture conditions by shifting their gene expression profile to
an immature direction. In order to shed further light on this,
we performed RT-PCR [32] (Table 1) and immunostaining
[33] on wild-type adult human CE tissue and compared
the expression of neural and epithelial genes to that of CE
spheres. Immunostaining showed that most Nestin+ cells
were found around peripheral cysts of the retina (Figure 2).
While these cells also stained for the glial marker GFAP
in the peripheral retina, they were GFAP− in the adjacent
proximal pars plana region [33]. Interestingly, we found no
major clusters of Nestin+ cells or other putative NSCmarkers
in the peripheral pars plana or pars plicata regions of the adult
human CE (Figure 2).

The final test of a stem cell is in its capacity for producing
differentiated cells. Some research groups have shown that
CE cells can be induced to express markers of mature retinal
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Figure 2: Light microscopic overview for illustrational purposes of
the ciliary body epithelium (CE) consisting of pars plicata (Pli) and
pars plana (Pla), as well as surrounding tissue including the lens and
the iris pigmented epithelium (IPE) of the adult human eye. Almost
complete absence of immunohistochemical Nestin-staining of IPE
and Pli of the normal adult human eye (left inset), while there is
intense Nestin-staining in the nonlaminated far peripheral retina
(PR) and around peripheral cysts extending into the most posterior
pars plana of the CE (right inset).

neurons [14, 15, 27, 36–38], although only one of these
studies was performed on human tissue. Moreover, others
have shown recently that CE cells exposed to differentiation
conditions tend to revert to a differentiated state of CE cells
and not retinal cells [7, 26, 35]. This lack of consistence
in results could be caused by differences in the culture
protocols but could also be due to the fact that only the latter
studies have looked for morphological and genetic charac-
teristics of epithelial cells, while the earlier ones exclusively
focused on neural and retinal markers. Ballios et al. recently
demonstrated that a subpopulation of cells derived from the
CE and sorted out on the basis of size and pigmentation
criteria could be induced to express high levels of immature
and mature photoreceptor markers in a sequential manner
when cultured under specific differentiation conditions for
extended periods of time (up to 40 days). These cells then no
longer displayed a CE morphology, as judged by their lack of
pigmentation and ciliation, and were indistinguishable from
photoreceptor cultures in vitro [36]. However, photoreceptors
do not display their characteristic outer segmentmorphology
in vitro, leaving it unclear whether these cells possess the
ability to adopt the correct structure in vivo. In order to reach
a final conclusion on this topic, it would be necessary to
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perform functional studies to show that CE cells not only
are capable of upregulating certain mature retinal markers in
vitro but also possess the intracellular structures necessary
to mature functionally. There are several criteria that are
necessary to determine whether a (stem) cell has generated
a functional neuron such as a photoreceptor [31, 39]; the
cell should be (1) postmitotic, (2) polarized with developed
cellular processes, (3) capable of proper electrophysiological
activity, and (4) able to communicate with other neurons
through synapses. Inoue et al. have shown that adult human
CE cells may develop some functional properties of photore-
ceptor cells; however, their approach required transduction
of several key regulator genes of photoreceptor formation
[40]. In addition, Jasty et al. recently showed development
of functional ionotropic glutamate receptors upon differ-
entiation of adult human CE spheres [41]. There is also
evidence that many key properties of retinal cell polarization
and function are environment dependent. For instance, in
the primate retina, progressive degeneration of the outer
segments is observed during the first two weeks after a
retinal detachment, and production of outer segments is only
initiated after repositioning of the sensory retina in contact
with the RPE. Thus, lack of fully functional differentiation
of retinal stem/progenitor cells in vitro does not predict how
these cells may differentiate in a proper in vivo environment.

6. Stem Cells Should Be Able to
Respond to Injury

One final way of assessing the stem cell-potential of CE cells is
to examine their response to retinal injury. We hypothesized
that if RSCs indeed reside within the CE, they would be acti-
vated in eyes suffering from proliferative vitreoretinopathy
(PVR) and respond by migrating towards the damaged areas
(Table 1) [33]. Retinal injury did induce cell proliferation in
the CE, but NSC-markers such as Sox2, Pax6, and Nestin
could not be detected in the major parts of the CE, both in
injured and uninjured eyes.The only part of the adult human
CE that showed some upregulation of NSC markers upon
PVR was the most posterior part close to the retinal edge
surrounding peripheral cysts. In contrast, we found cellular
hyperplasia and Nestin upregulation in the CE of mouse eyes
with PVR, suggesting that there may be important species
differences in the neural potential of the CE.This is especially
of interest since most of the studies supporting the RSC
hypothesis in the adult CE have been performed on rodents.
Our results partially concur with a recent in situ report of
3 human eyes with PVR. In this study, hyperplasia of the
CE, forming “neurosphere-like” structures was found. There
were no GFAP+ cells, but unlike our study, a few rhodopsin+
cells were found in the vicinity of the CE [42]. However,
finding rhodopsin+ cells in the adult CE does not prove that
these cells are in fact photoreceptors, as expression ofmarkers
usually found in retinal cell types can also be induced in other
cells [43]. Future analysis of the adult human CE in patients
with retinal damage, including studies using an endoscopic
technique during vitreoretinal surgery, would give important
new information regarding this controversy [44].

7. Future Directions

In order to reach a final ruling on this topic, more knowledge
is needed. Results vary greatly between research groups,
whichmay be partly due to the lack of a standardizedmethod
for isolation and culturing of CE cells. Variations in culture
supplements, protocols for passaging and differentiating cells,
and time points at which cells are studied may all affect the
cells’ phenotype in vitro. However, this highlights the problem
of solely relying on morphologic and genetic markers for
identifying the presence of stem cells. It is possible that cells
upregulate certain genes in response to the culture conditions
and that this may be misinterpreted as presence of true
stem/progenitor cells. Functional studies are thus needed in
order to validate the RSC hypothesis. In light of the available
evidence, it seems most likely that the adult human CE does
not contain bona fideNSCs but rather consists of a population
of epithelial cells which display a remarkable plasticity in
vitro reflecting their neuroepithelial developmental origin.
Perhaps our current sum of knowledge thus indicates a shift
in focus away from studies of the adult human CE for cell-
based therapy to restore vision, as stated by Cicero et al.
already in 2009 [26].
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Diabetic retinopathy remains one of the most debilitating chronic complications, but despite extensive research in the field,
the exact mechanism(s) responsible for how retina is damaged in diabetes remains ambiguous. Many metabolic pathways have
been implicated in its development, and genes associated with these pathways are altered. Diabetic environment also facilitates
epigeneticsmodifications, which can alter the gene expressionwithout permanent changes inDNA sequence.The role of epigenetics
in diabetic retinopathy is now an emerging area, and recent work has shown that genes encoding mitochondrial superoxide
dismutase (Sod2) and matrix metalloproteinase-9 (MMP-9) are epigenetically modified, activates of epigenetic modification
enzymes, histone lysine demethylase 1 (LSD1), and DNA methyltransferase are increased, and the micro RNAs responsible for
regulating nuclear transcriptional factor and VEGF are upregulated. With the growing evidence of epigenetic modifications in
diabetic retinopathy, better understanding of these modifications has potential to identify novel targets to inhibit this devastating
disease. Fortunately, the inhibitors and mimics targeted towards histone modification, DNA methylation, and miRNAs are now
being tried for cancer and other chronic diseases, and better understanding of the role of epigenetics in diabetic retinopathy will
open the door for their possible use in combating this blinding disease.

1. Introduction

Diabetic retinopathy remains the leading cause of blindness
in young adults affecting over 90% patients with 20 years of
diabetes.The disease carries a heavy burden on our society as
it is responsible for 4.8% of the 37million cases of eye disease-
related blindness worldwide. With the incidence of diabetes
increasing at an alarming rate, the number of people with
diabetic retinopathy is expected to grow from 126.6million in
2010 to 191.0million by 2030 [1].This slow progressing disease
is mainly characterized by damage of the microvasculature
of the retina. Some of the early histopathological changes
of this slow progressing disease include microaneurysms,
hemorrhages, cotton wool spots, intraretinal microvascular
abnormalities, and venous bleeding. But, in more advanced
stages, new fragile vessels are formed along the retina and
on the posterior surface of the vitreous, and if not treated,
they result in the detachment of the retina, leading to
blindness [2]. Although hyperglycemia is the major initiator
of diabetic retinopathy, hypertension and dyslipidemia are
also considered significant risk factors in its development and
progression [3–5].

Despite extensive research in the field to understand the
pathogenesis of diabetic retinopathy, the exact mechanism(s)
remains elusive making inhibition of the progression of
this disease a daunting task. Some of the possible mecha-
nisms implicated in its development include oxidative stress,
increased formation of advanced glycation end products,
and activation of protein kinase-C, polyol production, and
hexosamine pathways [2, 6, 7]. These pathways appear to
be interlinked [8], which further complicates the strategies
to prevent the development/progression of this devastating
complication of diabetes.

2. Genetics and Diabetic Retinopathy

Pathogenesis of a disease is also influenced by genetic
factors, and due to variability in the severity of retinopathy
among diabetic patients with similar risk factors, the role of
genetic factors in diabetic retinopathy should be somewhat
predictable. However, such genetic associations are not yet
clearly established. Landmark “Genome-Wide Association
Studies” have identified number of genetic variants that
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could explain some of the interindividual variations in
the susceptibility of diabetes [9]. A meta-analysis study
to investigate possible genetic associations with diabetic
retinopathy, which incorporated reports published between
January 1990 and August 2008, has revealed a significant
variation in the AKR1B1 gene. This gene encodes aldo-keto
reductase family 1 member B1, which is the rate limiting
enzyme of the polyol pathway [10], one of the pathways
implicated in the development of diabetic retinopathy [2, 6,
7]. Another meta-analysis study has shown that Ala allele of
the Pro12Ala polymorphism in the peroxisome proliferator-
activated receptor-𝛾2 gene acts as a protective gene in the
incidence of retinopathy in type 2 diabetic patients [11]. In
contrast, recent studies have failed to find any associations
between VEGF-related SNPs (rs6921438 and rs10738760) and
the risk of diabetic retinopathy and nephropathy in diabetic
patients [12]. Thus, the association between genetic factors
and diabetic retinopathy remains to be clarified.

3. Epigenetic Modifications
and Gene Regulation

Diabetic environment disturbs metabolic homeostasis and
also alters various genes, including genes associated with
oxidative stress, apoptosis and inflammation [13–16]. Control
of gene expression (i.e., the ability of a gene to produce a
biologically active protein) in mammals, in addition to being
modulated by transcriptional and translational initiation,
can also be controlled by changes “on the top” of the
genes without altering the nucleotide composition of the
genome [17]. These “epigenetic” modifications are stable, but
potentially reversible, and can be passed from generation
to generation. Recent studies have shown that epigenetic
changes play a major role in many chronic diseases such as
cancer and diabetes where small changes in the epigenome
over time are considered to lead to disease manifestation.
Three major epigenetic mechanisms considered to regulate
gene expression areDNAmethylation, histonemodifications,
and noncoding RNA activity [18–21].

DNAmethylation, addition of amethyl group on position
5 of cytosine residues of the cluster of CpG dinucleotides
(CpG Island), which is the regulatory region of most genes, is
typically associated with transcriptional repression [22, 23].
The methylation process brings in the unintended changes
brought up by the environmental exposures or other life style,
and these changes can be passed on for multiple generations.
Cytosine 5 methylation generates 5-methylcytosine (5mC),
and the reaction is catalyzed by a family of enzymes—
DNA (cytosine-5) methyltransferases (Dnmts). The conver-
sion of 5mC to 5-hydroxymethylcytosine (5hmC) is facili-
tated by Ten-eleven-translocation enzymes (TETs) [24, 25],
making these enzymes future targets of pharmacological
regulation. However, how the process of DNA methylation-
demethylation is balanced remains somewhat unclear. A
subfamily of DNA glycosylases are considered to promote
activeDNAdemethylation by removing the 5-methylcytosine
base, followed by cleavage of the DNA backbone at the abasic

site, and the methylated cytosine is replaced by an unmethy-
lated cytosine. In contrast, the passive process involves
absence/inactivation of Dnmt1 resulting in hypomethylated
DNA [26].

Gene expression pattern is also dictated by chromatin,
which is a composite structure of histones and nucleic acid.
Histones act as spools around which DNAwinds, and among
the 4-histone proteins, histone 2A and B (H2A and H2B),
H3 and H4 form a tetrameric structure, the nucleosome [27].
Despite such sophisticated DNA packaging, N-terminal of
histones remains vulnerable for posttranslational modifica-
tions, and can be acetylated,methylated, and phosphorylated.
Such epigenetic modifications alter the chromatin structure
which subsequently affects the binding of transcription fac-
tors, and can regulate the selective expression of genes in
a particular tissue by acting like switches to control gene
activity [15, 28–31].

Acetylation is one of the most common modifications
which is generally associated with gene activation, and the
process relaxes the chromatin structure allowing recruitment
and binding of transcription factor and RNA polymerase II
[32]. Acetylation is regulated by fine balance between histone
acetylating and deacetylating enzymes; histone acetyltrans-
ferases (HATs) add acetyl group while histone deacetylase
(HDAC) removes the acetyl group. Methylation of histones,
however, shows greater variability as methylation can occur
at both lysine and arginine residues, and can be associated
with either gene activation or repression. Methylation of
lysine 4 of histone 3 (H3K4) is typically associated with
gene activation, while methylation of lysine 9 (H3K9) is
associated with gene repression [33–35]. Furthermore, the
outcome of methylation is also dictated by the specific
histone residue being modified; for example, mono- or tri-
methylation of H3K4 induces activation of gene expression
[36, 37]. While monomethylation of H3K9 induces gene
activation, its tri-methylation suppresses the gene activity
[38]. As with acetylation, methylation status of histones
depends on the final balance between histone methylating
and demethylating enzymes. Histone methylating enzymes,
SET1/7/9 help in H3K4 methylation, and suppressors of
variegation 3-9 homolog (SUV39H) methylates lysine 9 of
histone 3 [39, 40]. Subsequently, in order to protect from
such kind of relatively stable methyl modifications and
constitutive expression of genes, lysine specific demethylase
(LSD1) specifically removes methyl groups from methylated
H3K4 and H3K9 [41, 42].

In addition to DNA methylation and histone modifi-
cations, gene expression is also regulated by microRNAs
(miRNA); the small noncoding RNAs that regulate gene
expression posttranscriptionally by binding to complemen-
tary sequences in the 3 untranslated regions of messenger
RNAs [43, 44]. This cleaves mRNA resulting in decreased
protein synthesis and expression of the targeted gene. Genes
with epigenetic functions in chromatin can be regulated by
miRNAs affecting chromatin remodeling and gene expres-
sion. Regulation of genes by DNA methylation and miRNA
appears to be interrelated as the function of Dnmts depends
on histone modification patterns, such as H3K9 methylation
and histone deacetylation. In addition, inhibition of Dnmts,
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which causes DNA demethylation, can reactivate some of
the miRNAs [45]. Overall, these epigenetic modifications
are not permanent, but their continuous response to the
changing environment, such as diabetes, and the chances of
them being inherited to successive generation, make them
attractive targets for chronic diseases.

4. Role of Epigenetic Modifications in Diabetes

It has become clear that both genetic predisposition and
environmental factors play critical roles in the development
of metabolic diseases including obesity and type 2 diabetes,
and epigenetic modifications have important roles in altering
gene expressions in various chronic diseases [46–48]. Recent
studies have demonstrated the role of epigenetic mechanisms
in islet function, and have provided an avenue whereby
dietary components could accelerate or prevent age-related
diseases through their effects on epigenetic modifications
[49, 50]. Increased DNA methylation at the promoter of the
peroxisome proliferator-activated receptor coactivator 1 gene
in the pancreatic islets is shown to play a key role in regulating
mitochondrial genes [51]. Our studies have shown that in
diabetes hyper methylation of the CpG sites at the regulatory
region of DNA polymerase gamma affects its binding to the
mtDNA, and this compromises the transcriptional activity
resulting in decreased copy number [52]. Hyper acetylation
of histone H4 at the insulin gene promoter influences
glucose-induced insulin secretion [53]. Diabetic patients with
nephropathy have altered DNA methylation at the key gene
promoters compared to those without nephropathy [54]. Tis-
sue specific DNA methylation is observed in streptozotocin-
induced diabetic rats with hypomethylation in the liver but
not in kidney, and in the leukocytes of diabetic patients,Dnmt
is altered [55, 56]. Furthermore, hyperglycemia induces spe-
cific and long-lasting epigenetic modifications [14, 15, 28, 29,
52, 57, 58]; glucose-induced persistent transcriptional activa-
tion of p65 in vascular cells is associated with methylation of
H3K4 and hypomethylation of H3K9, and the concomitant
activation of NF-kB is subsequently associated with increased
inflammatory response [14].

Studies using zebrafish as a model of diabetes have
shown that hyperglycemia induces global DNA hypo methy-
lation and aberrant gene expression in the tissue after limb
amputation, and the process is associated with poor wound
healing process [59]. Furthermore, 𝛽-cells from young IUGR
animals, a model of type 2 diabetes, present changes in DNA
methylation resulting in dysregulation of genes associated
with cellular memory of intrauterine that is associated with
adult susceptibility to diabetes [60].Thus, epigenetic changes
can account for chronic and persistent complications of
diabetes.

Diabetes also affectsmiRNAs; it is shown to downregulate
miR133a, the miRNA which is implicated in the regulation
of the key genes associated with cardiomyocyte hypertrophy
[61]. In contrast, upregulation of miR-320 is observed in
cardiac microvascular endothelial cells in type 2 diabetic rats
[62]. miR-25, the miRNA which targets NADPH oxidase 4,
is implicated in the pathogenesis of diabetic nephropathy via

promoting oxidative stress [63]. In addition, decreased levels
of miR-192 are also linked with the severity of nephropathy
and fibrosis in diabetic patients [64]. Better understanding of
regulatory roles of miRNAs in diabetic cardiomyopathy and
other disease processes is expected to elucidate new avenues
for RNA-based therapeutics.

5. Diabetic Retinopathy
and Epigenetic Modifications

Diabetic retinopathy is a multifactorial disease and a number
of metabolic abnormalities have been associated with its
development [7, 65]. However, the role of epigenetic modifi-
cations in diabetic retinopathy is still not clear. SUV39H2 is a
gene that encodes histone methyltransferase which catalyzes
the methylation of H3K9, and recent results from the Finnish
Diabetic Nephropathy Study with ∼3000 diabetic patients
have found an association between the polymorphism in
SUV39H2 and diabetic microvascular complications, includ-
ing retinopathy. These studies have suggested the role of his-
tone modifications in the development of diabetic retinopa-
thy [66]. Experimental evidence using in vitro and in vivo
models of diabetic retinopathy have shown that the activities
of HDACs are increased and that of HATs are decreased
in the retina and its capillary cells in diabetes, and global
acetylation of histones is decreased [58].However, contrary to
this, Kadiyala et al. have shown significant increase in retinal
histone acetylation in diabetes [67]; strengthening further
investigation into the role of histone modifying enzymes in
the development of diabetic retinopathy.

Mitochondria are dysfunctional in the retina and its capil-
lary cells in diabetes, and superoxide radicals are elevated and
the enzyme responsible for scavenging superoxide radicals in
the mitochondria, MnSOD, is impaired [68–70]. Regulation
of mitochondrial superoxide levels by maintaining MnSOD
protects capillary cell apoptosis and the development of
diabetic retinopathy in mice [69, 71]. In the pathogenesis of
diabetic retinopathy, Sod2, theMnSOD encoding gene, is epi-
geneticallymodifiedwith increasedH4K20me3, acetylH3K9,
and p65 subunit of NF-kB (p65) at its promoter/enhancer.
We have shown that increased acetyl H3K9 and p65 at Sod2
interact with H4K20me3, and this results in its inactivation
[15]. However, diabetes demethylates H3K4, and the recruit-
ment of LSD1 at Sod2 promoter is increased [28].These results
have strongly suggested that the demethylation of H3K4
by LSD1 is also an important factor in the downregulation
of Sod2. Furthermore, overexpression of MnSOD prevents
increase in H4K20me3 at Sod2 suggesting that superoxide
radicals have regulatory role in the epigenetic modification
of Sod2 and SUV4-20h2 [15]. This raises the possibility to
utilize therapeutic modalities targeted towards regulation
of methylation status of histones to prevent inhibition of
MnSOD and protect mitochondrial damage.

Matrix metalloproteinase-9 (MMP-9), an enzyme which
is proapoptotic in the development of diabetic retinopathy,
is also epigenetically modified in the retina in diabetes [29,
72, 73]. We have shown that at its promoter, H3K9me2 is
decreased, and acetyl H3K9 and the recruitment of LSD1 and
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p65 of NF-kB are increased. In addition, regulation of LSD1
ameliorates decreases in H3K9me2 and increases in p65 at
MMP-9 promoter, prevents the activation ofMMP-9, and also
inhibits the cell apoptosis.The results have suggested that the
activated LSD1 hypomethylated H3K9 at MMP-9 promoter
and this frees up the lysine 9 for acetylation. Acetylated
H3K9 opens up the chromatin, and the accessibility to
recruit p65 is increased [29]. This ultimately culminates in
the activation of MMP-9 and mitochondria damage. Thus,
the regulation of LSD1 by molecular or pharmacological
means could possibly have potential to prevent/retard the
development and progression of retinopathy by regulating
Sod2 andMMP-9 and preventing mitochondrial damage and
the accelerated capillary cell apoptosis in diabetic patients.
Epigenetic modifications of thioredoxin interacting protein,
an endogenous inhibitor of antioxidant thioredoxin, are
considered responsible for sustained Cox2 expression seen in
the retina in diabetes [74]. Furthermore, in diabetes, the CpG
sites at the regulatory region of DNA polymerase gamma
are hypermethylated affecting their binding to the mtDNA,
and the activity of Dnmt is increased [52]. Because of this
modification, the transcriptional activity is compromised and
copy number is decreased. Thus, there is growing evidence
that histone modifications and DNA methylation play an
important role in the development of diabetic retinopathy.

Alterations inmiRNAexpressionhave also been observed
in diabetic eyes, and miRNAs in the eye, including miR200b
(one of the VEGF regulatingmiRNAs) is downregulated [75].
Diabetes also upregulates some of the key NF-kB responsive
miRNAs including miR-146, miR-155, miR-132, and miR-21
[76]; upregulation of miR-29b in the early stages of diabetes
is considered to be protective against apoptosis of the retinal
ganglion cells [77]. These diabetes-induced alterations in
miRNAs suggest that they can be used as biomarkers to detect
early stages of the disease progression.

Thus, understanding and characterizing the epigenetic
regulators and their role in the pathogenesis of diabetic
retinopathy could help identify novel targets to combat this
disease which is themajor cause of blindness in young adults.

6. Oxidative Stress
and Epigenetic Modifications

The disruption of the normal redox potential in a cellular
environment has detrimental effects on cellular components,
including proteins, lipids, and DNA [78–80]. Oxidative stress
has been shown to alter histone acetylation/deacetylation
and methylation/demethylation. Histone demethylase LSD1
is FAD-dependent amine oxidases, and requires oxygen to
function [81]. Oxidative damage to DNA can also result in
epigenetic changes in chromatin organization by inhibiting
the binding of the methyl-CpG binding domain of methyl-
CpG binding protein 2 [82]. Furthermore, disruption of
epigenetic mechanisms can result in oxidative stress [83]. In
the pathogenesis of diabetic retinopathy, increased oxidative
stress is considered to play amajor role [7, 65], and our studies
have shown that the control of oxidative stress prevents
epigenetic changes in retinal Sod2 [15]. Thus, it is plausible

that increased oxidative stress could be one of the mecha-
nisms responsible formodulating epigeneticmodifications in
diabetic retinopathy (Figure 1).

7. Epigenetic Modifications of
Mitochondrial DNA

Although epigenetic changes in nuclear DNA (nDNA) are
now emerging as important areas of investigation in many
acquired chronic diseases, epigeneticmodification ofmtDNA
is still in its incipient stages. Recent work has shown that
the common epigenetic modifications in nDNA, such as
the presence of 5mC and 5hmC, are also observed in the
mtDNA, and mitochondria are also equipped with Dnmts
and TETs [84]. Furthermore, mtDNA methylation decreases
with age, and this age-related hypo methylation is linked
with the decreased transcription capacity of proteins encoded
by mtDNA [85]. Increase in Dnmt1 in the mitochondria is
shown to upregulate the first mtDNA-encoded gene after
its initiation, ND1, and downregulate Cytochrome b, the last
gene encoded by mtDNA [84]. How diabetes affects mtDNA
methylation and the transcription remains to be investigated.

In addition to dysfunction of the mitochondria and their
structural abnormalities,mtDNA is also damaged in diabetes,
and the DNA polymerase gamma (POLG1), a key member of
the DNA replication machinery, is downregulated [13, 52, 71,
86, 87].The CpG sites at the regulatory region of POLG in the
retina are hypermethylated, and this possibly compromises
its transcriptional activity [52].

Mitochondrial DNA is very small in size and does not
contain histones; instead this DNA is covered with proteins,
mainly the mitochondrial transcriptional factor A (TFAM),
to form nucleoid [88]. In diabetic retinopathy, the binding
of TFAM to a nonspecific region of mtDNA is decreased
resulting in decreased levelsn of mtDNA-encoded proteins,
and damaging the mtDNA [89, 90]. Since posttranslational
modification of histones affects nDNA transcription, it is
plausible that such changes in TFAM structure might affect
mtDNA transcription. This suggests that by maintaining
mitochondria homeostasis bymodulating epigenetic changes
using pharmaceutical or molecular means could help retard
further progression of diabetic retinopathy.

8. Therapies Targeting
Epigenetic Modifications

It is now becoming clear that epigenetic factors have a role
in altering gene expression in chronic diseases, suggest-
ing that epigenetic mechanisms play a pivotal role in an
acquired phenotype. As mentioned above, DNAmethylation
is one of the most common epigenetic modifications, and
methylation at specific CpG islands can provide insights
into disease diagnosis. Thus, methylation of genes associated
with that disease can be used as a predictor of efficacy for
particular drug treatments. The most commonly used DNA
methylation inhibitors are nucleoside analogs; these analogs
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Due to epigenetic modifications of various genes and transcription factors, the expression of the targeted genes is altered resulting in
mitochondrial dysfunction, and ultimately, in the development of diabetic retinopathy.

incorporate into the DNA and trap all DNA methyltrans-
ferases. Fortunately, FDA has approved Dnmt inhibitors 5-
azacytidine (5-Aza-CR; azacitidine; Vidaza) and 5-aza-20-
deoxycytidine (5-Aza-CdR; decitabine;Dacogen) formyeloid
cancers and cutaneous T cell lymphoma. Furthermore, DNA
demethylation agent can also enhance the sensitivity of highly
chemoresistant cells to chemotherapeutic drugs, suggesting
their use as a promising approach in treating certain cancers
[91]. However, these agents have significant toxicity at high
concentrations due to DNA damage, and a group of more
potent and selective Dnmt inhibitors, potentially with less
toxicity, is now being under development. Zebularine (1-(𝛽-
D-ribofuranosyl)-2(1H)-pyrimidinone), a cytidine lacking 4-
amino group of the pyrimidine ring, is less toxic and acts
by forming a covalent complex with Dnmt and cytidine
deaminase when incorporated into DNA [92]. In addition,
recent work has shown that the status of methylation of
VEGFR promoter dictates the efficacy of the VEGF-targeted
drugs on the proliferation of cancer tissue, suggesting that the
epigenetic alteration of VEGFRs could influence the efficacy
of VEGF-specific tyrosine kinase inhibitors [93]. This is very
significant for diabetic patients experiencing possibility of

losing vision due to retinopathy as VEGF is considered as
one of the major growth factor in the neovascularization
associated with proliferative diabetic retinopathy.

As mentioned above, histone modifications can alter
gene expression modifying the risk for a disease, and the
process is homeostatically balanced by groups of cellular
enzymes that add an acetyl or methyl group or remove them.
Epigallocatechin-3-gallate is a strong HAT inhibitor, and it
inhibits p65 acetylation-dependent NF-kB activation [94]
and in the pathogenesis of diabetic retinopathy, activation
of NF-kB is considered to accelerate apoptosis of capillary
cells, suggesting that inhibitor has potential to inhibit the
development of diabetic retinopathy. Histone deacetylases
inhibitor can suppress the growth and/or survival of tumor
cells [95, 96], and Vorinostat and Romidepsin are the first
and only histone deacetylases inhibitors approved by FDA
for clinical use [97]. However, other inhibitors of histone
deacetylases are in clinical trials for other types of cancer
treatment.

Since miRNAs can regulate gene expression via differ-
ent ways, including translational repression, mRNA cleav-
age, and deadenylation, miRNAs have rapidly emerged as
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promising targets for the development of novel therapeutics.
Double-stranded miRNA mimics and antimRNA antisense
oligodeoxyribonucleotide are the two commonly investigated
techniques to target specific miRNA. miRNAs have a specific
and defined target in the pathogenic mechanism of the
disease, miRNA-based therapy comes with the advantage
that they target multiple genes involved in the same pathway
process [98]. One of themajor caveats with themiRNA-based
therapy is their delivery, as these modulators must leave the
circulatory system to get into the target tissue and should be
able to cross blood-retina barrier. The other important issue
is their circulatory half-life. The advances in drug delivery
techniques, however, could open up the use of miRNAs for
diabetic retinopathy.

As mentioned above, epigenetic modifications are influ-
enced by environmental and dietary factors; many natu-
ral compounds have been tested to evaluate their benefi-
cial effects on such modifications [99, 100]. Polyphenols,
including resveratrol, a natural compound found in the
skin of red grapes and a constituent of red wine, are
implicated in the regulation of histone deacetylases, Sirt1
[101]. Curcumin (diferuloylmethane), a natural compound
commonly used as a curry spice, is shown to modulate a
number of histone modifying enzymes and miRNAs [102,
103], and our previous work has shown that its curcumin
ameliorates retinal metabolic abnormalities postulated to be
important in the development of diabetic retinopathy [104].
Thus, natural compounds could have potential benefits in
inhibiting the development of retinopathy in diabetic patients
via modulating both metabolic abnormalities and epigenetic
modifications.

The role of epigenetic modifications in the pathogen-
esis of diabetic retinopathy is an emerging area. Recent
research has shown that the diabetes environment fosters
epigenetic modifications of a number of genes implicated
in the pathogenesis of diabetic retinopathy, and enzymes
responsible for bringing in the epigenetic changes are altered.
The use of the inhibitors and mimics is targeted to regulate
the histone modification, DNAmethylation and miRNAs are
being targeted for a number of chronic diseases [105–107],
and the recent advances in the drug delivery to the retina
are now opening up the field for their future testing for this
devastating disease which a diabetic patient fears the most.
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Copyright © 2013 Mojca Urbančič et al.This is an open access article distributed under the Creative CommonsAttribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

The purpose of this study was to investigate inflammatory cells in vitreous from patients with proliferative diabetic retinopathy
(PDR) using flow cytometric analysis. Twenty-eight patients with PDR requiring vitrectomy because of macular traction or
tractional retinal detachment were enrolled in the study (𝑛 = 28), and 6 patients with macular hole (MH) formed the control
group. Samples of vitreous and peripheral venous blood were obtained at the beginning of vitrectomy. T lymphocytes were found
in vitreous from patients with PDR, and CD4/CD8 ratio was higher in vitreous (median 4.3) compared to blood (median 1.9;
𝑃 = 0.003). No B lymphocytes were detected in vitreous. The percentage of histiocytes/macrophages was significantly higher in
vitreous (median 62.1) in comparison with blood (median 5.5;𝑃 < 0.0001). No lymphocytes were detected in vitreous of the control
group.There were more T lymphocytes in vitreous from patients with active PDR. No association between cells in the vitreous and
visual acuity improvement after surgery was found. In conclusion, T lymphocytes are found in vitreous from patients with PDR
and reflect the activity of PDR but do not seem to predict visual prognosis. Higher CD4/CD8 ratio in vitreous compared to blood
from patients with PDR is consistent with local inflammatory response in PDR.

1. Introduction

Diabetic retinopathy (DR) is a late microvascular complica-
tion of diabetes mellitus and a leading cause of blindness in
theworking age population. Typical risk factors ofDR include
hyperglycemia, hypertension, and hyperlipidemia.These fac-
tors have been shown to induce retinal inflammation by a
variety of mechanisms [1]. There is now general acceptance
that DR is a low-grade chronic inflammation [2].

Inflammation is a nonspecific response to injury. Many
molecular mediators and functional changes with immune
cell and resident macrophage activation are involved in the
inflammatory response. In acute inflammation, inflamma-
tory cells contribute to tissue repair. However, leukocytes’
prolonged secretion of inflammatory mediators and toxic
oxygen radicals in persisting, chronic inflammation can lead
to tissue damage [3, 4].

Leukocytes are involved in endothelial cell damage, capil-
lary occlusions, and blood-retinal barrier breakdown in DR.
Leukocyte adhesion to the endothelial wall and leukostasis
is an early event in the development of DR [5]. Leukocyte
adhesion molecules are upregulated in the vessels of the
diabetic retina and choroid, and consequently inflammatory
cells accumulate in the chorioretinal tissues [3]. Studies on
diabetic rats revealed increased leukocyte adhesion associ-
ated with vascular damage and increased vascular permeabil-
ity [6–8]. Increased numbers of accumulated leukocytes have
been shown to correlate with the retinal capillary damage
in spontaneously diabetic monkeys [9]. Accumulations of
polymorphonuclear leukocytes have been observed in the
lumen of human microaneurysms [10].

Leukocytes enhance the formation of new vessels by
releasing angiogenic factors and increasing the activity of
matrix metallopeptidase [1]. T lymphocytes have been found
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in fibrovascular membranes of patients with PDR [4, 11] and
correlated well with the severity of retinopathy and visual
prognosis [3, 11]. Monocytes/macrophages were found in the
neovascular tufts [12, 13].

It is well known that inflammatory mediators are
increased not only in the retina but also in the vitreous. The
vitreous actively participates in the etiopathogenesis of DR
by means of accumulating inflammatory molecules. A lot of
data regarding pathogenesis of DR was obtained indirectly
by studying inflammatory molecules in vitreous samples of
patients undergoing vitrectomy [14]. Less is known about
inflammatory cells in the vitreous, especially about the role
of specific subsets of these cells in the pathogenesis of DR.

Vitreous is composed mainly of collagen fibers, hyalu-
ronic acid, and hyalocytes. Hyalocytes belong to the mono-
cyte/macrophage lineage and have characteristics of tissue
macrophages. By acting as modulators of the intraocular
immune system and intraocular inflammation, they play a
significant role in maintaining the vitreous transparent and
avascular. They have been found to be present in diabetic
macular edema and PDR [15]. Normally, there are no leuko-
cytes in the vitreous as this is an immune-privileged site [16,
17]. However, when the blood-retinal barrier is disrupted, like
in DR, leukocytes gain access to the vitreous. T lymphocytes
have been found in most of the vitreous samples from PDR
patients and they were not present in the vitreous samples of
nondiabetic patients. Moreover, differences in percentages of
T lymphocytes between vitreous and peripheral blood were
reported by Cantón and coworkers [18].

In our study, we used flow cytometry to investigate in-
flammatory cells in the vitreous of diabetic patients. Our
purpose was to observe pattern changes in lymphocyte sub-
sets (CD3, CD4, CD8, and CD19) and macrophage (CD14)
in the vitreous of patients with PDR in comparison with
peripheral blood and in comparison with the vitreous of
nondiabetic patients. Additionally, we have searched for the
possible association of pattern changes in leukocyte subsets
with the activity of DR and visual acuity improvement after
vitrectomy.

2. Patients and Methods

28 patients with PDR requiring vitrectomy because of mac-
ular traction/tractional retinal detachment were considered
for the study (14 men and 14 women; age: 63.4 ± 12.9
years). Only patients with no vitreous haemorrhage or with
vitreous haemorrhage of more than three months duration
were enrolled. Exclusion criteria were vitreous haemorrhage
of less than three months, recent retinal photocoagulation
(less than six months), previous vitrectomy, and glycated
haemoglobin of more than 10 percent. Six patients requiring
vitrectomy because of macular hole (MH) were enrolled in
the study as the control group (3 men and 3 women; age:
72.5 ± 7.8). Patients were not included in the study if they had
any other ocular disease or known systemic inflammatory or
hematological disease. Informed consent was obtained from
all patients.

All patients had complete ophthalmological evaluation
before surgery with best corrected visual acuity (BCVA)

determination (Early Treatment Diabetic Retinopathy Study
(ETDRS)), slit lamp examination, fundus examination,
intraocular pressure measurement, gonioscopy, and optical
coherence tomography (OCT). Based on ophthalmological
evaluation (preoperative and intraoperative), activity of the
disease was noted. The activity of the disease was defined as
being active retinopathy when there were perfused capillaries
in neovascular membranes or inactive, quiescent retinopathy
when there were nonperfused capillaries in fibrotic mem-
branes [19]. Data regarding the patient’s general condition
and diabetes control were obtained from the patient and from
the patient’s general practitioner or diabetologist. Arterial
hypertension was defined by a systolic blood pressure of
140mmHg or higher and/or diastolic blood pressure of
85mmHg or higher or defined as the condition treated with
antihypertensivemedications.Hyperlipidemiawas defined as
total cholesterol higher than 5mmol/L and/or triglycerides
higher than 2mmol/L or defined as condition treated with
hypolipemic medications. Patients were followed after the
surgery and BCVA after 6 months was compared to preoper-
ative BCVA. Visual acuity improvement was defined as gain
of more than 5 ETDRS letters. For statistical analysis ETDRS
visual acuity was converted to logarithm of the Minimum
Angle of Resolution (logMAR).

Samples of undiluted vitreous and samples of peripheral
venous blood were obtained at the beginning of vitrectomy.
Undiluted vitreous samples were obtained by aspiration into
a syringe attached to a vitreous cutter before the infusion line
with balanced salt solution was opened. 0.5mL of undiluted
vitreous sample was then put immediately into 1mL of
cell media (4.5% bovine serum albumin and 0.45% EDTA
in phosphate buffer solution with 50 IE/mL of penicillin).
For microscopic examination with light microscope two
cytospins were prepared (Giemsa and Papanicolaou staining
method) and samples with erythrocytes present were consid-
ered as blood contaminated. Based on this vitreous sample
contamination, patients with PDR were further divided into
two groups: vitreous samples of 12 patients were considered as
noncontaminatedwith blood (3men and9women; age: 67.3±
14.9); blood contaminated vitreous samples of 16 patients
formed the other group (11 men and 5 women; age: 60.4 ±
10.7).

Flow cytometric analysis (FCA) for markers CD45
(leukocyte common antigen), CD14 (monocyte/macrophage
marker), CD3 (T lymphocyte marker), CD19 (B lymphocyte
marker), kappa (kappa light chain B cell marker), lambda
(lambda light chain B lymphocyte marker), CD4 (T helper
lymphocyte marker), and CD8 (T cytotoxic lymphocyte
marker) was done from vitreous and peripheral venous
blood samples. Samples of undiluted vitreous were prepared
according to the modified protocol adopted for cytological
samples at the Institute of Oncology, Ljubljana, Slovenia
[20]. Antibodies by BD Biosciences were applied (Table 1).
Peripheral venous blood samples were prepared according
to red blood cell lysis protocol for peripheral blood. 2.5mL
of TRIS ammonium chloride solution for erythrocyte lysis
was first added to 100mL of peripheral venous blood. After
10-minute incubation at room temperature in dark place,
samples were centrifuged for 5 minutes at 1500 turns per
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Table 1: Antibodies for 8-colour immunophenotyping of vitreous and peripheral venous blood samples.

Test tube FITC PE PerCP-Cy5.5 APC PE-Cy7 APC-Cy7
mAbs mAbs mAbs mAbs mAbs mAbs

1 Kappa∗ + CD4∗ Lambda∗ + CD8∗ CD45∗ CD14∗∗ CD19∗∗ CD3∗∗

Legend: mAbs: monoclonal antibodies, FITC: fluorescein isothiocyanate, PE: phycoerythrin, PerCP-Cy5.5: peridinin chlorophyll protein-Cy5.5, APC:
allophycocyanin, PE-Cy7: phycoerythrin-cyanin 7, APC-Cy7: allophycocyanin-cyanin 7; ∗5 𝜇L monoclonal antibody was added; ∗∗3𝜇L monoclonal antibody
was added.

Table 2: Data of patients.

PDR (𝑛 = 28) MH (𝑛 = 6)
Age (years) 63.4 ± 14.9 72.5 ± 7.81
Gender 14 men (50%), 14 women (50%) 3 men (50%), 3 women (50%)
Duration of diabetes (years) 15.8 ± 8.8 0
HbA1c (%) 7.8 ± 1.0 0
BMI (kg/m2) 30.0 ± 4.9 25.0 ± 5.2
Incidence of arterial hypertension 26 (92.8%) 4 (66.7%)
Incidence of hyperlipidemia 14 (50%) 2 (33.3%)
Incidence of insulin therapy 20 (71.4%) 0
Legend: PDR: patients with proliferative diabetic retinopathy; MH: patients with macular hole; HbA1c: glycated haemoglobin; BMI: body mass index.

minute. Supernatant was discarded and washed with 2.5mL
of buffer (Cell Wash, BD Biosciences). Antibodies (BD
Biosciences, Table 1) were added and samples then incubated
in dark at room temperature for 20minutes. After 20minutes
superfluous antibodies were washed away with 2.5mL of
buffer and 300 𝜇L of buffer (Cell Wash, BD Biosciences) was
added. FCA was done with flow cytometer FACSCanto II
(Becton Dickinson, San Jose, CA). Measurement results were
analyzed with FACSDiva programme.

Measurement data in our study did not meet the nor-
mality assumption, so median and range between minimum
and maximum variable were used for the description of data.
The comparison of related samples was done with Wilcoxon
signed rank test. MannWhitney𝑈 test was used for assessing
differences between independent groups. A 𝑃 value of less
than 0.05 was considered statistically significant.

The study was approved by the National Ethical Commit-
tee (National Ethical Committee number 118/12/2011) andwas
performed in compliance with the Helsinki declaration.

3. Results

Clinical data of patients enrolled in the study are presented in
Table 2.

Vitreous samples were first evaluated by light micro-
scope. The samples with erythrocytes present under micro-
scopic examination were considered as blood contaminated.
According to these findings, patients with PDR were divided
into two groups: blood noncontaminated group (nPDR) (𝑛 =
12) and blood-contaminated group (cPDR) (𝑛 = 16). In the
nPDR group 0–10 lymphocytes and 1–30 hystiocytes were
found on microscopic examination. In the control group
(MH group) no erythrocytes were found; therefore these
samples were considered uncontaminated with blood. No
lymphocytes and only 0–2 hystiocytes were found in this
group.

FCA measurement results of vitreous samples and
peripheral venous blood samples from patients with PDR are
presented in Table 3. Since no kappa and lambda chains were
detected in vitreous samples, they are not presented in the
tables.

The paired comparison of vitreous and peripheral venous
blood samples from patients with PDR (𝑛 = 28) showed
significant differences in the number of CD45+ cells and in
the percentages of CD14+, CD19+, and CD8+ cells between
vitreous and blood samples (𝑃 < 0.0001). Ratio between
CD14+ cells and lymphocytes was higher in vitreous. Per-
centages of lymphocytes, CD3+, and CD4+ cells were not
significantly different, but CD3/CD19 ratio and CD4/CD8
ratio were significantly higher in vitreous compared to blood
(Table 3).

The comparison of blood noncontaminated and blood
contaminated vitreous samples is presented in Table 4. There
were more leukocytes (CD45+ cells) in blood-contaminated
samples and further immunophenotyping revealed that this
was mainly due to CD3+ cells. CD4/CD8 ratio was not
significantly different between both groups.

Only blood noncontaminated vitreous samples were used
for further comparison between patients with PDR and
nondiabetic patients withMHand for searching for a possible
association between cell pattern in the vitreous and the
activity of the disease and visual gain after surgery.

The comparison of blood noncontaminated vitreous sam-
ples of patients with PDR (nPDR group) and patients with
MH (MH group) is presented in Table 5. Significantly more
CD45+ cells were found in vitreous samples of patients with
PDR with highly variable percentage of lymphocytes present.
There were no lymphocytes detected in the vitreous samples
of the control MH group, except in two patients where
the percentage of lymphocytes was less than 3 and further
immunophenotyping did not showCD3, CD19, CD4, or CD8
positive cells. The percentages of CD14+ cells were similar
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Table 3: Paired comparison of vitreous and blood samples in patients with PDR (median, minimum–maximum;Wilcoxon signed rank test).

Patients with PDR (𝑛 = 28)
Vitreous Blood P value

CD45+ (number) 648.0 (181.0–4926.0) 106869.5 (85539.0–265227.0) 0.0001
Ly (%) 9.9 (0.4–89.6) 26.8 (8.5–82.1) 0.158
CD14+ (%) 62.1 (5.3–87.7) 5.5 (1.2–12.0) 0.0001
CD19+ (%) 0 (0–9.7) 8.9 (2.5–83.0) 0.0001
CD3+ (%) 82.4 (0–100.0) 71.0 (12.6–95.6) 0.362
CD3/CD19 83.5 (14.1–100.0) 8.2 (3.1–27.0) 0.0001
CD4+ (%) 75.9 (0–100.0) 62.4 (24.7–78.4) 0.452
CD8+ (%) 14.0 (0–66.7) 33.1 (16.9–68.2) 0.0001
CD4/CD8 4.3 (0.5–100.0) 1.9 (0.4–23.0) 0.003
Legend: PDR: proliferative diabetic retinopathy; CD45+: leukocytes; Ly: lymphocytes; CD14+: macrophages; CD19+: B lymphocytes; CD3+: T lymphocytes;
CD4+: T helper lymphocytes; CD8+: T cytotoxic lymphocytes.

Table 4: Comparison of blood non-contaminated (nPDR) and con-
taminated (cPDR) vitreous samples of patients with PDR (median,
minimum–maximum; MannWhitney 𝑈 test).

Vitreous
nPDR (𝑛 = 12) cPDR (𝑛 = 16) P value

CD45 (𝑛) 401.0 (181.0–1644.0) 938.0 (273.0–4926.0) 0.029
Ly (%) 3.3 (0.4–55.5) 14.7 (0.6–89.6) 0.048
CD14all (%) 64.1 (34.0–79.3) 60.5 (5.3–87.7) 0.546
CD19 (%) 0 (0-0) 0 (0–9.7) 0.211
CD3 (%) 57.5 (0–100.0) 88 (0–100.0) 0.012
CD3/CD19 84.0 (47.7–100.0) 86.9 (14.1–100.0) 0.723
CD4 (%) 64.0 (0–100.0) 77.5 (0–100.0) 0.065
CD8 (%) 0 (0–26.0) 15.9 (0–66.7) 0.098
CD4/CD8 3.9 (2.2–100.0) 4.6 (0.5–100.0) 0.724
Legend: nPDR: PDR patients with blood non-contaminated vitreous; cPDR:
PDR patients with blood contaminated vitreous; CD45+: leukocytes; Ly:
lymphocytes; CD14+: macrophages; CD19+: B lymphocytes; CD3+: T lym-
phocytes; CD4+: T helper lymphocytes; CD8+: T cytotoxic lymphocytes.

in both groups. Peripheral venous blood samples were also
compared and there were no significant differences in the
number of CD45+ cells and in the percentages of observed
cells between the two groups.

Active neovascularization was observed in 17 patients
with PDR (6 noncontaminated with blood and 11 blood
contaminated); 11 patients had quiescent PDR (6 noncontam-
inated and 5 blood contaminated). When comparing blood
noncontaminated vitreous samples from patients with active
retinopathy and from patients with quiescent retinopathy
(presented in (Table 6)), there were more CD45+ cells and
the percentages of CD3+, CD4+, and CD8+ cells were
significantly higher in vitreous samples from patients with
active PDR. The percentages of lymphocytes were very low
in samples from patients with quiescent PDR and further
immunophenotyping was negative for CD19+ cells in all
samples and negative for CD3+ cells in five samples. In the
sample from patient with quiescent PDR where CD3+ cells
were detected, only CD4+ cells were detected with further
immunophenotyping.

Visual acuity improved 6 months after surgery in 23
(82%) patients with PDR (8 patients with blood noncon-
taminated vitreous samples and 15 patients with blood con-
taminated vitreous samples), remained the same in 3 (11%)
patients (2 patients with noncontaminated vitreous samples
and 1 contaminated), and worsened in 2 (7%) patients (both
noncontaminated). The average BCVA before surgery was
1.2 ± 0.62 logMAR and 6 months after surgery 0.75 ± 0.55
logMAR. Considering only patients with blood noncontam-
inated vitreous samples, preoperative average BCVA was
1.02 ± 0.68 and postoperative BCVA six months later was
0.86 ± 0.57. No association was found between cells in the
vitreous and visual acuity improvement after surgery.

4. Discussion

In our study, differences in the percentages of lymphocytes
and macrophages in the vitreous between patients with
PDR and either peripheral blood of patients with PDR or
vitreous from nondiabetic patients using flow cytometry
were observed. T lymphocytes were found in most vitreous
samples from patients with PDR, and CD4/CD8 ratio was
higher in vitreous samples in comparison with peripheral
blood. To our knowledge, this is the first report of higher
CD4/CD8 ratio in vitreous in patients with PDR indicating
the importance of local inflammation. In our study, higher
percentages of T lymphocytes were associated with active
PDR. Similar findings, that is, higher percentages of T
lymphocytes (CD4+ and CD28+ cells) in the vitreous in
comparison with peripheral blood in patients with PDR,
were reported by Cantón and coworkers [18]. In their study,
however, all the patients with PDR reported had the quiescent
form of PDR [18]. CD4/CD8 ratio was approximately two
times higher in vitreous (4.3) compared to blood (1.9) in
our study. This suggests that inflammatory cells in vitreous
are under the influence of local environment. Considering
diabetic retinopathy as low-grade chronic inflammation,
these results are in concordancewith some studies reported in
uveitic patients. T lymphocytes are known to participate in all
types of uveitis [21, 22]. Moreover, intraocular inflammation
was reported to be mediated by activated CD4+ T cells
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Table 5: Comparison of samples from the nPDR group and the MH group (median, minimum–maximum; MannWhitney 𝑈 test).

Vitreous Blood
nPDR (𝑛 = 12) MH (𝑛 = 6) P value nPDR (𝑛 = 12) MH (𝑛 = 6) P value

CD45 (number) 401.0 (181.0–1644.0) 132.0 (80.0–429.0) 0.005 107079.5 (100911.0–168812.0) 109862.5 (100618.0–127659.0) 0.64
Ly (%) 3.3 (0.4–55.5) 1.0 (0–2.6) 0.044 30.2 (10.4–82.1) 23.0 (14.3–63.9) 0.512
CD14all (%) 64.1 (34.0–79.3) 52.75 (17.9–83.0) 0.223 6.0 (2.2–12.0) 8.0 (5.0–21.0) 0.144
CD19 (%) 0 (0-0) 0 (0-0) 0.48 8.4 (3.0–83.0) 8.45 (4.9–19.4) 0.925
CD3 (%) 57.5 (0–100.0) 0 (0-0) 0.025 59.9 (12.6–95.6) 61.1 (36.6–67.0) 0.453
CD3/CD19 84.0 (47.7–100.0) 7.5 (3.1–27.0) 4.6 (2.8–13.3) 0.454
CD4 (%) 64.0 (0–100.0) 0 (0-0) 0.025 61.3 (24.7–78.4) 58.8 (32.0–75.3) 0.851
CD8 (%) 0 (0–26.0) 0 (0-0) 0.075 32.3 (16.9–68.2) 33.4 (21.4–59.4) 1.0
CD4/CD8 3.9 (2.2–100.0) 2.05 (0.4–8.2) 1.8 (1.3–3.5) 0.963
Legend: nPDR: PDR patients with blood non-contaminated vitreous; MH: patients with macular hole; CD45+: leukocytes; Ly: lymphocytes; CD14+:
macrophages; CD19+: B lymphocytes; CD3+: T lymphocytes; CD4+: T helper lymphocytes; CD8+: T cytotoxic lymphocytes.

Table 6: Comparison of vitreous samples from nPDR group with
active and quiescent PDR (median, minimum–maximum; Mann
Whitney 𝑈 test).

nPDR (𝑁 = 12)
Active PDR (𝑛 = 6) Quiescent PDR (𝑛 = 6) P value

CD45 (n) 666.0 (342.0–1644.0) 240.5 (181.0–605.0) 0.055
Ly (%) 17.0 (2.0–55.5) 1.7 (0.4–9.7) 0.025
CD14all (%) 48.8 (34.0–77.0) 66.2 (53.4–79.3) 0.2
CD19 (%) 0 (0–1.0) 0 (0-0) 0.317
CD3 (%) 82.5 (68.0–100.0) 0 (0–47.4) 0.003
CD3/CD19 88.5 (68.0–100.0)
CD4 (%) 73.9 (57.0–100.0) 0 (0–100.0) 0.037
CD8 (%) 20.0 (0–26.0) 0 (0-0) 0.007
CD4/CD8 3.85 (2.2–100.0)
Legend: nPDR: PDR patients with blood non-contaminated vitreous;
CD45+: leukocytes; Ly: lymphocytes; CD14+: macrophages; CD19+: B
lymphocytes; CD3+: T lymphocytes; CD4+: T helper lymphocytes; CD8+: T
cytotoxic lymphocytes.

[21, 22]. CD4/CD8 ratio higher than 4.0 has been reported
to have positive predictive value of 70% in patients having
noninfectious uveitis [23, 24]. High CD4/CD8 ratio (higher
than 3.5) in the vitreous of patients with ocular sarcoidosis
has also been found to be of high diagnostic value with
sensitivity and specificity of 100% and 96.3%, respectively
[25].

There were significantly more CD45+ cells (leukocytes)
in the vitreous of patients with PDR (nPDR group) compared
to nondiabetic patients withMH.There were no lymphocytes
detected in the vitreous of nondiabetic patients. Lymphocytes
were detected in all vitreous samples from patients with
PDR, although there were also five samples with small per-
centages of detected lymphocytes, and further phenotyping
was negative. Nevertheless, these results are in concordance
with the concept that blood-retinal barrier breakdown is
necessary for inflammatory cells to gain access into the
vitreous, since leukocytes have an active role in blood-retinal
barrier breakdown during inflammation [5].

Great variations in the percentages of lymphocytes in
vitreous from patients with PDR (nPDR) (0.4 to 55.5) in

our study seem to be in association with the activity of
PDR. T lymphocytes were detected in all samples with active
PDR and only in one sample with quiescent PDR. Our
findings are in contrast with the findings of Cantón and
coworkers who reported T lymphocytes in 55% of patients
with no vitreous haemorrhage, but all patients in whom T
lymphocytes were detected had quiescent PDR [18]. Cantón
and coworkers assumed that T lymphocytes infiltrating the
vitreous cavity had a protective role in the outcome of PDR
since patients in whom T lymphocytes were detected in the
vitreous had quiescent disease and better outcome in terms of
early bleeding after vitrectomy [18]. Based on our results, we
were not able to confirm Cantón’s conclusions. In our study,
T lymphocytes were associated with active PDR. None of
our patients had early postoperative bleeding. No association
between cells in the vitreous and visual acuity improvement
after surgery was found in our study to support the idea of
the protective role of T lymphocytes. Visual acuity depends
on many factors, with one of them being the preservation of
photoreceptors in macula, which was not evaluated in this
study but could be in relation with local inflammation in the
retina itself. It has been shown in the study of Kase et al.
[11] that high infiltration of fibrovascular membranes with
T lymphocytes in patients with PDR is associated with poor
visual prognosis. In our opinion, T lymphocytes in vitreous
cavity might reflect the activity of PDR but could not be used
as a predictor of visual prognosis.

We did not observe significant difference in the cell
pattern in blood samples frompatients with PDR (nPDR) and
nondiabetic patients. Moreover, we did not find statistically
significant differences in either CD3/CD19 ratio or CD4/CD8
ratio in patients with PDR. Our findings are consistent
with some previous reports [26]. Additional diagnostics is
necessary to detect systemic inflammation in type 2 diabetes
mellitus.

Higher percentages of CD14+ cells (macrophage/histio-
cyte) in vitreous in comparison to blood were observed in
patients with PDR.These percentages were similar regardless
of blood contamination. Macrophages are known to play an
important role in the pathogenesis of proliferative vitreo-
retinal disorders and they have been found in proliferative
membranes in patients with PDR [27]. Increased number
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of preretinal hyalocytes (vitreous macrophages) in mice
exposed to uncontrolled hyperglycemia was reported by
Vagaja and coworkers [28]. Histiocytes (macrophages) and
T lymphocytes were found to be a major sign of intravitreal
inflammation in various conditions presenting as vitreous
opacity [29]. However, we did not observe higher percentages
of CD14+ cells in vitreous frompatients with PDR in compar-
ison with vitreous from nondiabetic patients, which leads us
to the conclusion that inflammation in diabetic patients does
not have a significant effect on the number of CD14+ cells in
vitreous.

To conclude, differences in the percentages of lympho-
cytes and macrophages in the vitreous between patients with
PDR and either peripheral blood of patients with PDR or
vitreous from nondiabetic patients using flow cytometry
were observed. T lymphocytes were found in the vitreous of
patients with PDR, reflecting the activity of PDR, but they
do not seem to be a predictor of visual prognosis. Higher
CD4/CD8 ratio in vitreous compared to blood confirms
the hypothesis that local intravitreal inflammation plays an
important role in the development of PDR.
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Recent studies indicate that osteoprotegerin (OPG) acts as an important regulatory molecule in the vasculature. Also, a strong
association was observed between circulation OPG and microvascular complication. By considering the possible role of OPG in
diabetic retinopathy (DR) we examined two of themost studied polymorphisms of the OPG genes rs2073618 (located in exon I) and
rs3134069 (located in the promoter region) and their relation to DR in Slovenian patients with type 2 diabetes. Logistic regression
analysis demonstrated that the carriers of the CC genotype had a 2.2 higher risk for DR than those with either the CG genotype
or the GG genotype (codominant model for rs2073618). Furthermore, the combined effect of single nucleotide polymorphisms
(SNPs) rs2073618 and rs3134069 on the DR was stronger than that of each SNP alone. The odds ratio (OR) for individuals with
CC genotype (rs2073618) and AA genotype (rs3134069) compared with carriers of CG/GG (rs2073618) +AA (rs3134069) was 2.54
(95%CI = 1.26–5.13,𝑃 = 0.01). To conclude, these results indicate that SNPs in the OPG genemay be implicated in the pathogenesis
of DR.

1. Introduction

Most diabetic patients, especially those with poor glycaemic
control, develop diabetic retinopathy (DR), which remains
the major cause of new-onset blindness among diabetic
adults. DR is characterized by vascular permeability and
increased tissue ischemia and angiogenesis [1]. It is known
that for the development of DR both genetic and environ-
mental factors are highly relevant [2]. DR is thought to be
caused by oxidative stress, advanced glycation end-products
(AGEs), inflammatory mediators, and endothelial cell death
[3]. A member of the tumor necrosis factor (TNF) receptor
superfamily glycoprotein osteoprotegerin (OPG), first iden-
tified in 1997, acts as an important regulatory molecule in
the vasculature [4, 5]. It is expressed in the endothelial and
smoothmuscle cells, and it is modulated by proinflammatory
cytokines and hormones, like insulin and TNF-𝛼 [6, 7]. OPG,
also known as osteoclastogenesis inhibitory factor (OCIF),

was originally discovered as an inhibitor of bone resorption
[8]. This effect is due to binding and neutralisation of the
receptor activator of the nuclear factor-𝜅B ligand, thereby
neutralizing its functions and negatively regulating osteoclast
differentiation, activity, and survival resorption [5, 8].

There have been several studies examining the associa-
tions between OPG polymorphisms and bone diseases [9–
12], atherosclerosis [13–15], andmacrovascular complications
of diabetes [16–19]. On the contrary, not many studies have
been performed to investigate the association between poly-
morphisms in the OPG gene and the risk for microvascular
complications in type 2 diabetes [4, 6, 20, 21].

Therefore, the purpose of the present study was to
examine whether there is a link between the rs2073618
(c.9C>G, G1181C) and rs3134069 (g.119964988A>C, T245G)
polymorphisms of the OPG gene and DR in type 2 diabetic
patients and to evaluatewhether the combined effects of these
gene variations influence the risk for DR.



2 BioMed Research International

2. Patients and Methods

In this cross-sectional case-control study 645 unrelated
Caucasians with type 2 diabetes mellitus with a defined
ophthalmologic status were enrolled (they have not been
controlled for the glycemic history). Patients were classified
as having type 2 diabetes according to the current American
Diabetes Association criteria [22]. Fundus examination was
performed by a senior ophthalmologist (M.P.) after pupil
dilatation (tropicamide and phenylephrine 2.5%) using slit
lamp biomicroscopy with noncontact lens and was electron-
ically documented with a 50∘-angle fundus camera (Topcon-
TRC 40-IX; Tokyo, Japan). Staging of diabetic retinopathy
was determined according to the ETDRS retinopathy severity
scale [23]. The study group consisted of 645 subjects: 280
subjects withDR (cases) and the control group of 365 subjects
with type 2 diabetes of more than 10 years’ duration who had
no clinical signs of DR.

To avoid the confounding effect of impaired kidney func-
tion, the patients with overt nephropathy were not enrolled.
The study was approved by the national medical ethics
committee. After an informed consent for the participation
in the study was obtained, a detailed interview was made.

2.1. Genotyping. GenomicDNAwas extracted from200𝜇Lof
whole blood using a FlexiGene DNA isolation kit according
to the recommended protocol (Qiagene, Germany).

Based on the available literature, we chose two single
nucleotide polymorphisms (SNPs): rs2073618 (located in
exon I) and rs3134069 (located in the promoter region) of
the OPG gene [24]. The G allele from rs2073618 results
with aspartic acid substitution to lysine (N3K) in the 3
amino terminus in the OPG signal region which may lead
to alterations in protein activity. SNPs were genotyped
using the predesigned TaqMan SNP Genotyping Assays
(Applied Biosystems, Foster City, CA, USA), C 1971047 1
and C 27464534 20, resp.). The reactions were performed
using the StepOne system (Applied Biosystems, Foster City,
CA, USA) according to the manufacturer’s instruction. Real-
time PCR reactions were set up in a final volume of 5 𝜇L
containing 2.5𝜇L of 2 × TaqMan Genotyping Master Mix
(Applied Biosystems, Foster City, CA, USA), 0.12 𝜇L of 40 ×
SNPGenotypingAssay (Applied Biosystems, Foster City, CA,
USA), 1.88𝜇L of nuclease free water, and 25 ng of genomic
DNA. PCR amplification was carried out under the following
conditions: 10min at 95∘C enzyme activation followed by 55
cycles at 95∘C for 15 s and at 60∘C for 1min.

2.2. Statistical Analysis. Statistical analyses were conducted
with the use of the SPSS program for Windows version 19
(SPSS Inc. Illinois). Continuous clinical data were compared
by unpaired Student’s 𝑡-test, while chi-square test was used
to compare discrete variables. Data were expressed as mean
± SD (continuous variables) or as the number and percent
of patients (categorical variables). Further, all variables that
showed significant differences by univariate analysis (with a𝑃
value< 0.05 considered significant) were analyzed together in

Table 1: Clinical and laboratory characteristics of cases and controls.

Characteristics Cases Controls P value
Number 280 365
Age (years) 64.4 ± 9.5 63.9 ± 9.8 0.6
Male sex (%) 146 (52.2) 187 (51.2) 0.8
Duration of diabetes (years) 18.3 ± 8.1 12.5 ± 2.1 <0.001
Patients on insulin therapy (%) 195 (69.8) 148 (40.5) <0.001
HbA1c (%)∗ 8.0 ± 1.5 7.7 ± 1.4 0.009
Systolic blood pressure (mmHg) 146 ± 22 144 ± 19 0.2
Diastolic blood pressure (mmHg) 84 ± 11 84 ± 10 0.9
BMI (kg/m2) 28.8 ± 4.9 31.3 ± 4.4 0.007
History of hypertension (%) 218 (77.7) 285 (78) 0.5
Smokers (%) 28 (9.9) 24 (6.7) 0.2
Total cholesterol (mmol/L) 5.1 ± 1.2 4.7 ± 1.2 0.005
HDL cholesterol (mmol/L) 1.1 ± 0.3 1.2 ± 0.3 0.007
LDL cholesterol (mmol/L) 3.0 ± 1.0 2.7 ± 0.9 0.001
Triglycerides (mmol/L) 2.4 ± 1.9 2.2 ± 1.6 0.4
The values represent mean ± standard deviation. Bold indicates statistically
significant results.
∗The average value for haemoglobin A1c (HbA1c).

a logistic regression analysis. A 𝑃 < 0.05 was considered sta-
tistically significant. All 𝑃 values were not adjusted for multi-
ple testing. The deviation from Hardy-Weinberg equilibrium
(HWE) was assessed by the exact test (http://ihg.gsf.de/)
[25]. The linkage disequilibrium (LD) between the poly-
morphisms was quantified using Haploview version 4.2
(http://www.broad.mit.edu/mpg/haploview). Joint effects of
both SNPs were analyzed in a logistic regression model,
where different combinations between two genotype models
were considered (recessive and dominant).

3. Results

The demographic and clinical data of 645 patients diagnosed
with type 2 diabetes enrolled in the study are shown in
Table 1. Among them, 365 patients had no evidence of DR
(controls), and the remaining 280 had DR (cases). There
were no significant differences between groups with respect
to age, sex, systolic and diastolic blood pressure, history of
hypertension, and smoking status. On the other hand, sta-
tistically significant difference was observed in the following
parameters: duration of diabetes, insulin treatment, HbA1c,
bodymass index (BMI), and total LDL, HDL, and cholesterol
levels. Cases with DR had more than 5 years of longer
diabetes duration compared to the diabetics without DR.
A significantly higher proportion of cases required insulin
treatment in comparison to diabetics without DR. Cases had
higher HbA1c, total cholesterol, and LDL cholesterol levels,
whereas BMI and HDL cholesterol levels were statistically
significantly lower than in controls.

As shown in Table 2, the frequencies of the CC (ancestral
allele based on 1000 Genomes Project (1000G) data) [26],
CG, and GG genotypes of the rs2073618 polymorphism were
25.0%, 47.1%, and 27.9% in cases and 18.1%, 44.9%, and 37.0%
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Table 2: Distribution of rs2073618 and rs3134069 genotypes and
alleles in patients with diabetic retinopathy (cases) and in those
without diabetic retinopathy (controls).

Cases (280) Controls (365) P value
rs2073618 (c.9C>G)

CC 70 (25) 66 (18.1)
CG 132 (47.1) 164 (44.9) 0.02
GG 78 (27.9) 135 (37)
C allele (%) 272 (48.6) 296 (40.5)
G allele (%) 288 (51.4) 434 (59.5) 0.004

rs3134069 (g.119964988A>C)
CC 6 (2.2) 1 (0.3)
AC 48 (17.1) 36 (9.9) 0.001
AA 226 (80.7) 328 (89.8)
C allele (%) 60 (10.7) 38 (5.2)
A allele (%) 500 (89.3) 692 (94.8) 0.0002

Bold indicates statistically significant results.

in controls, respectively. The distributions of the CC, AC,
and AA (ancestral allele based on 1000G data) genotypes
of the rs3134069 polymorphism were 2.2%, 17.1%, and 80.7%
in cases and 0.3%, 9.9%, and 89.8% in controls, respectively.
The average frequency of the ancestral alleles in the whole
study population (the C allele for rs2073618 and the A allele
for rs3134069) was 44% for C and 92.4% for A, which was
slightly lower than that observed in Caucasians according
to the 1000G data. No significant differences in the allele
frequencies were found, when the merged data of Slovenian
patients with type 2 diabetes (patients with diagnosed DR
and those without DR) were compared with 156 healthy
individuals data for both SNPs (data not shown). Ancestral
allele frequencies for each OPG polymorphism (rs2073618
and rs3134069) in the group of healthy individuals were as
follows: 43.6% for C and 93.3% for A, respectively.

Both SNPs conformed to HWE in both the case
(rs2073618, 𝑃 = 0.35; rs3134069, 𝑃 = 0.08) and control
(rs2073618, 𝑃 = 0.19; rs3134069, 𝑃 = 0.99) group. Although
there was a moderate LD between analysed SNPs (D= 0.71),
SNPs cannot substitute each other because rs2073618 and
rs3134069 have a very low correlation (𝑟2 = 0.05) with each
other.

It was revealed that genotype and allele distribution of
both SNPs differed significantly between cases and controls.
The C allele and the CC genotype of the rs2073618 were
significantly more frequent in cases (𝑃 = 0.004; 𝑃 = 0.002).
Next, the frequency of the A allele and AA genotype was
significantly less frequent in cases than in the control group
(𝑃 = 0.0002; 𝑃 = 0.001) (Table 2).

Following these observations, we used a logistic regres-
sion analysis to evaluate whether these SNPs were indepen-
dently associated with DR after adjusting for duration of
diabetes, insulin therapy, BMI, HbA1c, total LDL, HDL, and
cholesterol levels. The CC genotype of the rs2073618 poly-
morphismwas significantly associatedwith the increased risk
for DR compared with the GG genotype (ORCo-dom = 2.19,
95% CI = 1.18–4.09, 𝑃 = 0.01) in the codominant model. The

association of the rs2073618 with DR was also obtained when
applying the dominantmodel (OR= 1.72, 95%CI = 1.08–2.70,
𝑃 = 0.02). Using the CG and GG genotypes combined as
reference in the recessive model, the OR for the CC genotype
was 1.75 (95% CI = 1.0–3.05, 𝑃 = 0.05). On the other hand,
the association of rs3134096 with DR was not significant in
dominant and recessive models (Table 3).

The final step of our study was to evaluate whether
the combined effects of these SNPs influence the risk for
DR. We used logistic regression to investigate the joint
effect of the two SNPs. The results indicate a significant
interaction effect between these two SNPs as risk factors for
DR, after adjusting for confounding variables found relevant
in univariate analysis, rendering an ORRec×Dom of 2.54 (95%
CI = 1.26–5.13, 𝑃 = 0.01) for individuals with CC genotype
(rs2073618) and AA genotype (rs3134069) compared with
carriers ofCG/GG (rs2073618) +AA (rs3134069). In addition,
carriers of CC (rs2073618) + AA/AC (rs3134069) had a
significantly increased risk for DR (ORRec×Rec = 2.09, 95%
CI = 1.13–3.86, 𝑃 = 0.02) compared with carriers of CG/GG
(rs2073618) + AA/AC (rs3134069). Moreover, carriers of
CC/CG (rs2073618) + AA (rs3134069) had a significantly
increased risk for DR (ORDom×Dom = 1.93, 95% CI = 1.15–
3.25, 𝑃 = 0.01) compared with carriers of GG (rs2073618)
+ AA (rs3134069). Finally, carriers of CC/CG (rs2073618) +
AA/CA (rs3134069) had ORDom×Rec of 1.82 (95% CI = 1.12–
2.98, 𝑃 = 0.02) relative to carriers of GG (rs2073618) +
AA/AC (rs3134069) (Figure 1).

4. Discussion

To the best of our knowledge, this is the first study to
demonstrate an association between SNP rs2073618 of the
OPG gene and DR in Caucasians with type 2 diabetes. As for
the aforementioned SNP we proved that the minor C allele
(𝑃 = 0.004) occurred more frequently in diabetic patients
with DR. Logistic regression analysis demonstrated that the
carriers of the CC genotype had a 2.2 higher risk for DR
than those with either the CG genotype or the GG genotype
(codominantmodel). Furthermore, in a dominantmodel, the
carriers of at least one C allele (CG + CC genotypes) were
found to modify susceptibility for DR.The occurrence of DR
was 1.71-fold higher in carriers with the C allele.

Likewise, Biscetti et al. also reported an independent
association between the CC genotype and ischemic stroke in
Italian diabetic patients. The higher-risk genotype conferred
a 3.03-fold increased risk [27]. Moreover, in another study
on patients with type 2 diabetes, a strong association was
observed between the C allele and diabetic foot. Patients with
CC genotype had a 1.72 increased risk for diabetic foot [28].

Although the second SNP rs3134069 was not associated
with DR in the present study, the inclusion of the AA
genotype in the Rec×Dom (rs2073618 × rs3134069) model
further increased the risk for DR, rendering an ORRec×Dom of
2.54. Furthermore, the combination of both SNPs (rs2073618
× rs3134069) in the following models: Rec×Rec, Dom×Dom,
and Dom×Rec conferred a significantly increased risk for
DR. Interestingly, in a Polish study, the AA genotype at the
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Table 3: Association between OPG polymorphisms and the risk for DR.

Polymorphism Model Number of cases/controls OR∗ (95% CI) P value

rs2073618
(c.9C>G)

Codominant:
CC versus GG (reference) 70/66 versus 78/135 2.19 (1.18–4.09) 0.01
CG versus GG (reference) 132/164 versus 78/135 1.51 (0.93–2.47) 0.098

Dominant:
CC + CG versus GG (reference) 202/230 versus 78/135 1.72 (1.08–2.70) 0.022

Recessive:
CC versus CG + GG (reference) 70/66 versus 210/299 1.75 (1.0–3.05) 0.05

rs3134069
(g.119964988A>C)

Dominant:
CC + AC versus AA (reference) 54/37 versus 226/328 1.25 (0.67–2.33) 0.491

Recessive:
CC versus AC + AA (reference) 6/1 versus 274/364 4.8 (0.45–50.8) 0.19

∗Adjusted for duration of diabetes, insulin therapy, BMI, HbA1c, total LDL, HDL, and cholesterol levels.
Bold indicates statistically significant results.

(CC&AA)

(CC&AA/AC)

(CC/CG&AA)

(CC/CG&AA/AC)

0.5 1.5 2.5 3.5 4.5 5.5

Genotype model 
combination between 

Reference
CG/GG&AA 0.01

CG/GG&AA/AC 0.02

GG&AA 0.01

GG&AA/AC 0.02

rs2073618 × rs3134069
Rec × Dom

Rec × Rec

Dom × Dom

Dom × Rec

2.54 (1.26–5.13)

2.09 (1.13–3.86)

1.93 (1.15–3.25)

1.82 (1.12–2.98)

OR∗ (95% CI)

and 95% confidence intervals for DR according to genotype model combination.

P value

∗ Adjusted odds ratio for duration of diabetes, insulin therapy, BMI, HbA1c, total LDL, HDL and cholesterol levels

Figure 1: Joint effect of rs2073618 and rs3134069 on the genetic risk for DR.

SNP rs3134069 was associated with an independently and
significantly increased risk for the Charcot neuroarthropathy,
with an OR of 11.5, compared to the diabetics with AC or CC
genotypes [29].

Intriguingly, our study indicates that the combination of
rs2073618 × rs3134069 co-ordinately might have a greater
effect on the susceptibility for DR than revealed by the
individual SNPs.Thus, suggesting a possibility that both SNPs
are in linkage disequilibrium with other still unknown SNPs
of the OPG gene or other genes having an effect on OPG
expression, secretion, structure, or action.

Although it is known that the OPG gene variants are
functionally important, the pathogenetic mechanism of the
OPGgene variants in the development ofDR remains unclear
[24, 27, 29]. Variations in exon 1 of the OPG gene could
result in a qualitative alteration of OPG synthesis, thus
compromising its function as a decoy receptor, whereas
variations in the sequence of the promoter region of the OPG

gene could result in altered binding of different transcription
factors, thus affecting the expression of OPG [24].

Elevated serum concentrations of OPG are found in a
range of cardiovascular pathologies, suggesting the potential
value of OPG as a biomarker of vascular risk and prognosis
[30]. Also, in a study on diabetic people, a strong association
was observed between circulating OPG and microvascular
complications [4, 21, 31]. It is suggested that insulin resistance
and inflammatory cytokines might mediate upregulation of
the OPG release observed in humans and may reflect the
endothelial dysfunction in subjects with diabetes [32]. One
of inflammatory factors that are elevated in the early stages
of DR is TNF-𝛼 [33]. The possible role of the OPG in the
pathology ofDRmay relate toOPGproduction from vascular
cells, since OPG synthesis is regulated by TNF-𝛼 in endothe-
lial cells [34]. There is a lot of evidence that endothelial
dysfunction is closely connected to the development of DR
[35]. Despite few attempts have been made to elucidate the
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relation betweenOPG and endothelial dysfunction [4, 18, 32],
we are still far from a comprehensive understanding.

Other limitations of our study, such as the lack of
direct biochemical evidence indicating the correlation of gene
polymorphisms with altered expression of the OPG gene,
small sample size, and cross-sectional design, suggest that
further studies, preferably prospective in nature, are needed
to elucidate the role of the OPG polymorphisms involved in
the DR development.

To conclude, in Slovenian population an association
between the SNPs combination rs2073618 × rs3134069 and
DR was found. To the best of our knowledge no such SNP ×
SNP interactions have been found in patients with DR so far.
In addition, this is the first study to implicate theCC genotype
and hence the C allele, as the genetic risk factors for DR
in Caucasians. These results indicate that SNPs in the OPG
gene may be implicated in the pathogenesis of DR. However,
further functional and biological evidence would be needed
to confirm the suggestive influence of OPG polymorphisms
on DR.
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Characterization of the cell surface marker phenotype of ex vivo cultured cells growing out of human fibrovascular epiretinal
membranes (fvERMs) from proliferative diabetic retinopathy (PDR) can give insight into their function in immunity, angiogenesis,
and retinal detachment. FvERMs from uneventful vitrectomies due to PDR were cultured adherently ex vivo. Surface marker
analysis, release of immunity- and angiogenesis-pathway-related factors upon TNF𝛼 activation and measurement of the
intracellular calcium dynamics upon mechano-stimulation using fluorescent dye Fura-2 were all performed. FvERMs formed
proliferating cell monolayers when cultured ex vivo, which were negative for endothelial cell markers (CD31, VEGFR2), partially
positive for hematopoietic- (CD34, CD47) and mesenchymal stem cell markers (CD73, CD90/Thy-1, and PDGFR𝛽), and negative
for CD105. CD146/MCAM and CD166/ALCAM, previously unreported in cells from fvERMs, were also expressed. Secretion
of 11 angiogenesis-related factors (DPPIV/CD26, EG-VEGF/PK1, ET-1, IGFBP-2 and 3, IL-8/CXCL8, MCP-1/CCL2, MMP-9,
PTX3/TSG-14, Serpin E1/PAI-1, Serpin F1/PEDF, TIMP-1, and TSP-1) were detected upon TNF𝛼 activation of fvERM cells.
Mechano-stimulation of these cells induced intracellular calcium propagation representing functional viability and role of these
cells in tractional retinal detachment, thus serving as a model for studying tractional forces present in fvERMs in PDR ex vivo.

1. Introduction

Diabetes mellitus is a micro- and macrovascular disease
which can cause a sight threatening diabetic retinopathy
in up to 80% of patients having the disease for 10 or more
years [1]. Based upon the Wisconsin Epidemiologic Study
of Diabetic Retinopathy (WESDR), the 10-year incidence of
new retinopathy was 89% in the group diagnosed before age
30 years, 79% in the insulin-taking group of 30 years or older
and 67% in the noninsulin-taking group [2].The disease itself
affects those individuals who are in their most productive
years; therefore, it poses great socioeconomic burden on the
society [3]. Proliferative diabetic retinopathy (PDR) is an
advanced stage of the ocular manifestations, hallmarked by

neovascularizations and late stage fibrovascular proliferations
on the surface of the retina, which can eventually lead to trac-
tional retinal detachment causing blindness [4]. Symptomat-
ically, PDR is accompanied by visual field defects and blurred
vision, while funduscopy can reveal fibrovascularmembranes
and neovascularizations with cotton wool spots and flame-
and dot-blot hemorrhages as well as hard exudates.

Although the exact pathophysiological mechanism lead-
ing to PDR remains still unclear, theories about growth
hormone involvement, sluggish platelet and erythrocyte
circulation with consequent focal capillary occlusions and
retinal ischemia, activation of aldose reductase pathway,
and consequent damage of intramural pericytes that alto-
gether cause saccular outpunching of capillaries, ruptured
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Table 1: Data of patients with proliferative diabetic retinopathy.

Donor 1 Donor 2 Donor 3
Age (years) 54 72 62
Gender Male Female Male
Type of diabetes 1 2 2
Duration of diabetes (years) 29 33 4
Insulin therapy yes Yes yes
BMI 28.1 31.6 35.1
Arterial hypertension Yes Yes Yes
Hyperlipidemia Yes Yes Yes

microaneurysms, intra- and epiretinal hemorrhages, and
exudation have all been described as causes of diabetic
retinopathy [5, 6]. The metabolic pathways that have been
associated with this disease include activation of the polyol
pathway, nonenzymatic glycosylation, and activation of the
𝛽 isoform of protein kinase C (PKC-s) [7]. Retinal ischemia
has been considered to be the trigger for production of
vasoproliferative factors, which can then stimulate new ves-
sels formation and penetration through the internal limit-
ing membrane to form fibrovascular epiretinal membranes
(fvERMs) between the retina and the posterior hyaloid face.
Besides these mechanisms, high levels of proinflammatory
cytokines such as interleukin 6 (IL-6), IL-8, and tumor
necrosis factor alpha (TNF𝛼) have beenmeasured in samples
from the vitreous body of patients with PDR [8, 9].

So far, the origin of the cells found in the fvERMs has
not been well understood. Although attempts to assess the
presence of CD34+ and CD31+ vascular endothelial cells
have been made using histological means in postvitrectomy
membranes [10–12], no such assessment has beenmadewhen
the cells are cultivated ex vivo under adherent conditions.

In the present study, we adherently cultivate the cells
growing out of the fvERMs and perform surface profiling
usingmarkers for hematological, endothelial, andmesenchy-
mal stem cells (MSCs) and cell adhesion molecules (CAMs)
to determine the possible origin of these cells. Furthermore,
the angiogenic potential of the fvERMoutgrowing cells under
presence or absence of proinflammatory factor TNF𝛼 is also
determined using high-throughput screening by angiogenic
protein array, while measurement of the intracellular calcium
dynamics is performed in response to mechanostimulation
to prove the viability and functionality of these cells and
to mimic the tractional forces appearing due to presence of
fvERMs in PDR.

2. Materials and Methods

2.1. Tissue Collection and Cultivation of Cells. All tissue
collection complied with the Guidelines of the Helsinki
Declaration (1964) andwas approved by theNationalMedical
Ethics Committee of the Republic of Slovenia. FvERMs were
obtained from patients (mean age: 62.7 ± 9.0 years) under-
going vitrectomy due to intravitreal hemorrhage in PDR
(Table 1 shows the data for each patient). Transport and ex
vivo cultivation under adherent conditions were performed

immediately after isolation in DMEM:F12 (Sigma-Aldrich,
Ljubljana, Slovenia) supplemented with 10% fetal calf serum
(FCS) (PAALaboratoriesGmbH, Pasching, Austria) and kept
until reaching confluence. Primary human retinal pigment
epithelial (hRPE) cells were isolated from cadavers and
cultivated ex vivo (protocol modified from Thumann et al.
[13]) upon approval by the State Ethical Committee in Hun-
gary (14415/2013/EKU-183/2013 and DEOEC RKEB/IKEB
3094/2010), for comparison to the fvERM outgrowing cells.

2.2. Surface Marker Analysis of the fvERM Outgrowing
Cells. The phenotype of the fvERM outgrowing cells
was determined by flow cytometry using the following
fluorochrome-conjugated monoclonal antibodies: CD11a/
lymphocyte function-associated antigen 1 (LFA-1), CD14,
CD18/integrin 𝛽2, CD29/integrin 𝛽1, CD34, CD44/Homing
Cell Adhesion Molecule (HCAM), CD47, CD49a,
CD49d, CD51/integrin 𝛼V, CD54, CD73, CD90/Thy-1,
CD338/ATP-binding cassette subfamily G member 2
(ABCG2), CD106/vascular cell adhesion protein 1 (VCAM-
1), CD166/activated leukocyte cell adhesion molecule
(ALCAM), platelet-derived growth factor receptor beta
(PDGFR𝛽) (all obtained from Biolegend, San Diego, CA,
USA), human leukocyte antigen G (HLA-G), CXCR4,
CD146/melanoma cell adhesion molecule (MCAM), HLA-
DR, vascular endothelial growth factor receptor 2 (VEGFR2),
CD45, CD146, CD117, CD31 (all obtained fromR&D Systems,
Minneapolis, MN, USA), and CD105/endoglin from BD
Biosciences, San Jose, CA, USA. After harvesting the
cells with 0.025% trypsin-EDTA, they were washed with
normal medium and twice with Fluorescence-Activated Cell
Sorting (FACS) buffer. The fvERM cells were incubated with
antibodies according to the manufacturers’ protocol on ice
for 30min then washed again with FACS buffer and fixed
in 1% paraformaldehyde (PFA)/phosphate buffered saline
(PBS) and analyzed within 1 day.The samples were measured
by FACSCalibur flow cytometer (BD Biosciences, Franklin
Lakes, NJ) and the data analyzed using FlowJo (TreeStar,
Ashland, OR) software. The results were expressed as means
of positive cells (%) ±SEM. Hierarchical clustering was
performed by R software [14].

2.3. Secretion of Angiogenic Factors by fvERM Outgrowing
Cells. The expanded fvERM cells were plated onto 6-well
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plates at a density of 2 × 105 cells per well in triplicates.
After 24 hrs, the medium was changed, and the cells were
treated with 100 ng/mL recombinant human TNF𝛼 (Prepro-
tech, Rocky Hill, NJ, USA) for additional 24 hours. The
cells were then collected for analysis of the expression of
cell surface markers and their supernatants collected and
pooled into one stock pretreated by 0.025Nhydrochloric acid
for 15mins at room temperature. The secreted factors were
analyzed by Human Angiogenesis Array (Proteome Profiler,
R&D Systems, Minneapolis, MN, USA) according to the
manufacturers’ protocol, and the pixel density in each spot
of the array was determined by ImageJ software.

2.4. Calcium Dynamics in the fvERM Outgrowing Cells.
The cultured fvERM outgrowing cells were loaded with
acetoxymethyl (AM) ester of Fura-2 (Fura-2 AM; Invitrogen-
Molecular Probes, Carlsbad, CA, USA), a free cytosolic
calcium (Ca2+) sensitive dye, which was dissolved in DMSO
and suspended in 1.5mL of culture medium (final working
concentration: 8𝜇M). The Fura-2 AM loading was car-
ried out at 37∘C, 5% CO

2
for 40min. After loading, the

cultures were washed twice for 7min with 3mL of the
physiological saline with (in mM) NaCl (131.8), KCl (5),
MgCl

2
(2), NaH

2
PO
4
(0.5), NaHCO

3
(2), CaCl

2
(1.8), HEPES

(10), and glucose (10), pH 7.24. The Petri dish was then
mounted onto inverted microscope, Zeiss Axiovert S 100
(Carl Zeiss, AG, Oberkochen, Germany). To test responses
tomechanical stimuli, themechanostimulation with a tip of a
glass micropipette mounted on a MP-285 micromanipulator
(Sutter, Novato, CA, USA) was used. Image acquisition was
done with the 12-bit cooled CCD camera SensiCam (PCO
Imaging AG, Kelheim, Germany). The software used for the
acquisition wasWinFluor (written by J. Dempster, University
of Strathclyde, Glasgow, UK). Microscope objectives used
were 10x/0.30 Plan-NeoFluar and 63x/1.25 oil Plan-NeoFluar
(Zeiss). The light source used was XBO-75W (Zeiss) Xe arc
lamp. The excitation filters used, mounted on a Lambda
LS-10 filter wheel (Sutter Instruments Co.), were 360 and
380 nm (Chroma). Excitation with the 360 nm filter (close
to the Fura-2 isosbestic point) allowed observation of the
cells’ morphology and of the changes in the concentration
of the dye, irrespective of changes in free cytosolic Ca2+
concentrations ([Ca2+]i), while the 360/380 nm ratio allowed
visualization of the [Ca2+]i changes in the cytoplasm. Image
acquisition, timing, and filterwheel operation were all con-
trolled by WinFluor software via a PCI6229 interface card
(National Instruments, Austin, TX, USA). Individual image
frames were acquired every 500ms resulting in frame cycles
being 1 second long (two wavelengths).

2.5. Statistical Analysis. Each experiment was performed at
least three times, and each sample was tested in triplicates.
Statistica 7.0 software (StatSoft Inc., USA) was used for the
statistical analyses. Statistically significant difference between
the two groups (fvERM cells versus primary hRPE) was
determinedwith paired student t-test, and a value of𝑃 < 0.05
was considered significant. Data are expressed as mean ± SD
or SEM.

3. Results

3.1. Immunophenotyping of the fvERMOutgrowing Cells. The
fvERM outgrowing cells assumed an elongated, fibroblastoid
like morphology when cultivated under adherent conditions
ex vivo (Figure 1(a)).The surface marker expression profile of
the cultivated fvERM cells was compared to that of primary
hRPE cells (Figure 1(b) (cluster analysis) and Table 2). The
ex vivo cultured fvERM cells showed no purely common
hematopoietic or monocytic phenotype. Similarly, these cells
expressed no CD45, CD11a (LFA-1), and HLA-G, like the
primary hRPE cells (an exception being the very low CD11a
expression in one of the hRPE donors). A higher percentage
of the primary hRPE cells were positive for CD14 (66.60 ±
11.26%) compared to the fvERM cells (1.81 ± 1.06%; 𝑃 =
0.005), while inversely, higher CD47 expressionwas observed
on the fvERM (97.95 ± 0.44%) compared to the primary
hRPE cells (88.04 ± 5.48%)—the latter showing that the
outgrowing fvERM cells were indeed viable cells. Both cell
types had a low surface expression of HLA-DR (0.08 ±
0.08% in fvERM cells versus 1.00 ± 1.00% in hRPE), while
the percentage of CD117/c-kit (0.94 ± 0.76% and 19.80 ±
16.53%); CXCR4 (0.41 ± 0.25% and 7.28 ± 5.22%); and
CD338/ABCG2 (0.80 ± 0.08% and 17.63 ± 15.09%) cells
was in general lower in the fvERM compared to the primary
hRPE, respectively. Only the expression of CD34 was more
abundant in the fvERM cultures (21.81 ± 15.78%) compared
to the primary hRPE (2.34 ± 1.17%); however, this difference
was not statistically significant. Similarly, the expression of
CD73, CD105, and PDGFR𝛽 was not significantly different
between the fvERM cells and the primary hRPEs, while a
significant difference in the CD90 expression was measured
between the two cell types (68.19 ± 0.46% in fvERM cells
versus 91.16 ± 6.66% in primary hRPE; 𝑃 = 0.03).

Among the cell adhesion molecules (CAMs) and
integrins, all being important for maintaining the fate of the
cells in their environment, significantly lower expression
of CD18/integrin 𝛽2 (𝑃 = 0.01) and CD51/integrin 𝛼V
(𝑃 = 0.004) was found on fvERM cells compared to
primary hRPE cells. The expression of CD29/integrin 𝛽1,
CD49a/integrin 𝛼1, CD49d/integrin 𝛼4, CD54/intercellular
adhesion molecule 1 (ICAM-1), CD106/V-CAM 1,
CD146/MCAM, and CD166/ALCAM on fvERM cells
were similar to those detected on primary hRPEs.

3.2. Detection of Angiogenic Factors Secreted by the fvERM
Outgrowing Cells. Altogether 55 angiogenesis-related mark-
ers were screened from the supernatants of the fvERM out-
growing cells under presence or absence of TNF𝛼 treatment.
Unstimulated fvERM cells expressed high amount of serine
protease inhibitor E1 (Serpin E1) also known as endothelial
plasminogen activator inhibitor 1 (PAI-1; at pixel density
28891 ± 1096.02) and tissue inhibitor of metalloproteinase
1 (TIMP-1; at pixel density 45238.5 ± 1170.26) as shown in
Figure 2. After 24 hours of proinflammatory stimulation by
TNF𝛼, both factors increased further in the supernatants of
the treated compared to the control untreated cells (Serpine
E1 with pixel density 87418.5 ± 243.24 and TIMP-1 with
113313 ± 9050.26, resp.). More importantly, 11 secreted
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Figure 1: Morphology (a) and hierarchical clustering (b) based upon the expressed surface markers on fvERM and primary human retinal
pigment epithelial (hRPE) cells. (fvERM D1, 2, and 3 are fvERM Donor 1, 2, and 3, resp.; data shown are representative of 3 independent
experiments on 3 different donor fvERM samples).
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Table 2: Immunophenotyping of the fvERM outgrowing cells and primary hRPE cells. The expression of different groups of surface markers
was compared between fvERM and primary hRPE cells. The two cell types showed differential expression of CD14, CD18/integrin 𝛽2,
CD51/Integrin 𝛼V, and CD90/Thy-1. (Data shown represent percentage of positive cells within the total cell culture and are representative of
3 independent experiments on 3 different donor fvERM samples, mean ± SD; 𝑃 < 0.05∗, 𝑃 < 0.01∗∗).

fvERM cells Primary hRPE cells

Hematopoietic

CD11a (LFA-1) 0.00 ± 0.00 0.00 ± 0.00

CD14 1.81 ± 1.06 66.60 ± 11.26∗∗

CD34 21.81 ± 15.78 2.34 ± 1.17

CD45 0.00 ± 0.00 0.00 ± 0.00

CD47 97.95 ± 0.44 88.04 ± 5.48

Monocyte markers

CD117/c-kit 0.94 ± 0.76 19.80 ± 16.53

CXCR4 0.41 ± 0.25 7.28 ± 5.22

HLA-DR 0.08 ± 0.08 1.00 ± 1.00

HLA-G 0.00 ± 0.00 0.00 ± 0.00

CD338 (ABCG2) 0.80 ± 0.08 17.63 ± 15.09

MSC
Fibroblast markers

CD73 98.37 ± 0.32 76.55 ± 22.76

CD90/Thy-1 68.19 ± 0.46 91.16 ± 6.66∗

CD105/Endoglin 0.29 ± 0.29 23.10 ± 11.60

PDGF R𝛽 36.46 ± 14.11 56.59 ± 7.66

CAMs
Integrins

CD18 (Integrin 𝛽2) 0.25 ± 0.17 69.86 ± 16.38∗

CD29/Integrin 𝛽1 98.34 ± 0.48 98.38 ± 1.40

CD31/PECAM 0.00 ± 0.00 7.60 ± 6.52

CD44/H-CAM 96.78 ± 1.06 89.03 ± 6.71

CD49a/Integrin 𝛼1 6.06 ± 3.53 50.36 ± 25.67

CD49b/Integrin 𝛼2 0.11 ± 0.07 49.30 ± 25.56

CD51 Integrin 𝛼V 21.07 ± 9.14 85.98 ± 5.54∗∗

CD54/ICAM-1 32.65 ± 5.45 52.47 ± 10.83

CD106/V-CAM 1 4.17 ± 2.60 6.43 ± 3.85

CD146/MCAM 5.91 ± 5.69 24.58 ± 23.52

CD166/ALCAM 95.70 ± 1.64 95.28 ± 4.47

angiogenesis-related factors could be detected in the cell
culture media of fvERM cells treated by TNF𝛼 that were
otherwise absent in the untreated controls. Besides Serpine
E1, the antiangiogenic and tumorigenic pigment epithelium-
derived factor (PEDF, also known as Serpin F1) was induced
and secreted (at pixel density 20601.5 ± 1045.10). Endothelin
1 (ET-1; at pixel density 11427 ± 2065.46), a molecule that
has been implicated in the development and progression of
vascular disorders and usually secreted by endothelial cells
upon stimulation by proinflammatory cytokines or hypoxia,
could also be detected upon TNF𝛼 treatment (Figure 2). In
addition, TNF𝛼 stimulation caused expression of 14 TNF-
inducible proteins, among them being the pentraxin-related
protein 3 (PTX3), which is a marker for rapid primary local
activation of innate immunity and inflammation (at pixel
density 51756 ± 2533.56). Monocyte chemotactic protein-1
(MCP-1 or CCL2; at pixel density 15799.5±5861.92) and IL-8
(also refered as CXCL8; at pixel density 94931±9130.87) were
both released by the TNF𝛼 treated, but not the untreated,
fvERM outgrowing cells; these molecules play an important
role as monocyte chemoattractant proteins. High pixel den-
sity of thrombospondin 1 (TSP-1; 28239 ± 2942.27) could

also be measured in the proteome profiler array of the TNF𝛼
stimulated fvERM cells, referring to its many angiogenic and
antiangiogenic functions that depend upon its binding factor
alternatives. Endocrine-gland-derived vascular endothelial
growth factor (EG-VEGF)/prokineticin (PK), which is a new
members of the angiogenic cytokine family, was also secreted
by the TNF𝛼 stimulated cells, although in low amounts (at
pixel density 3698 ± 627.20), and it could not be detected in
the control cell culture supernatants. Dipeptidyl peptidase-
4 (DPPIV also known as CD26), which plays a key role in
the glucose metabolism, underwent induction upon TNF𝛼
treatment (at pixel density 15854.5 ± 2201.93). In addi-
tion, two members of the insulin-like growth factor-binding
proteins (IGFBPs) appeared upon the TNF𝛼 proinflamma-
tory stimulus IGFBP-2 (at pixel density 15965.5 ± 222.03)
and IGFBP-3 (at pixel density 41872.5 ± 2607.81). Matrix
metallopeptidase 9 (MMP-9), which has many biological
functions, among them being facilitation of angiogenesis
upon inflammatory stimulation, also increased upon TNF𝛼
treatment (at pixel density 8989.5 ± 134.35), while it was
absent in the supernatants from the control fvERM cells.
In correlation to the FACS surface immunophenotype of
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the fvERM cells, TNF𝛼 treatment increased the percentage of
CD54/ICAM-1 positive cells within the cell cultures and the
amount of the surface protein as well (Figures 2(c) and 2(d))
but had no influence on the VEGFR2 or CXCR4 expression,
indicating that these cells do not participate directly in the
angiogenesis process through endothelial differentiation.

3.3. Functionality and Viability of the fvERM Outgrowing
Cells. The dynamics of [Ca2+]i upon mechanical stimulation
reflects well upon the functionality and viability of the
outgrowing fvERM cells, and such mechanical tractional
forces can be common in fvERMs in late stages of PDR [15].
Mechanostimulation was induced by a glass micropipette
applied to a single cell (Figure 3(a)), which caused intracellu-
lar calcium propagation that could be followed from the cell
body to the periphery (Figure 3(b)). The fvERM outgrowing
cells responded to mechanostimulation by increasing their
[Ca2+]i in a monophasic manner (Figures 3(c) and 3(d)).
The parts of interest are shown by colored arrows superim-
posed onto the morphology image. The colors correspond
to the traces showing the time courses of the 360/380 ratio,
proportional to [Ca2+]i for the selected areas. The resting
levels, the increase in 360/380 ratio upon stimulation, and the
amplitudes of the ratio of the responses corresponding to the
resting levels and the changes in [Ca2+]i can all be visualized
in Figure 3.

4. Discussion

PDR is a devastating eye disease which can lead to blindness
thus needs further cellular phenotyping in order to better
understand how different cells play in the formation and
consequences from having fvERMs. Circulating endothelial
progenitor cells (EPCs) have been shown to play a key role
in the angiogenesis and neovascularization of the retina [16–
18] as well as the pathology of diabetic retinopathy [19–
23]. EPCs express hematopoietic stem-cell- and monocyte-
surface markers such as CD31, CD34, CD45, CD14, and
VEGFR2. Our fvERM and primary hRPE cells expressed
CD14, CD31, and CD34 to certain levels ex vivo, without
expressing the other known EPC or retinal endothelial cell
markers [24]. The surface marker expression pattern of
the primary hRPE cells appeared to be the closest to an
EPC phenotype [25], although no CD45 positivity could be
detected on them [26]. HLA-DR expression was very low
in both fvERM and primary hRPE cells, while no HLA-G
expression was detected on these cells that is in line with
previous findings [27–30]. Animal studies have shown that
CD117/c-kit is more likely expressed by retinal progenitor
cells [31–33] and angiogenic cells [18, 34], which to a certain
extent was the case with our primary hRPE, but not the
fvERM cells. From the fibroblastoid or mesenchymal stem
cell (MSC) markers (CD73, CD90, and CD105) [35], CD73
was present on both fvERM and primary hRPE cells. CD73
has been described as a retinal photoreceptor progenitor
marker inmice [36–38] and foundonhumanRPE cells aswell
[39]. Similarly, CD90 was expressed by both cell types, while
CD105 did not reach a sufficient expression level to qualify the

cells as MSCs. Interestingly, ABCG2 which is a well-known
stem cell marker and an important player in the maintenance
of stemness in retinal progenitor cells was expressed at a low
level on fvERM cells (<1%), while it was much higher on the
primary hRPE cells (17.63 ± 15.09%) [40].

The cell adhesionmolecules (CAMs) and integrins profile
are very important in cell-based tissue integrity and immune
response processes. Our primary hRPE cells increased the
ICAM-1 expression upon TNF𝛼 proinflammatory stimulus
[26, 41–44], similar to the fvERM cells, meaning that these
cells function as activated epithelial cells for leukocyte adhe-
sion [45, 46]. Interestingly, no CD11a (LFA-1) positivity could
be observed in both cell types under basal conditions. The
cellular and soluble forms of ICAM-1 have been frequently
detected in diabetic fibrovascular membranes [47], epiretinal
membranes, serum or vitreous [48–51] of patients with PDR.
Although CD146 has been known to be expressed on many
cell types under physiological or pathological conditions,
its presence and function in fvERM or primary hRPE cells
has not yet been described. Our cells expressed small levels
of CD146, which has generally been described as MSC
marker [35], but also as novel endothelial biomarker, which
plays an essential role in the angiogenesis by interacting
directly with VEGFR2 found on endothelial cells [25]. In
addition, CD146 has been accepted as a marker of a new
EPC subset as well [26]. Although no data exists about the
positivity of fvERM and primary hRPE cells for CD166,
cancer-, stem-, and retinal-endothelial cells have been shown
to express it [23]. The integrin pattern of our cells differed
in their CD18/integrin 𝛽2 and CD51/integrin 𝛼V expression.
Previously, CD29/integrin 𝛽1 [52], CD51/integrin 𝛼V, and
CD44/HCAM have been described to be present on the
surface of hRPE cells [45, 53, 54], but we detected more
positivity for integrin 𝛼1 and integrin 𝛼2 in our primary
hRPE cell cultures compared to the studies published to
date [53]. Our fvERM cells expressed low levels of the 𝛼-
subunit-containing integrins, besides a reported expression
of integrin 𝛼4 in diabetic retinopathy [53, 55]. Interestingly,
the presence of integrin 𝛽2 subunit has been considered
important factor in the RPE-T cell interaction [56].

Protein array screening is a fast, efficient, and specific
method for detecting a large number of interacting factors
involved in the angiogenesis pathway. Among the factors
present on our array, the PDGF receptor and its subunits have
already been detected onRPE cells [57, 58] and investigated in
ERMs of patients with proliferative vitreoretinopathy (PVR)
[59]. The PDGFR𝛼 subunit has been found to be more
frequent than the PDGFR𝛽 subunit [59, 60]. PDGF, the
ligand for the PDGF receptor, is an autocrine growth factor
produced by hRPE cells [61] and involved in the wound
healing and migration of these cells towards wounds; the
interaction of the ligand with its receptor seems to be exag-
gerated during wound repair and, therefore, ERM formation.
Indeed, cells isolated from ERMs removed during vitrectomy
for PVR show expression of PDGF receptor and are usually
identified as RPE cells [24]. Others have shown that while
the activation of RPE cells with IL-1𝛽 or TNF-𝛼 increases the
CXCR4 mRNA expression, this increase has no effect on the
percentage of cells expressing CXCR4 [62]. Our fvERM cells
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Figure 2: Continued.
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Figure 2: Angiogenic factors secreted by the fvERM cells. The fvERM cells were treated with 100 ng/mL TNF𝛼 for 24 hours. Supernatants
were collected, and cytokine levels were determined by a Human Angiogenesis Array Proteome Profiler. Map of the 55 angiogenesis-related
proteins detected on the membranes (a). Panel of the secreted proteins of control and TNF𝛼 treated cells (b). Flow cytometric surface marker
analysis of the TNF𝛼 treated cells ((c), (d)). (Data shown are mean ± SD of 3 independent experiments on 3 different donor fvERM samples).

did not express CXCR4 upon TNF𝛼 stimulation, similar to
how other cell types like HUVEC or Langerhans cells behave
[62]. Furthermore, this may indicate that fvERM cells are
not the migrating cells in diabetic retinopathy in response to
increased local SDF1𝛼 [23], nor that cell migration occurs via
the well-known SDF1𝛼-CXCR4 axis.

Presence of TNF𝛼 in the vitreous is an important marker
for PDR [50, 63]. Cells with angiogenic potential can induce
endothelial differentiation and angiogenesis. We investigated
the possible expression of VEGFR2 on fvERM cells upon
stimulation with TNF𝛼 and found no expression of this
receptor under such treatment. Despite this finding, cells that
are not directly involved in the angiogenesis can secrete pro-
or antiangiogenic factors during cell differentiation to either

support or inhibit vessel formation in their microenviron-
ment, respectively. Our fvERM cells secreted MCP-1/CCL-2
and IL-8/CXCL-8 uponTNF𝛼 treatment phenomenonwhich
has been observed in ARPE-19 cells and primary hRPE cells.
Besides TNF𝛼, IL-1𝛽, and coculturing with T lymphocytes
have all been shown to induce IL-6, IL-8, and MCP-1
secretion inARPE-19 cells [64–66]; in addition, TLR3 ligands
have been shown to have the same effect on hRPE cells [44].
MCP-1 can exhibit chemotactic activity, attractingmonocytes
to the site of inflammation and causing MCP-1-activated
apoptosis in hRPE cells [67]. Furthermore, MCP-1 has been
detected in the aqueous humor of patients with diabetic
retinopathy [68], and its level were higher in a rodent model
of this disease [69]. MMPs play a key role in the first stage
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Figure 3: Intracellular propagation of calcium signal upon mechanical stimulation in fvERM cells from PDR. Mechanical stimulation by a
glass pipette (a). Image showing the positions of the regions of interest (ROIs) presented in different colors to which correspond the traces on
(b), (c), and (d).The colored traces show the intracellular calcium concentration changes in time before and after the mechanical stimulation,
with different colors corresponding to the regions of the cell marked with corresponding colors (c). Enlarged region of the traces in (c)
showing that calcium increase starts in the cell region marked in blue and then propagates with a time delay to the cell regions marked in
red-green and then yellow (d). Color-coded images showing the intracellular calcium concentration distribution for four selected instants
marked in (c) with asterisk (e).

of cell migration, connective tissue remodeling and degra-
dation of basal lamina and surrounding extracellular matrix
(ECM) during neovascularization [70]. MMP-9 appeared,
while TIMP-1 levels increased upon TNF𝛼 treatment of
fvERM cells. Although the MMP-9 level has been previously
determined in PDR [71–73], nothing is known about its level
in healthy retina [72]. TIMP-1 and TIMP-2 have both been
measured in the vitreous of patients with PDR [74]: increased
levels of TIMP-1 have been associated with the disease [72,
74–76]. Our fvERM cells expressed and secreted a basal level
of TIMP-1, probably serving as a countercoup to angiogenesis
via inhibiting MMPs [77].

Among the diverse immunological activities of PTX3,
its role in innate immunity and inhibition of the uptake of
apoptotic cells by macrophages and dendritic cells (DCs)
have been well described [78, 79]. The induction of PTX3 by
TNF𝛼 in ARPE-19 cells has been previously shown [80], but
no such data have been shown in primary hRPE and fvERM
cells. EG-VEGF/PK-1 is a novel selective angiogenic mitogen
with a special prosurvival effect in different cell types [81],
including endothelial cells, DCs,monocytes, and neutrophils;
no reports have been made about its presence in primary
hRPE and fvERM cells. Interestingly, PK1 and PK2 have been
shown to induce monocyte differentiation and activation,
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suggesting an immunomodulatory function at local sites of
inflammation [82, 83].

Serpin E1/PAI-1 is a principal inhibitor of tissue plas-
minogen activator (tPA) and urokinase (uPA) and has been
shown as secreted by hRPE under hypoxic conditions [84].
Furthermore, PAI-1 could facilitate retinal angiogenesis in a
model of oxygen-induced retinopathy [85]. Serpin F1/PEDF
plays a very important antiangiogenic and antioxidant role in
the eye [86]. It has been found in the vitreous [87] and serum
[88] of patients with PDR.

IGFBPs have been detected in the vitreous of patients
suffering fromneovascular ocular diseases [89]. In particular,
IGFBP-2 and IGFBP-3 appear to be potent inhibitors of IGF-
I and IGF-II activity in Muller cells [90] and inhibitors of
cell growth of retinal endothelial cells [91]. Overexpression
of Endothelin 1 (ET-1) can lead to retinal edema, degen-
eration, and neuronal death in animal models [92, 93].
Dipeptidyl peptidase-4 (DPP4) is an important player in
glucose metabolism, but it has also been described for its
role in immunoregulation and apoptosis.Thrombospondin-1
(TSP-1) is a natural inhibitor of angiogenesis. High levels of
TSP-1 have been detected in drusen found in early stage age-
related macular degeneration [94]. The existence of TSP-1 in
the vitreous has been controversial and sometimes reported
as present [95] or absent [96] in the vitreous of PDR patients.

So far, the origin of the cells found in the fvERMs has
not been well understood. There is also lack of knowledge
regarding the fvERMs cells specific features, including the
Ca2+-signaling pathways. The knowledge of Ca2+ dynamics
is important toward understanding cell biology. Mechanical
force modulates a wide array of cell physiological processes.
Cells from diverse tissues detect mechanical load signals by
similar mechanisms but respond differently. The diversity of
responses reflects the genotype of the cell and themechanical
demands of the resident tissue. It has been shown that
hyperglycemia alters the tight control of intracellular calcium
dynamics in retinal cells and may lead to the develop-
ment of diabetic retinopathy [97]. Calcium signaling upon
mechanical stimulation has been demonstrated in human
corneal endothelial [98] and retinal pigment epithelial cells
[99], rat retinal astrocytes, and Müller cells as well [100].
Mechanosensory function of Müller cells in the retina upon
application of tractional force to the living retina showed
that Müller cells responded to retinal stretch both with
fast changes, as evidenced by transient intracellular calcium
increases, and with slower changes in protein expression
[101]. A model for Ca2+ waves in networks of glial cells
has been studied [102] which confirms the importance of
Ca2+ signaling measurements. It has also been shown that
calcium signaling mediates mechanically induced human
mesenchymal stem cell proliferation [103]. Calcium signaling
is recognized as a regulator of hematopoiesis [104]. The
application of shear stress to hematopoietic progenitor cells
was shown to stimulate hematopoiesis [105]. Store-operated
Ca2+ entry has been shown to be expressed in human
endothelial progenitor cells [106]. [Ca2+]i stores are essential
for injury induced Ca2+ signaling and reendothelialization
[107].

An unwanted consequences of the appearance of
fibrovascular membranes in PDR is the tractional force these
membranes can raise upon the retina that can eventually
lead to retinal detachment. Mechanical stimulation of the
cells in the membranes or the retina can result in [Ca2+]i
changes that can propagate through the cells as intercellular
waves. Generation of such calcium waves occurs by the
release of calcium from internal stores. The waves do not
evoke changes in the cell membrane potential, but may
constitute a pathway for extraneuronal signaling [108]. Along
that line, isolated retinal ganglion cells can respond directly
to mechanical deformation with pannexin-mediated ATP
release and autostimulation of the P2X

7
receptors [109].

Furthermore, stimulation of RPE cells with mechanical stress
can upregulate MMP-2 and fibronectin (FN) expression
through activation of the p38 pathway [110].

In summary, we could isolate and cultivate cells from
fvERMs obtained from patients with PDR and show their
proliferative potential. No pure hematopoietic, mesenchymal
stem cells and epithelial-like phenotype could be detected on
the fvERM cells. The release of proinflammatory cytokines
and angiogenic molecules upon selective inflammatory stim-
ulation with TNF𝛼 could also be shown ex vivo. In addition,
the functionality and viability of the fvERM cells could
be shown through an intracellular calcium dynamics upon
mechanostimulation, resembling closely the tractional stim-
uli which occur in fvERMs in PDR.
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Several candidate genes have been so far implicated in the pathogenesis of proliferative diabetic retinopathy (PDR) in subjects
with type 2 diabetes. Since the principal pathogenetic mechanisms for diabetic retinopathy (DR) and PDR are different, the main
pathogeneticmechanism inDR is increased vascular permeability, whereas in PDR the crucial pathogeneticmechanisms are fibrosis
and neoangiogenesis. Due to that fact, different candidate genes are expected to be involved in the development of either DR or
PDR. None of the candidate genes, however, can be fully and solely responsible for the development of PDR and for DR progression
into PDR. Epigenetic mechanisms are expected to be involved in the pathogenesis of PDR as well. Gene polymorphisms responsible
for PDR and epigenetic mechanisms responsible for PDR are reviewed in this paper.

1. Introduction

Changes in dietary habits and lifestyles associated with rapid
economic growth have dramatically increased the incidence
of diabetes, obesity, and related vascular complications [1, 2].
Both type 1 and type 2 diabetes are associated with hyper-
glycaemia, oxidant stress, and inflammation and significantly
increased risk for macrovascular complications and micro-
vascular complications [1, 2].

Diabetic retinopathy (DR) is associated with both envi-
ronmental and genetic factors. Several metabolic abnormal-
ities are implicated in its pathogenesis; however, the exact
mechanism remains to be determined. Several studies have
been devoted to the evaluation of environmental and genetic
factors related to DR and proliferative DR (PDR), whereas
much less is known about epigenetic mechanisms [3–7].

Environmental risk factors for DR and PDR are well
known, including duration of diabetes, glycaemic control,
hypertension, and other environmental factors, whereas the
genetic risk factors for the development and progression of
DR into PDR are only beginning to be understood [8–11]
(Table 3). There is growing evidence, however, that PDR has
a genetic predisposition [12–19].

The progression of diabetic retinopathy DR to PDR is a
serious complication of diabetes [20]. Ischemia-induced reti-
nal neovascularization in association with the outgrowth

of fibrovascular epiretinal membranes at the vitreoretinal
interface is a hallmark feature of PDRandoften leads to severe
visual loss due to haemorrhage and/or tractional retinal
detachment [21]. In PDR, extensive proliferation of new ves-
sels (neoangiogenesis) often leads to vitreous haemorrhage,
retinal detachment, and neovascular glaucoma. A surgical
procedure called vitrectomy can alleviate to a limited extent
some of the complications of PDR, thereby preventing visual
loss.

2. Pathogenesis of DR and PDR

Diabetic retinopathy is characterized by increased vascular
permeability, haemostatic abnormalities, endothelial dys-
function, increased tissue ischemia, and neoangiogenesis [2].
The pathogenetic mechanisms of DR are very complex. Many
hyperglycemia-induced metabolic abnormalities are impli-
cated in its pathogenesis, such as alteration in retinal blood
flow, hemostatic abnormalities, metabolic changes, increased
oxidative stress, increased polyol pathway flux, activation of
protein kinase C isoforms, increased hexosamine pathway
flux, and increased advanced glycation endproduct forma-
tion, nonenzymatic glycosylation of collagen, and other
tissue proteins, which are observed during long-term hyper-
glycemia [2, 9]. Moreover, many systemic abnormalities in
diabetes affect the platelet function and thrombotic system,
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and these may be involved in the development of DR and/or
PDR. These changes are hyperreactive platelets, decreased
vascular prostacyclin production, endothelial dysfunction
resulting in increased circulating levels of von Willebrand
factor and leukocyte adhesion molecules, hypercoagulability,
and decreased fibrinolysis. Increased levels of intercellular
adhesion molecule-1 and of plasminogen activator inhibitor-
1 mRNA as well as decreased levels of tissue plasminogen
activator are specifically found in retinal vessels of diabetic
compared with nondiabetic individuals [22, 23].

Inflammation, fibrosis, and angiogenesis are processes
involved in the pathogenesis of PDR [24].The causal relation-
ship between inflammation and angiogenesis in PDR is now
widely accepted [25]. The emerging focus in PDR research
is on the link between chronic, low-grade inflammation and
angiogenesis. Although the exact mechanism of the devel-
opment of retinopathy remains elusive, growth factors,
cytokines, and chemokines were implicated in the progres-
sion of DR and in the development of angiogenesis [26, 27].
In normal ocular tissue, angiogenic hemostasis is controlled
by the balance between stimulators of angiogenesis, such
as VEGF, and inhibitors of angiogenesis, such as pigment
epithelium-derived factor, whereas in PDR this balance is
shifted toward increased angiogenesis [28]. Retinal hypoxia
induces increased expression of several genes, such as VEGF,
erythropoietin (EPO), and cytokines, leading to fibrosis and
angiogenesis [26]. Recently, increased expression of VEGF
and EPO and decreased expression of pigment epithelium-
derived factor have been demonstrated in vitreous fluid in
patients with PDR in comparison to control group [27].
Moreover, vitreous levels of EPO and VEGF correlated with
the HbA1c in patients with PDR [27] implicating the effect of
diabetes control on PDR progression.

Higher levels of high-mobility group box-1 protein
(HMGB1), vascular endothelial growth factor (VEGF), inter-
leukin 8, intercellular adhesion molecule (ICAM-1), vascular
cell adhesion molecule (VCAM-1), soluble vascular endo-
thelial-cadherin, vascular adhesion protein, erythropoietin
(EPO), soluble endoglin, and chemokines MCP-1 and IP-
10 have been recently reported in vitreous fluid from PDR
patients compared to nondiabetic patients [16, 27, 29–32].
In vascular endothelial cells and in the retina, expression of
EPO, a glycoprotein that stimulates erythropoiesis and angio-
genesis, and expression of EPO receptors were demonstrated
[33, 34].Moreover,McVicar and coworkers [35] have recently
demonstrated that treatment with an EPO-derived peptide in
fully established diabetes could significantly protect against
neuroglia and vascular degenerative pathology without alter-
ing hematocrit or exacerbating neovascularization (2011).

It is speculated that HMGB1 might be an important link
between chronic low-grade inflammation and angiogene-
sis. HMGB1 functions as a proinflammatory cytokine and
exhibits angiogenic effects [25, 36]. The binding of HMGB1
on the receptor for advanced glycation endproducts (RAGE)
activates the transcription factor nuclear factor kappa B (NF-
𝜅B). Finally, the activation ofNF-𝜅B induces the expression of
various leukocyte adhesion molecules and proinflammatory
cytokines, chemokines, and angiogenic factors [25].

Additionally, endoglin (sEng) has recently been reported
to regulate angiogenesis beside affecting endothelial cell
function [27, 37]. In vitro and in vivo studies demonstrated
that sEng is capable of inhibiting angiogenesis [37]. Abu El-
Asrar and coworkers have recently demonstrated a significant
negative correlation between sEng levels and the levels of
sVE- cadherin in the vitreous from patients with PDR [27].
These findings suggest a lower angiogenic activity in patients
with higher levels of sEng and that the upregulation of sEng in
the vitreous fluid from patients with PDRmay be a protective
antiangiogenesis eye response to suppress the progression of
PDR [27].

Moreover, oxidative stress has also been recently reported
to affect the development of PDR [32]. Vascular adhesion pro-
tein (VAP)-1 has been implicated as a possible link between
inflammation and oxidative stress in PDR [32]. Increased
vitreous levels of VAP-1 have been demonstrated in patients
with PDR ([32].Moreover, in vitro studies have demonstrated
increased sVAP-1 after stimulation with high glucose or
inflammatory cytokines, such as TNF-𝛼 and IL-1𝛽 [32].
Furthermore, matrixmetalloproteinase-2 and -9, type IV col-
lagenases, were the key molecules to mediate the protein
cleavage of VAP-1 from retinal capillary endothelial cells.
Murata and coworkers were the first to provide evidence on
the link between sVAP-1 and type IV collagenases in the path-
ogenesis of PDR [32].

Recently, the significant decrease of angiogenic factors
(angiopietin-2, HGF, VEGF, and EPO) in the vitreous fluid
after vitrectomy has been reported suggesting that vitrectomy
shifts the eye towards an antiangiogenic environment [38, 39].

3. Candidate Genes for PDR

Several candidate genes have been so far implicated in the
pathogenesis of PDR in subjects with type 2 diabetes (Table 1)
[12–19]. Since the principal pathogenetic mechanisms for DR
and PDR are different, namely, increased vascular permeabil-
ity in DR and primarily fibrosis and neoangiogenesis in PDR,
different candidate genes are expected to be involved in the
development of PDR.Moreover, several gene polymorphisms
have been so far reported to be associated with PDR and to
be potential genetic markers for PDR in subjects with type 2
diabetes [12–19].

4. Gene Polymorphisms of Growth Factors

The substantial overexpression of VEGF was demonstrated
in fibrovascular membranes in patients with proliferative
diabetic retinopathy, suggesting that this molecule might
contribute to the development of PDR [40]. Expression of
growth factors, such as VEGF, basic fibroblast growth factor
(BFGF), and insulin-like growth factor (IGF), is influenced by
single-nucleotide polymorphisms (SNPs) in these genes [41–
52]. Several studies have so far demonstrated the importance
of gene polymorphisms VEGF, BFGF, and IGF in the patho-
genesis of PDR (Table 2) [41–52]. So far, 634C/G polymor-
phism of the VEGF was the most often tested polymorphism;
however, in all studies 634C/G polymorphism failed to be
associated with PDR, whereas other polymorphisms have
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Table 1: Pathways and genes implicated in the pathogenesis of PDR.

Pathway/systems Gene

Growth factors
Vascular endothelial growth factor
Basic fibroblast growth factor
Insulin-like growth factor

Oxidative system

Manganese superoxide dismutase
Catalase myeloperoxidase
Glutathione S-transferase
NADPH oxidase
Endothelial nitric oxide synthase
Inducible nitric oxide synthase

Inflammatory genes Interleukins
Tumor necrosis factor

Adhesion molecules
Intercellular adhesion molecule
Vascular cell adhesion protein
Platelet endothelial cell adhesion
molecule

Polyol pathway Aldose reductase/sorbitol dehydrogenase

Renin-angiotensin
system

Renin
Angiotensinogen
Angiotensin 1 converting enzyme
Aldosterone

Advanced glycation
end products

Receptor for advanced glycation end
products

Peroxisome
proliferator-activated
receptor

Peroxisome proliferator-activated
receptor
Coactivator for peroxisome
proliferator-activated receptor

Thrombotic system Fibrinogen
Platelet function Integrin
Extracellular matrix
homeostasis

Matrix homeostasis genes
Matrix metalloproteinase

Hormones/vitamins Growth hormone
Vitamin D

Undefined Glucose transporter-1
Growth hormone

been tested more rarely; therefore, confirmatory studies are
warranted.

5. Gene Polymorphisms of
Oxidative Stress Genes and PDR

Several studies have so far reported an association between
risk genotypes of the oxidative stress genes and PDR in type
2 diabetes (Table 3) [19, 53–55]. In two large studies, an asso-
ciation has recently been reported, namely, between either aa
genotype of the eNOS 4a/b polymorphism or haplotype A val
Ins and PDR in Caucasians [19, 53]. So far, no polymorphism
of the genes affecting oxidative stress has been confirmed in
another population in patients with PDR.

6. Genes Affecting the Iron Metabolism

Genes involved in iron metabolism (hemochromatosis gene,
EPO gene) have also been implicated in the pathogenesis of
PDR (Table 4) [35, 56–58]. The first report about the role of
iron metabolism in the development of PDR was made in
2003. The authors reported the association of the C282Y in
the hemochromatosis (HFE) gene with proliferative diabetic
retinopathy in Caucasians with type 2 diabetes [57]; however,
the authors did not propose the mechanism behind this
finding. It is speculated that changes in iron metabolism
were involved in the PDR development via oxidative stress.
Moreover, it was reported that expression of EPO was
influenced by single-nucleotide polymorphisms (SNPs) in
the EPO gene [56]. So far, however, different polymorphisms
of the genes affecting iron metabolism have been tested on
various populations in patients with PDR, and confirmatory
studies are warranted.

7. Gene Polymorphisms of
Cytokine Genes and PDR

Overexpression of cytokines has recently been reported in
in vitreous fluid in patients with PDR, and cytokines are
implicated in the pathogenesis of fibrosis and angiogenesis
[24, 26]. Moreover, several studies have so far reported an
association between risk genotypes of the cytokine genes
and PDR in type 2 diabetes (Table 5) [48–50, 59–63]. So far,
however, none of the risk genotypes has been reported to be
associatedwith PDR inmore than one population, suggesting
that studies of the same polymorphisms on different popula-
tions are needed.

8. Gene Polymorphisms of
the Adhesion Molecules and PDR

Thesubstantial overexpression of adhesionmolecules ICAM-
1, VCAM-1, and of VEGF was demonstrated in fibrovascular
membranes in patients with proliferative diabetic retinopa-
thy, suggesting that these molecules might contribute to the
development of PDR [40]. Few studies have so far tested
possible association between risk genotypes of adhesion
molecules and PDR in type 2 diabetes (Table 6) [18, 64].
One risk genotype and one risk allele were reported to be
associated with the development PDR, EE genotype of the
IKAM K469E polymorphism in Caucasians, and 𝐾 allele of
the IKAM K469E in Chinese population (Table 6) [18, 64],
indicating potential interracial differences.

9. Gene Polymorphisms of
the Polyol Pathway and PDR

Few studies have so far tested the possible association
between risk genotypes of the polyol and PDR in type 2
diabetes (Table 7) [65–67]. Two risk genotypes were reported
to be associated with the development of PDR, namely, z-4
genotype of the (AC)

𝑛
polymorphism and CC genotype of

the−106C>Tpolymorphism of the aldose reductase (Table 7)
[65, 66].
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Table 2: The reported studies of growth factor genes and proliferative diabetic retinopathy in subjects with type 2 diabetes.

Population Subjects with type 2
diabetes (n) Polymorphism (rs) Risk genotype/allele OR (P value)1 Reference

Japanese population 536 (PDR versus NDR
dm without DR) VEGF2 −634C/G CC—no association 1.5 (0.08) [46]

Slovak population
(Caucasians)

245 (PDR versus dm
without PDR)

TGF-beta3 +915G/C
(R25P) RR genotype 2.89 (<0.01) [42]

English population
(Caucasians)

267 (PDR versus
non-PDR)

VEGF2 −460C/T,
VEGF2 +405C/G CC; no association 3.7 (0.02)

NA4 [43]

Indian population 208 (PDR versus
non-PDR) IGF5-(CA)

𝑛
18-(AC) repeats 2.8 (<0.05) [51]

Slovak population
(Caucasians)

488 (PDR versus
non-PDR versus dm
without DR)

bFGF6 −754C/G CC NA4 (0.006) [44]

Slovene population
(Caucasians)

349 (PDR versus dm
without DR) VEGF2 −634C/G CC—no association 1.1 (0.7) [16]

Polish population
(Caucasians)

215 (PDR versus
non-PDR versus dm
without DR)

VEGF2 −634C/G,
VEGF2 +460C/T No association NA4 [52]

Slovene population
(Caucasians)

313 (PDR versus dm
without DR)

bFGF6: −553T/A,
−834T/A, −921C/G

−553T/A AT
genotype;
−834T/A AT
genotype

2.0 (0.03);
0.4 (0.01); no
association;
consecutively

[17]

South Korean
population

398 (PDR versus
non-PDR versus dm
without DR)

VEGF2 −936C/T TT NA4 [45]

Australian population
364 (PDR versus
non-PDR versus dm
without DR)

VEGF2—rs3025021 and
rs10434, consecutively

C allele rs3025021
G allele

3.8 (0.002)
2.6 (0.002) [46]

Japanese population 364 (PDR versus dm
without DR)

VEGF2 −634C/G;
−2578C/A

No association; AA
genotype

No association;
7.7 (0.002) [47]

Han Chinese population
285 (PDR versus
non-PDR versus dm
without DR)

VEGF2 −634C/G No association NA4 (0.6) [48]

South Korean
population

387 (PDR versus
non-PDR versus dm
without DR)

rs699947, rs1570360, and
rs2010963—VEGF2 AGG haplotype 4.3 (𝑃 = 0.019) [49]

Iranian population 398 (PDR versus NDR) VEGF2 +405 GG 1.87 (𝑃 = 0.039) [50]
1Odds ratio and P value in logistic regression analysis; 2vascular endothelial growth factor; 3transforming growth factor-beta; 4not available; 5cytosine-adenine
(CA)(𝑛) repeat in the promoter of the insulin-like growth factor (IGF) gene; 6basic fibroblast growth factor.

Table 3: The reported studies of polymorphisms of genes of oxidative stress and proliferative diabetic retinopathy in subjects with type 2
diabetes.

Population Subjects with type 2
diabetes (n) Polymorphism (rs) Risk genotype/allele OR (P value)1 Reference

Caucasian-Brazilians 501 (PDR versus NDR
versus dm without DR)

UCP22: −866G/A3;
Ala55Val4; 45 bp Ins/Del5 Haplotype A Val Ins 2.12 (0.006) [53]

Slovene population
(Caucasians)

577 (PDR versus dm
without PDR)

eNOS 4a/4b; eNOS6
894G>T3 eNOS6 aa; none 2.9 (=0.005); no

association [19]

Chinese population 8111 (PDR versus NDR
versus dm without DR)

eNOS6 4a/4b; eNOS
894G>T7 eNOS; T −786C
eNOS8

No association
(4a/b; 894G>T);
786C—antirisk

No association
(4a/b; 894G>T);
786C—antirisk

[54]

Caucasian-Brazilians 630 (PDR versus NDR
versus dm without DR)

eNOS2 4a/4b; eNOS2
894G>T3 eNOS2; T −786C
eNOS3

No association No association [55]

1Odds ratio and P value in logistic regression analysis; 2uncoupling protein 2; 3866G/A (rs659366); 4Ala55Val (rs660339); 5insertion/deletion (Ins/Del) poly-
morphism; 6endothelial nitric oxide synthase; 7894G>T (Glu298Asp).
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Table 4:The reported studies of the genes involved in ironmetabolism and proliferative diabetic retinopathy in subjects with type 2 diabetes.

Population Subjects with type 2
diabetes (n) Polymorphism (rs) Risk genotype/allele OR (P value)1 Reference

Slovene population
(Caucasians)

223 (PDR versus dm
without PDR)

C282Y-HFE2;
H63D-HFE2

C282Y
heterozygosity; no

association

3.0 (0.02);
NA [57]

USA study3 2052 (PDR versus NDR
versus dm without DR)

EPO4

promoter-rs1617640 T allele 2.0 (<0.001) [56]

Australian5

population
345 (PDR versus NDR
versus dm without DR)

EPO4-rs507392;
rs1617640; rs551238

CC/GG/CC;
consecutively

<0.008; <0.008;
<0.008; consecutively [58]

1Odds ratio and P value in logistic regression analysis; 2hemochromatosis gene; 3three European-American cohorts (Utah; GoKinD Study; and Boston).
4Erythropoietin gene; 5ninety-three percent were Caucasians of European descent, 7% were of Asian and Middle Eastern descent.

Table 5:The reported studies of polymorphisms of the cytokines genes and proliferative diabetic retinopathy in subjects with type 2 diabetes.

Population Subjects with type 2
diabetes (n) Polymorphism (rs) Risk

genotype/allele OR (P value)1 Reference

Slovak population
(Caucasians)

246 (PDR versus dm
without PDR) TNF2-𝛽 NcoI 𝛽2 allele NA (<0.01) [59]

Asian Indian
population

207 (PDR versus dm
without DR)

TNF2 (GT)
𝑛

microsatellite3 Allele 8 (111 bp) NA (<0.01) [60]

Japanese population 251 (PDR versus NDR
versus dm without DR)

LTA4 −804C/A,
252A/G; TNF2𝛼
(−302A/G)

Genotype
distribution No association [61]

Indian population 493 (PDR versus dm
without DR)

IL5-10 1082G allele;
TNF2𝛼 −238A

GG genotype; AA
genotype

2.2 (0.0037);
5.8 (0.001) [62]

Korean population 590 (PDR versus dm
without PDR)

MCP-16
−2518A/G AA genotype 1.9 (0.009) [63]

1Odds ratio and P value in logistic regression analysis; 2tumor necrosis factor; 3(GT)n microsatellite dinucleotide repeat upstream to the promoter region of
TNF gene; lymphotoxin 𝛼 −804C/A polymorphism in exon 3 and 252A/G polymorphism in intron 1; 5interleukin; 6monocyte chemoattractant protein-1.

Table 6:The reported studies of adhesion molecules (ICAM, PECAM, VCAM) and proliferative diabetic retinopathy in subjects with type 2
diabetes.

Population Subjects with type 2
diabetes (n) Polymorphism (rs) Risk

genotype/allele OR (P value)1 Reference

Chinese population
172 (PDR versus NDR
versus dm without

DR)

ICAM-12-K469E
ICAM-12-G241A

K allele;
no association

NA (0.01);
NA [64]

Slovene population
(Caucasians)

338 (PDR versus dm
without DR)

ICAM-12-K469E
ICAM-12-G241A

EE;
no association

2.0 (0.01);
NA [18]

1Odds ratio and P value in logistic regression analysis; 2intracellular adhesion molecule-1.

Table 7: The reported studies of polyol pathway (aldose reductase/sorbitol dehydrogenase) genes and proliferative diabetic retinopathy in
subjects with type 2 diabetes.

Population Subjects with type 2
diabetes (n) Polymorphism (rs) Risk genotype/allele OR (P value)1 Reference

Japanese population 61 (PDR versus
nonPDR) AR2 (AC)

𝑛
z-4 [65]

Brazilian population 579 (PDR versus
non-PDR) −106C>T AR2 CC 2.04 (𝑃 = 0.007) [66]

Poland (Caucasians)
215 (PDR versus

non-PDR versus dm
without DR)

−SDH3 C −1214G
(rs2055858) and G
−888C (rs3759890)

None — [67]

1Odds ratio and P value in logistic regression analysis; 2aldose reductase; 3sorbitol dehydrogenase.
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Table 8: The reported studies of the renin-angiotensin system and proliferative diabetic retinopathy in subjects with type 2 diabetes.

Population Subjects with type 2
diabetes (n)

Polymorphism (rs) Risk genotype/allele OR (P value)1 Reference

Danish population
(Caucasians)

222 (PDR versus dm
without DR)

ACE I/D2 DD—no association 1.2 (0.4) [68]

Slovene population
(Caucasians)

204 (PDR versus NDR
versus dm without DR)

ACE I/D2 DD—no association 1.2 (0.4) [69]

Chinese population 4385 (PDR versus NDR
versus dm without DR)

ACE I/D2 DD—no association NA [70]

Chinese population 2224 (PDR versus dm
without DR)

ACE I/D2 DD 2.2 (<0.01) [71]

1Odds ratio and P value in logistic regression analysis; 2insertion/deletion polymorphism of the angiotensin I-converting enzyme gene.

10. Gene Polymorphisms of
the Renin-Angiotensin System and PDR

Few studies have so far tested the possible association
between risk genotypes of the renin-angiotensin system and
PDR in type 2 diabetes; however, they failed to demonstrate
an association (Table 8) [68–71]. According to these results, it
may be concluded that RAS system does not have an impor-
tant part in the pathogenesis of PDR.

11. Proteomics

Beside genomics, other omics technologies have offered
important information trying to reveal the pathogenetic
mechanisms in PDR. So far, especially proteomics has been
very helpful in revealing several biological pathways and
defining potential new drug targets [72–74].

Biological pathway analysis of the study reported in 2008
revealed that the vitreous contains 30 proteins associated
with the kallikrein-kinin system, coagulation, and comple-
ment systems. Seven of them (complement C3, complement
factor I, prothrombin, alpha-1-antitrypsin, antithrombin III,
angiotensinogen, and peroxiredoxin-1) were increased in
PDR vitreous compared with control vitreous, whereas
decreased levels of extracellular superoxide dismutase and
neuroserpin were demonstrated in PDR vitreous [75].
Recently, Wang and coworkers [73] have revealed 44 proteins
involved in 56 biological pathways in PDR.Themost remark-
able pathways differentially represented between PDR and
normal vitreous were the glycolysis/gluconeogenesis, com-
plement and coagulation cascades, gap junction, and phago-
some pathways. The differential expressions of angiopoietin-
related protein 6, apolipoproteinA-I, estrogen receptor alpha,
and tubulin were confirmed by Western blot analysis [75].
Since improved and more sensitive techniques for the pro-
teome analysis are emerging, new data are expected [76].

12. Epigenetic factors and DR

So far, several candidate genes have been implicated in the
pathogenesis of diabetic retinopathy via complex interactions
of environmental and genetic factors. None of them, however,
can be fully and solely responsible for the development of
diabetic retinopathy and for DR progression into PDR.

Good glycemic control, if started in the initial stage of
diabetes, prevents the development of retinopathy, but if
reinstituted after a period of poor control, fails to halt its
development, suggesting a metabolic memory phenomenon
[4]. Patients in the conventional treatment regimen during
the diabetes complications and control trial had a higher
incidence of complications several years after switching
to intensive therapy than the patients in intensive control
[77, 78]. Studies in rats have demonstrated that the retina
continues to experience oxidative stress, MnSOD remains
compromised, and NF-𝜅B is activated for at least 6 months
after reinstitution of good glycemic control that has followed
6 months of poor control. This phenomenon has recently
been reported to be due to the global acetylation of retinal
histone H3 [4]. The epigenetic regulation has been demon-
strated inmanganese superoxide dismutase gene [4], whereas
it has not been studied in any integrin gene yet. A similar
mechanism (i.e., global acetylation of retinal histone H3) has
also been proposed in the pathogenesis of the progression of
DR.

Epigenetic changes occur without alterations in the DNA
sequence and can affect gene transcription in response to
environmental changes and nutrition. Transition from the
active to the inactive state of chromatin is the central mech-
anism of gene regulation, and this is defined as epigenetic
factor. Several pathways may be involved in the epigenetic
regulation, that is, DNAmethylation, histone acetylation, and
noncoding RNAs or microRNAs [3, 4].

Modulation of epigenetic changes by pharmaceutical
means may provide a potential strategy to retard the pro-
gression of DR. Beside intense medical management, these
strategies include dietary measures and the introduction of
epigenetic drugs, such as inhibitors of DNAmethylation and
histone demethylases.

13. Conclusions

Changes in dietary habits and lifestyles associated with rapid
economic growth have dramatically increased the incidence
of diabetes and related macrovascular and microvascu-
lar complications. Several factors, such as hyperglycaemia,
oxidative stress, inflammation, and platelet dysfunction, are
implicated in the pathogenesis of diabetic retinopathy. So far,
several studies have demonstrated the importance of several
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environmental and genetic factors. However, larger cross-
sectional studies and well-poweredmeta-analyses are needed
to identify more successfully underlying genetic variants for
PDR. However, much less is known about gene-environment
interactions and epigenetic changes.

Alarming estimates indicate that the rate of diabetes and
associated complications (including DR) are rapidly increas-
ing; therefore, additional strategies to arrest these trends are
needed. Beside intense medical management, these strategies
include dietary measures and the introduction of epigenetic
drugs, such as inhibitors of DNA methylation and histone
demethylases.

Finally, based on current knowledge, optimising themed-
ical management of diabetic retinopathy should address the
control of glycaemia, blood pressure, and lipids, and specific
therapies using fenofibrate with a statin and candesartan
should be considered.

It is generally accepted that susceptibility to DR and PDR
is most likely determined by a large number of relatively
common allelic variants, possibly interlinked and interacting
with environmental influences, each individually conferring
a modest increase in relative risk. Identifying these variants
in an individual and utilizing the appropriate medical man-
agement seem promising in the prevention and treatment of
DRandother diabetic vascular complications, taking one step
further towards personalized medicine.
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Petrovič, “Insertion/deletion plasminogen activator inhibitor
1 and insertion/deletion angiotensin-converting enzyme gene
polymorphisms in diabetic retinopathy in type 2 diabetes,”
Ophthalmologica, vol. 217, no. 3, pp. 219–224, 2003.

[70] J. Zhou and J. Yang, “Angiotensin-converting enzyme gene poly-
morphism is associated with proliferative diabetic retinopathy:
a meta-analysis,” Acta Diabetologica, vol. 47, supplement 1, pp.
S187–S193, 2010.

[71] Y. Lu, Y. Ge, Q. Hu et al., “Association between angiotensin-
converting enzyme gene polymorphism and diabetic retinopa-
thy in the Chinese population,” Journal of the Renin-Angiotens-
in-Aldosterone System, vol. 13, no. 2, pp. 289–295, 2012.

[72] M. L. Merchant and J. B. Klein, “Proteomics and diabetic
retinopathy,” Clinics in Laboratory Medicine, vol. 29, no. 1, pp.
139–149, 2009.

[73] H. Wang, L. Feng, J. Hu, C. Xie, and F. Wang, “Differentiating
vitreous proteomes in proliferative diabetic retinopathy using
high-performance liquid chromatography coupled to tandem
mass spectrometry,” Experimental Eye Research, vol. 108, pp.
110–119, 2013.

[74] G.Mohammad,M.M. Siddiquei, A.Othman,M.Al-Shabrawey,
and A. M. Abu El-Asrar, “High-mobility group box-1 protein
activates inflammatory signaling pathway components and
disrupts retinal vascular-barrier in the diabetic retina,” Exper-
imental Eye Research, vol. 107, pp. 101–109, 2013.

[75] B. Gao, X. Chen, N. Timothy, L. P. Aiello, and E. P. Feener,
“Characterization of the vitreous proteome in diabetes without
diabetic retinopathy and diabetes with proliferative diabetic
retinopathy,” Journal of Proteome Research, vol. 7, no. 6, pp.
2516–2525, 2008.

[76] M. Angi, H. Kalirai, S. E. Coupland, B. E. Damato, F. Semer-
aro, and M. R. Romano, “Proteomic analyses of the vitreous
humour,” Mediators of Inflammation, vol. 2012, Article ID
148039, 7 pages, 2012.

[77] D. K. Cundiff and C. R. Nigg, “Diet and diabetic retinopathy:
insights from the Diabetes Control and Complications Trial
(DCCT),” MedGenMed Medscape General Medicine, vol. 7, no.
1, article 3, 2005.

[78] Writing Team for the Diabetes Control and Complications
Trial/Epidemiology of Diabetes Interventions and Complica-
tions Research Group, “Sustained effect of intensive treatment
of type 1 diabetes mellitus on development and progression of
diabetic nephropathy: the Epidemiology of Diabetes Interven-
tions and Complications (EDIC) study,” Journal of the American
Medical Association, vol. 290, no. 16, pp. 2159–2167, 2003.




