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Abstract Diabetic retinopathy (DR) is a multifactorial
disease with complex pathophysiology. It is the main cause
of blindness among the people in productive age. The pur-
pose of this literature review is to highlight recent achieve-
ments in the genetics of diabetic retinopathy with particu-
lar focus on candidate gene studies. We summarized most
of the available published data about candidate genes for
diabetic retinopathy with the goal to identify main genetic
aspects. We conclude that genetic studies reported contra-
dictory findings and no genetic variants meet criteria of
a diagnostic marker, or significantly elucidate the root of
DR development. Based on these findings it is important
to continue with the research in the field of DR genetics,
mainly due to the fact that currently new possibilities and
approaches associated with utilization of next-generation
sequencing are available.
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Introduction

Diabetes mellitus (DM) is one of the most significant health
problems worldwide. It is a metabolic disorder in which
elevated blood sugar levels are present as a result of the
inability to produce a sufficient amount of insulin (type
1) or because of cellular insulin resistance (type 2). Both
types of diabetes are associated with hyperglycaemia, oxi-
dative stress, inflammation and macrovascular (coronary
artery disease, atherosclerosis, hypertension and stroke) and
microvascular complications such as retinopathy, nephropa-
thy and neuropathy [1].

The number of patients with diabetes mellitus is rapidly
increasing every year. Global mortality resulting from dia-
betes in adults was estimated to be 1.5 million deaths in
2012 (World Health Organization). It is estimated that there
will be 418 million patients with impaired glucose tolerance
and 380 million patients with T2DM by 2025 [2].

Diabetic retinopathy (DR) is a leading cause of visual
impairment in patients at productive age. These alarming
numbers highlight the necessity of optimization of diagnos-
tic methods that will allow early identification of diabetic
patients with significantly elevated risk of DR development
that will help start optimal prevention and intervention. DR
has an overall prevalence of 22-37% in individuals with
known diabetes. It leads to damage of the retina micro-
vasculature as a result of prolonged exposure to metabolic
changes induced by diabetes. If left untreated, it may lead to
blindness on account of continuous blood leakage due to the
loss of retinal pericytes and fenestration [1]. DR is classified
into two categories based on severity, namely less-severe
nonproliferative diabetic retinopathy (NPDR) and severe
proliferative diabetic retinopathy (PDR). The key changes
of the retina in NPDR, as a result of hypoxia and venous
bleading, are microaneurysms, vascular leakage, hard
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exudates, intraretinal microvascular abnormalities and cot-
ton wool spots (Fig. 1). Retinal neovascularization induced
by ischemia is the main characteristic of PDR [3].

The aetiology of this complex disease remains unclear
and poorly understood. It is associated with both environ-
mental and genetic factors. The possibility of developing
and progression of DR is closely related to the duration
of DM [1]. Almost all patients with TIDM and >60%
of patients with T2DM are anticipated to have some type
of retinopathy within the first 10 years of diabetes being
diagnosed. The Diabetes Control and Complications Trial
(DCCT) and United Kingdom Prospective Diabetes Study
(UKPDS) clinical trials have also confirmed significant
association between chronic hyperglycaemia and develop-
ment and progression of DR, however, the fundamentals
of how hyperglycaemia causes microvascular changes in
the retina has not been fully elucidated [4]. Involvement of
several biochemical pathways which can elucidate the role
of hyperglycaemia in DR pathophysiology has been pro-
posed, including activation of diacyl-glycerol (DAG)-PKC
pathway, accelerated formation of advanced glycation end-
products (AGE), increased polyol pathway flux, increased
expression of growth factors (VEGF, IGF-1), haemodynamic
changes, renin-angiotensine-aldosterone system (RAAS),
leukostasis, subclinical inflammation, and oxidative stress
that leads to increased expression of several proinflamma-
tory genes (NF-xB, TGF-B, NOX4, Nrf2, etc.). Other risk
contributors for DR development are dyslipidemia [5] and
possibly blood pressure, but studies are contradictory about
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pericyte loss thickening of EBM

| 1 endothelial permeability |

| hyperglycemia F—@—» leukocyte adhesion,
leukostasis

these risk modifiers [4, 6]. Pathways contributing to DR
pathologies alongside with relevant genes are summarized
in Fig. 2. In summary, increased vascular permeability, hae-
mostatic abnormalities, endothelial dysfunction, increased
tissue ischemia, angiogenesis and neovascularization is
typical for overall DR pathophysiology [1].

Genetic aspects of the diabetic retinopathy

The above mentioned risk factors are not solely responsible
for susceptibility to DR. Clinical studies have revealed con-
siderable variations in the retinopathy onset and severity
that cannot be fully explained by known risk factors such
as the duration of diabetes, the level of glycemic control,
or concomitant vascular disease [7]. For instance, some
people might have DR even when they have good glyce-
mic control and duration of DM is short. In contrast, other
patients have poor glycemic control and prolonged duration
of DM and yet may not develop DR. The probability of DR
development also depends on the ethnicity; the Hispanics,
the individuals of African descent and the Asians are more
susceptible to DR [8, 9]. A study from 2008 reported reti-
nopathy symptoms, including retinal microaneurysms, in
nondiabetic patients with an optimal glucose level (glyco-
sylated haemoglobin levels <5.0%) [10] and these micro-
vascular changes were indistinguishable from lesions in
diabetic DR. Therefore there is evidence that additional
risk factors and genetic predispositions have a part in the
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Fig. 1 Symptoms and pathological processies typical for diabetic retinopathy leading to vision lost. EBM endothelial basal membrane, BRB blood

retinal barrier, EC endothelial cell
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Fig. 2 Putative roles of genes identified by candidate genes studies
in pathophysiological processies during diabetic retinopathy. RAAS
renin—angiotensin—aldosterone system, AGE advanced glycation

development and progression of DR and that these factors
are independent of DM.

This is a solid confirmation of genetic contribution to the
development and progression of DR. Over the past several
years, progress has been made in identifying some of the
susceptibility loci associated with DR through twin studies,
family studies, candidate gene studies, linkage studies and
small-scale GWAS (genome-wide association study). Twin
and family studies have demonstrated that risk of DR emer-
gence is three times higher for patients with a family history
of DR than in patients without it for both T1DM and T2DM.
Concordance is dramatically higher among monozygotic
twins when compared to dizygotic twins [11]. One of the
first twin studies has reported DR concordance of 68 % in
T1DM and 95 % in T2DM [12]. Heritability score increases
with the severity of DR, and has been estimated to be 18 and
52% for DR and PDR, respectively [13].

Candidate genes studies
Our knowledge of pathophysiology of DR allows us to pro-

pose possible candidate genes, which could play a role in
the development and progression of DR. Candidate gene

diabetic rem

end-product, /O intraoccular, EBM endothelial basal membrane, BRB
blood retinal barrier

studies compare the frequency of a particular genetic variant
in subjects with or without DR. This approach has revealed
several genes with a possible key role in DR. These genes
are part of different physiological and pathophysiological
processes in organism, often associated with inflammation,
such as RAAS (renin—angiotensine—aldosterone system),
glucose induced pathways, remodeling of extracellular
matrix (ECM), vascular endothelial dysfunction, and angio-
genesis. It has been proposed that a great number of factors
and genes with modest effect, as a part of different biochem-
ical pathways, invoke pathological processes leading to DR.

Polyol pathway and its role in DR

Polyol pathway represents the main metabolic link between
hyperglycaemia and damages caused by DM. Aldose reduc-
tase (ALR2) is the essentialenzyme in the pathway. ALR2
converts glucose to sorbitol in an NADPH-dependent reac-
tion. During the hyperglycaemia sorbitol accumulates in
cells and induces osmotic stress and cellular damage. The
above mentioned process leads to the destruction of retinal
cells, microaneurysms, thickening of the basement mem-
brane and loss of pericytes in animal models, which are also
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typical symptoms of DR in humans [14]. Three DR-associ-
ated ALR2 polymorphisms have been identified in different
populations (see Table 1). The first polymorphism located at
the 5’ end of the gene, the Z-2 allele of the (CA),, microsatel-
lite located at the 5’ end of the gene increases risk of DR. In
contrast, Z+2 and Z alleles show protective effect against
DR [15]. Another polymorphism, rs759853, has shown asso-
ciation with DR where T allele confers protection against
DR in TIDM [15, 16]. However, the use of AKR (aldo—keto
reductase) inhibitors did not confirm expected results in
clinical trials and they could not prevent progression of the
disease [17]. But these clinical trials disregarded the genetic
variants in the AKR2 gene which could have had negative
impact on the function of AKR inhibitors. Another enzyme
in the polyol pathway, sorbitol dehydrogenase (SDH) con-
verts sorbitol into fructose in NAD*-dependent reaction.
Amano et al. found that SDH overexpression potentiated
glucose toxicity to cultured retinal pericytes, thus leading
to acceleration of pericyte loss, a typical trait of DR [18].
Polymorphisms 152055858 and rs3759890 were identified
in Polish, Japanese and Caucasian-Brazilian population and
it is possible that they could affect the promoter activity of
the SDH gene and have role in onset of DR [18, 19].

The mitochondrial aldehyde dehydrogenase 2 (ALDH2),
expressed in vasculature, detoxifies reactive aldehydes
formed from glucose and lipids, also prevents creation of
AGE (advanced glycation end products) [32]. Morita et al.
have reported a substantial relation between the ALDH2*2
allele and the incidence of DR in their study.

[15, 116]
[118, 119]

[114, 115]
[117]

Ref.

[15]

in T2DM

Allele 4 (103 bp) is a low risk for developing
retinopathy, allele 8 (111 bp) is associated with

B2 allele is genetic factor for incidence of PDR
PDR

T allele increases risk but weak association

T allele increases risk of DR onset

Protective effect against DR in Korean

Comments

Population
Caucasian - Slovak
Asian Indian
Multi-ethnic

Han Chinese
Polish, Korean

Type of
DM
1 and 2

C
6
6
1
12
12

Growth factors with role in DR

Vascular endothelial growth factor (VEGF) is one of the
major factors in angiogenesis and influences vascular per-
meability of endothelial cells. VEGF is activated by micro-
vascular changes induced by hypoxia during DM and also
by hyperglycaemia [120]. Activation of VEGF leads to the
destruction of the blood retinal barrier (BRB), the devel-
opment of diabetic macular oedema and neovascularization
typical for PDR. At the same time, elevated serum and vit-
reous levels of VEGF have also been described in eyes of
patients with PDR [121]. Anti-VEGF therapies have led to
the improvement of the patients” condition and to the decel-
eration of retinal vessels proliferation [122]. Studies have
revealed several polymorphisms in the VEGF promoter
(rs2010963, rs25648, rs1570360, rs3095039, rs35569394,
1s699947, rs13207351, rs735286, rs2146323, rs833061,
rs302502, rs10434, rs833068 and rs833070) with pos-
sible associations with DR [15, 33, 42, 44]. Rs2010963
(—634C/G) has been associated with DR in Japanese and
Indian populations [34, 35] whereas G allele of rs2010963
has significant protective effect against NPDR in patients

Polymorphism
(GT)n microsatellite
rs10735810
1s2228570
rs1544410

Ncol

antiviral responses, the
formation of second-
ary lymphoid organs,

apoptosis
associated with insulin

matory, immuno-
stimulatory, and

Nuclear hormone recep-
tor for vitamin D3,
secretion and sensitiv-
ity, anti-proliferative
and anti-angiogenic
effect, regulator of
apoptoses

Function/cellular role

Tumor necrosis factor-beta Cytokine— inflam-
(lymphotoxin-alpha)

Vitamin D receptor

Gene name

Ch. chromoseme, Ref- references, Multi-ethnic findings of studies regardless of ethnicity or from meta-analyses, 7SG tumor suppressor gene, GPCR G protein-coupled receptor

Table 1 (continued)
Gene symbol
TNF-B/LTA

VDR

18
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| hyperglycemia | | hypertension

PEDF

pericyte loss
i TGF-B
\4
EPO IGF-1
ANGTR
NPy
PPARY eNOS3
ICAM-A ~— /
ES VEGF “— L6
MCP-1 —§

endothelial mitogenesis

® bFGF-2

ITG MMP-2 » AS VDR

PAI-1

y A

ANGPT1 —4 1 endothelial permeability » BRB breakdown [ proliferation | cell migration |ECM degradation

TNF-a —p  Vascular occlussion

A 4

Fig. 3 Genes harboring DNA polymorphisms involved in angiogenesis during diabetic retinopathy (DR). A4S angiostatin, ES endostatin, BRB

blood retinal barrier, ECM extracellular matrix, ¢ inhibition

with T2DM. Rs2010963 is also associated with higher risk
of macular oedema in Japanese population [123]. There
are constantly emerging studies identifying new polymor-
phisms in VEGF gene with possible connections to DR
which underlines importance of this gene in the develop-
ment of DR.

Other growth factors with a possible function in the
pathology of DR are the basic fibroblast growth factor
(bFGF) and insulin-like growth factor 1 (IGF-1). The bFGF
is important for tissue repair and is angiogenic factor. Stud-
ies have revealed increased level of bFGF in patients with
PDR and it seems to stimulate VEGF production. IGF-1
regulates the proliferation and differentiation of several cell
types. Levels of intravitreal IGF-1 were found to be signifi-
cantly increased in the eyes of patients with PDR compared
to those of controls [124]. Variants identified to date are
summarized in the Table 1.

Erythropoietin (EPO) plays an important role in stimu-
lation of bone marrow stem cells, erythropoiesis, prolif-
eration, migration, and angiogenesis in hypoxic vascular
endothelial cellsStudy has reported a elevated concentration
of EPO in the vitreous of DM and PDR patients compared to
controls [52]. There are two studies which have reported the
association of rs1617640, rs507392, and rs551238 with the
development of DR, but these studies report different find-
ings. Tong et al. have determined the TTA haplotype as a
risk contributor in European American population, whereas

Abhary et al. have associated the GCC haplotype with DR
in Australian population [52, 53].

Interaction of various growth factors, cytokines, cell sig-
nalling molecules and extracellular matrix are essential for
angiogenesis during DR [125] while VEGF plays crucial
part [126] (Fig. 3).

Receptor for advanced glycation end products and
cytokines

Hyperglycaemia causes nonenzymatic glycation of proteins
and lipids and the creation of AGE. Accumulation of AGE
leads to tissue damage by the formation of a covalent cross-
links between proteins, which alter structure and function
of proteins. Another feature of AGE is its ability to inter-
act with different surface receptors, such as the receptor
for advanced glycation end products (RAGE). RAGE is a
immunoglobulin and its activation leads to cytokine secre-
tion. Cytokines accelerate the advance of diabetic com-
plications by supporting proinflammatory processes and
increasing endothelial permeability [127]. AGEs are found
in the retinal vessels of diabetic patients where their levels
correlate with those in the serum as well as with severity of
retinopathy [128]. The c. T-374A (rs1800624), p. Gly82Ser
(rs2070600) and c. T-429C (rs1800625) polymorphisms in
the RAGE gene are associated with DR in Caucasians and

@ Springer
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Asian Indians [54, 57, 129, 130], but the association was not
confirmed in Chinese [131].

Dysregulation of RAAS system

The rennin-angiotensin-aldosterone system (RAAS) is an
endocrine system involved in the regulation of blood pres-
sure and fluid balance. Patients with diabetes show dys-
regulation of RAAS system, namely angiotensin converting
enzymes I and II (ACEI, ACEII) and angiotensin receptors
which are upregulated in retina during PDR independently
of blood pressure [132]. ACE converts angiotensin I (ATT)
to angiotensin II (ATII) which mediates its haemodynamic
effects through the angiotensin receptor ANGTRI1 and
ANGTR2. ATII in the eye regulates promotion of capillary
growth, cell growth, intraocular blood flow and pressure,,
enhances vascular permeability, increases oxidative stress
and via the expression of several growth factors including
VEGEF, IGF-1 and PDGF [15]. ACE inhibitors, angiotensin
receptor blockers prevents neovascularization, reduce the
incidence and progression of DR in TIDM. Studies have
proposed that ACEII is also involved in PKC activation
[133]. Meta-analysis suggested that ACE I/D polymorphism
(insertion/deletion of a 287 bp Alu sequence in intron 16)
may be associated with PDR [62].

The other polymorphisms modulating risk of DR

The retina is very sensitive to damage by oxidative stress.
Oxidative stress is strongly implicated in the pathogenesis
of DR, therefore the role of detoxifying enzymes, such as
glutathione S-transferases (GST), was considered in the
development of DR. Studies have shown that GSTT/-null
genotype is found more frequently in the cases with DR in
Caucasians patients with T2DM compared to controls, so
the GSTTI-null genotype can be a risk factor for DR The
individuals homozygous for the GSTT/-null allele had
more generalized vasculopathy that leads to increased risk
of sight threatening DR. In contrast, the GSTM-null geno-
type may confer protection against development of DR in
people with T2DM [67], but at the same time this polymor-
phism confers elevated risk for lung cancer [134]. There are
reports that deficiency in GSTM1 leads to slower excretion
of isothiocyanates. Isothiocyanates also suppress expression
of VEGF which is the main inductor of retinal neovascular-
ization in diabetes [67].

Oxidative stress induces a large amount of ROS and is
assumed to damage the mitochondrial DNA. Mitochondrial
manganese superoxide dismutase (MnSOD) prevents an
excessive production of ROS by dismutation of superox-
ide radicals into hydrogen peroxide and hence defends the

@ Springer

retinal endothelial cells from oxidative damage. The poly-
morphism rs4880 (c. C47T, p. A16V) affects a mitochon-
drial processing efficiency under oxidative stress and has
been associated with DR in some studies [36, 68, 69].

Regarding PDR, presence of the 4a/4a genotype of the
VNTR polymorphism for endothelial nitric oxide synthase
(eNOS) has been associated with 3.4 times increased risk of
PDR in Caucasian patients with T2DM [135]. In contrast,
other studies have proposed that the 4a allele has a protec-
tive effect against DR [70, 71]. NO synthesized by eNOS
is an endogenous vasodilator and has a role in induction of
angiogenesis and regulation of VEGF expression. NO levels
are significantly elevated in PDR patients relative to nondia-
betic subject.

A study in 2008 revealed that retinoid-X receptor alpha
(RXRA) possessess antioxidants properties and is associated
with the development of DR [76]. Polymorphism rs3132300
has been linked with a progression of DR in T2DM in Affi-
can American population. Also, polymorphism rs3818569
of the retinoid-X receptor gamma (RXRG) has been found
to be connected with an increased DR risk in the Taiwanese
population [78].

Uncoupling protein 1 (UCP 1) is the mitochondrial inner
membrane electron carrier that has a part in protection
against oxidative stress. It has been proposed that UCP I
and its product play role in insulin resistance when oxida-
tive stress pathways are activated. SNP rs1800592, which
is located in the promoter of the UCPI, has been shown
to be associated with glucose homeostasis, adiposity and
obesity, as well as changes in the body mass index (BMI)
and body weight, resulting from metabolic disorders. UCP
1 has been implicated as a candidate marker for a risk fac-
tor of DR and the rs1800592 (c. A-3826G) polymorphism
has been associated with PDR [75, 79]. Uncoupling protein
2 (UCP2) regulates production of reactive oxygen species
(ROS) by mitochondria. Overproduction of ROS is asso-
ciated with diabetic retinopathy (DR), thereby UCP2 gene
polymorphisms can be involved in the development of this
complication. rs660339 can be a relevant risk factor associ-
ated with PDR in both type 2 and 1 of diabetes [77, 80].

The inflammatory processes are a major part of the DR
pathophysiology. They are often regulated by inadequate
activation of members of the immune system. Toll-like
receptor 4 (TLR4) takes part in the activation of a pro-
inflammatory response by the ligand-depended activation
of the nuclear factor-kB (NF-kB) pathway. Any deregula-
tion of TLR4 signaling due to single nucleotide polymor-
phisms (SNPs) in the extracellular domain of 7LR4 may
alter the ligand binding capacity and hence disturb the bal-
ance of pro- and anti-inflammatory cytokines [81]. It has
been reported that rs4986790, rs4986791, rs10759931 and
rs1927914 in TLR4 positively modulate the risk of DR [3,
81, 136].
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There is increasing evidence from in vitro and in vivo
studies that suggests a pathogenic role of the complement
system in the development of diabetic angiopathy. In these
studies, increased expression of several complement fac-
tors, namely, complement factor H (CFH), complement fac-
tor B (CFB), component 3 (C3), and component 5 (C5), has
been observed in the vitreous of DR patients. CFH and CFB
(an antagonist of CFH) contribute to the regulation of the
activation of complement cascade. Polymorphism rs800292
(p.162V) in CFH affects protein-binding affinity with C3b
and subsequently activation of the complement alternative
pathway. A synergy effect between CFH rs800292 and CFB
rs1048709 conferring a significantly increased risk for DR
has been identified in the study of Wang [82].

Studies have reported significantly increased levels of
monocyte chemotactic protein 1 (MCP-1) in aqueous and
vitreous conditions in DR patients. MCP-1 has an abil-
ity to activate monocytes, macrophages and lymphocytes.
Hyperglycaemia accelerates MCP-1 production in vascular
endothelial cells and retinal epithelial cells which can lead
to neovascularization and increased permeability of retinal
vessels typical for PDR. Moreover rs1024611 polymor-
phism has been associated with DR in the Japanese, Korean,
and Chinese populations [84—86].

Transforming growth factor B1 (TGF-£1) has an impor-
tant role in angiogenesis, endothelial cell proliferation,
adhesion and the deposition of extracellular matrix. The
TGF-pB1 gene may be involved in the development of DR
through induction of angiogenesis and BRB breakdown. C.
T869C (p. L10P) polymorphism has been associated with a
protective effect against DR [15, 83].

Intercellular adhesion molecule-1 (/CAM-1) has a major
role in mediating the adhesion of circulating leukocytes to
the blood vessel wall and transendothelial migration to the
vascular intima. The increased retinal expression of [CAM-1
is thought to play a key role in leukostasis-mediated BRB
breakdown, capillary occlusion and endothelial cell dam-
age in DR [88]. Polymorphisms of /CAM-1 gene might
have a role in modulation of its own gene expression but
findings about p. K469E polymorphism (rs5498) are incon-
sistent across multiple studies [55, 88-91]. The G allele of
rs13306430 could confer protection against DR in T2DM
patients [15].

Solute carrier family 2(SLC2A41), also known as facili-
tated glucose transporter (GLUT!) is expressed in endothe-
lial cells of the BRB where SLC2A1 is the prevalent glucose
transporter. Functional loss of BRB is typical for DR and
studies have shown that patients with DR have high expres-
sion of GLUTI in endothelial cells. SLC241 c. A26177G
polymorphism has been associated with DR in a study of
Ng [94].

The role of peroxisome proliferator-activated receptor y
(PPARy) in DR pathogenesis has come to forefront mainly

because of the protein’s role in vascular permeability,
inflammation, angiogenesis, neovascularization, and insulin
resistance, all of which contribute to the onset and sever-
ity of DR. However, the studies describing associations of
PPARy polymorphisms and DR have been inconsistent [15,
95].

Transcription factor 7-like 2 (TCF7L2/TCF4) is a key
component in the regulation of fundamental processes
such as vascular development. It has been found to mediate
pathological neovascularization in PDR. Common variant
rs7903146 in TCF7L2 has been reported to be strongly asso-
ciated with T2DM and also with PDR in Caucasian [96].
An Italian study observed associations between TCF7L2
variants (rs7903146, rs7901695 and rs12255372) and DR,
cardiovascular disease and coronary artery disease [97].

Osteoprotegerin (OPG), also called the osteoclastogen-
esis inhibitory factor (OCIF), is an important regulatory
molecule in the vasculature. Rs2073618, rs3134069 poly-
morphisms have been linked with DR [99].

Plasminogen activator inhibitor-1 (PA/-1) is an inhibitor
of plasminogen activation and is involved in tissue repair
and remodeling. PAI-1 plays a crucial part in the regulation
of intravascular fibrinolysis which is part of DR pathophysi-
ology. Studies have investigated the connection between
PAI-1 4G/5G and DR risk but findings have been inconsis-
tent, maybe due to ethnicity discrepancies [15, 100, 101].

Matrix metalloproteinases (MMPs) are proteolytic enzymes
that degrade extracellular matrix (ECM) components. MMPs
also regulate cell proliferation, neovasculogenesis and tissue
remodelling because degradation of the extracellular matrix
(ECM) proteins of the basement membrane is necessary for
endothelial cells to migrate, proliferate, and to form capillaries.
Increased expression of MMP-2 may expedite degradation of
the type IV collagen and the gap junction protein, accelerating
the vascular complications of diabetes. It has been reported
that c. C-1306T polymorphism seems to be genetic suscepti-
bility factor for the development of DR [7].

In this review, we discussed candidate genes and poly-
morphisms with the highest genetic association with DR, or
those most frequently analysed in studies in different popu-
lation. The other genes and their polymorphisms associated
with DR are summarized in Table | in alphabetical order.
Studies concerning these genes have reported very weak or
borderline associations, had small sample sizes and most of
them have failed replication in other populations [137]. We
did not include studies and polymorphisms that have been
done on only one population and showed no associations
with DR. None of the polymorphisms identified by candi-
date gene studies have achieved widespread acceptance as a
marker of high risk of diabetic retinopathy. In part, this may
be because of the complexity of DR which probably has
more multifactorial, polygenic and environmental contribu-
tors to its pathophysiology.
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In our review, we have included a number of genes
in which multiple alleles or nearby SNPs have varying
strengths of association or significance in relation to dia-
betic retinopathy. Possible explanation for this is variable
association between the SNPs themselves with the causative
change depended also on populations.

Another one of the possible reasons for the setback of the
gene candidate approach is focusing on single SNPs when
the linkage disequilibrium does not have to manifest [16]. It
would be potentially useful to focus on haplotypes associated
with DR instead of solely on SNPs. In addition, insufficient
sample sizes to detect the modest effect of polymorphisms,
incomplete coverage of variation in candidate genes and
incorrect hypotheses about genes in the pathophysiology
of DR are some of the reasons for controversial success of
candidate genes studies. Based on these weaknesses of stan-
dard candidate gene studies, two recent studies have exam-
ined a higher number of candidate genes for DR in sample
sizes larger than those used previously, in an approach that
mimics a genome-wide approach [77, 138]. The first study,
which examined 193 candidate genes with DR of type 1
diabetic African-Americans, found genetic associations in
13 genes with progression of DR and the polymorphisms
are listed in Table 1 [77]. Identified genes are involved in
pathways related to glucose metabolism, inflammatory
processes, angiogenesis/vascular permeability, insulin sig-
nalling, retinal development, or blood pressure regulation.
The second study, the Candidate gene Association Resource
(CARe) has not confirmed connection between previously
associated gene from numerous previous independent stud-
ies and DR [138]. The most interesting findings from this
study are the variants in the P-selectin (SELP) (rs6128) and
in the iduronidase (rs6856425) that have shown to be sig-
nificantly linked with DR in European Americans, but were
not seen in African-Americans, Hispanic Americans, or
Asian Americans.

It is possible that the potential success of candidate gene
studies lies in better characterization and definition of clini-
cal phenotypes of DR, represented by specific patterns of
severity and progression of DR. Only then, studies of can-
didate genes are worth pursuing, involving appropriately
well-defined subgroups of patients [139]. Furthermore, it
would be worthwhile to expand studies to those genes muta-
tions in which are known to initiate hyperglycaemia [140]
and indirectly lead to development of DM and DR.

Conclusion
DR remains to be one of the most complex, heterogeneous,
multifactorial disorders in any genetic studies. It is one

of the leading causes of blindness and visual impairment
in the world and treatments options are limited. Research

@ Springer

worldwide is focused on understanding the pathogenic
mechanisms in DR with the key goal to prevent this dis-
ease and developing new drugs for treatments. There is a
common consensus that the susceptibility to DR is contin-
gent to a great amount of relatively common allelic variants
with a modest effect, and how these genes interact among
themselves and with environmental influences. Each of the
allelic variants increased risk of DR by a small portion in
overall susceptibility. The identification of genetic suscep-
tibility loci for DR by genetic studies has not proved nota-
bly successful thus far, given the often contradictory and
inconclusive results. It is obvious that the study of the DR
genetics is still poorly developed and stands against numer-
ous challenges. The most common approaches in studying
this complex disease are insufficient for elucidating pathol-
ogy of DR. At the same time, most studies of new possible
treatments disregarded genetic background of the patietns,
which could contribute to the treatment setback. Possible
new NextGen sequencing methods and approaches based on
interconnection of various omics, such as genomics, espe-
cially pharmacogenetics, transcriptomics, proteomics and
metabolomics, will bring new breakthrough findings in the
future. At this time, we can surely state that there is a long
way ahead to fully understand this complex disease.
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