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Summary

Diabetic retinopathy (DR) is the most frequent microvascular complica-
tion of diabetes mellitus (DM) and remains a leading cause of preventable
blindness in the working-age population. Its course is notoriously vari-
able: some patients with long-standing, poorly controlled diabetes nev-
er develop sight-threatening disease, whereas others progress rapidly
despite reasonable metabolic control. This clinical heterogeneity, which
the traditional risk factors cannot fully explain, has directed attention to-
wards the inherited component of susceptibility. This review summarizes
current understanding of the genetic architecture of DR, with particular
emphasis on three extensively studied candidate genes: the vascular
endothelial growth factor A gene (VEGFA), the angiotensin-converting
enzyme gene (ACE) and the apolipoprotein E gene (APOE), specifically
their most investigated polymorphisms: VEGFA rs699947, rs2010963 and
rs3025039; ACE rs1799752 |/D; and APOE rs429358 and rs7412 (€2/€3/€4).
The evidence linking individual polymorphisms to disease is examined
alongside the picture emerging from genome-wide association studies
(GWAS), and the persistent inconsistency among studies is discussed in
the context of ethnic differences, phenotype definition and limited statis-
tical power. Finally, the review considers how genetic insight is beginning
to inform therapy, from the established anti-VEGF paradigm to gene-
based approaches now in clinical trials, and outlines the main obstacles
that still separate genetic findings from routine clinical use.

Key words: genetic susceptibility, renin-angiotensin system, apolipopro-
teins E, VEGFA protein, microvascular complications

Diabetes mellitus (DM) has become one of the defining public health problems of the present
century, and its complications now account for a substantial share of the global burden of disabil-
ity. Among these complications, diabetic retinopathy (DR) occupies a particular place, because
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it threatens a faculty — sight —loss of whichis
irreversible and profoundly disabling. DR is
a chronic microvascular, neuroinflammatory
and neurodegenerative disorder of the retina
developing on the background of sustained
hyperglycaemia, and it remains the principal
cause of legal blindness in adults of working
age throughout much of the world [1].

Recent estimates underline the scale of the
problem. A systematic review and meta-anal-
ysis of 59 population-based studies placed the
global prevalence of any retinopathy among
people with diabetes at roughly 22%, with vi-
sion-threatening disease affecting about 6% [1].
Translated into absolute numbers, more than
a hundred million adults were estimated to be
living with retinopathy in 2020, and projections
that track the rising tide of diabetes itself fore-
see that figure climbing towards 160 million by
2045 [1]. The burden is shifting, too — increas-
ingly concentrated in low- and middle-income
regions where access to screening and to mod-
ern intravitreal therapy is least secure [2].

For decades, clinical and epidemiological
researches have sought to map the determi-
nants of who develops retinopathy and who
escapes it. The duration of diabetes, the qual-
ity of glycaemic control, blood pressure, dys-
lipidaemia, renal impairment and pregnancy
allhave been firmly implicated [3]. Yet anyone
who has followed a cohort of diabetic patients
over time will recognize a stubborn residual:
a proportion of individuals with long-stand-
ing, badly controlled disease never develops
appreciable retinopathy, while others deteri-
orate quickly despite metabolic parameters
that look almost reassuring. This discordance
is not merely anecdotal. It points to a compo-
nent of susceptibility that the conventional
risk factors do not capture, and the most plau-
sible candidate for that missing component is
the patient’s genetic constitution.

The heritable contribution to DR is support-
ed by several lines of evidence. Familial aggre-
gation studies have repeatedly shown that a
person whose relative has retinopathy carries
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a higher risk than expected from shared envi-
ronment alone, and concordance for retinopa-
thy is markedly greater in monozygotic than in
dizygotic twins, in both type 1 and T2D [4]. On
the basis of such observations, the heritability
of DR has been estimated at between a quarter
and a half of the total phenotypic variance, de-
pending on the population and the definition
of disease used. These figures are high enough
to justify the considerable effort that has been
invested in identifying the specific genes and
variants responsible.

This review aims to summarize the cur-
rent state of knowledge on the genetic basis of
DR, to examine in detail three of the most in-
tensively studied candidate genes — VEGFA,
ACE and APOE — together with the broader
picture supplied by genome-wide approach-
es, and to consider how this genetic under-
standing is beginning to shape both therapy
and the obstacles that still stand in the way of
clinical application.

Gene selection for this review. As a narra-
tive review, this work does not follow the sys-
tematic review methodology. The three genes
discussed in detail — VEGFA, ACE and APOE
— were selected based on the following crite-
ria: (i) biological plausibility of the gene prod-
uct in DR pathogenesis; (ii) volume of pub-
lished literature (at least 10 case-control stud-
ies or multiple meta-analyses); (iii) evidence
of functional relevance for the polymorphism;
and (iv) availability of recent meta-analyses
or large cohort studies. Other genes are men-
tioned briefly where they provide context, but
detailed discussion is limited to these three.

DR: clinical and
pathophysiological background

Clinically, DR is divided into a non-prolif-
erative stage and a proliferative stage, with
diabetic macular oedema able to arise at any
point and constituting the commonest cause of
central vision loss. Non-proliferative disease is
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characterized by microaneurysms, intraretinal
haemorrhages, cotton-wool spots and venous
abnormalities, and is graded from mild to se-
vere according to the extent of these chang-
es. The transition to the proliferative stage is
defined by retinal neovascularization — the
growth of fragile new vessels that bleed read-
ily and may lead to tractional retinal detach-
ment and severe visual loss [2].

Underlying these visible changes is a
complex and only partly understood patho-
physiology. Chronic hyperglycaemia drives a
cluster of interlinked biochemical disturbanc-
es: increased flux through the polyol path-
way, accumulation of advanced glycation
end-products, activation of protein kinase C
and overactivity of the hexosamine pathway.
These converge on a common downstream
state of oxidative stress and low-grade in-
flammation that damages the cellular constit-
uents of the retina — the endothelial cells and
pericytes of the microvasculature, but also
neurons and glia [5]. The result is a break-
down of the blood-retinal barrier, capillary
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non-perfusion and retinal ischaemia. Isch-
aemic retina, in turn, upregulates vascular en-
dothelial growth factor (VEGF), the principal
molecular driver of both the increased vascu-
lar permeability responsible for macular oe-
dema and the neovascularization that defines
proliferative disease [6-9].

It is precisely because so many of these
pathways are governed by gene products —
enzymes, growth factors, receptors, trans-
porters — that inherited variation in the cor-
responding genes can plausibly modulate the
speed and severity with which retinopathy
develops. A polymorphism that alters the
expression or activity of an enzyme in the
polyol pathway, or that shifts the set-point of
VEGF production, need not cause disease on
its own; it can act as a tuning element, nudg-
ing an individual towards or away from the
threshold at which retinal damage becomes
manifest. This is the conceptual framework
within which the genetics of DR is best un-
derstood, and it is summarized schematically
in Figure 1.

Chronic hyperglycaemia in diabetes mellitus

Advanced glycation

Polyol pathway
(aldose reductase) end-products (AGE)

J

Protein kinase C Hexosamine flux /
activation oxidative stress

Vascular dysfunction:
endothelial injury, pericyte loss,
breakdown of blood-retinal barrier
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Neuroinflammation &
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Figure 1. Schematic overview of the pathways through which chronic hyperglycaemia leads to diabetic retinopathy, and
the candidate genes which polymorphisms are thought to modulate individual susceptibility. NPDR - non-proliferative
diabetic retinopathy; PDR - proliferative diabetic retinopathy; DME - diabetic macular oedema; VEGF - vascular endo-
thelial growth factor. Candidate genes discussed in this review are positioned according to the pathways they influence.
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The genetic architecture of DR

Two broad strategies have been used to dissect
the genetic basis of DR, and they rest on differ-
ent assumptions. The candidate-gene approach
starts from biological reasoning: a gene is select-
ed because its product is known to participate in
a pathway relevant to the disease, and variants
within or around that gene are tested for asso-
ciation. The GWAS, by contrast, makes no prior
assumption about which genes matter; it scans
hundreds of thousands or millions of variants
across the genome and lets the data identify the
regions associated with disease [7].

The candidate-gene literature on DR is
now very large, and a comprehensive narra-
tive review has catalogued the chromosomes
and individual genes implicated, organiz-
ing them around the metabolic pathways
through which they are thought to act [5,
10-12]. Genes encoding components of the
renin-angiotensin system, mediators of an-
giogenesis, enzymes of glucose metabolism,
inflammatory cytokines and regulators of the
extracellular matrix all appear in this cata-
logue. The difficulty is that, for almost every
candidate, the published associations are in-
consistent: a variant reported as a risk factor
in one population fails to replicate in another
or even shows an association in the opposite
direction [13-15].

An umbrella review that pooled 32 me-
ta-analyses covering 52 candidate SNP offers
a useful corrective to over-interpretation of
any single study [8]. When the evidence was
graded by strength, only the transcription
factor 7-like 2 (TCF7L2) C/T variant rs7903146
was supported by what the authors classed as
convincing evidence, whereas the much-stud-
ied associations involving interleukin-6 and
VEGF polymorphisms rested on weak evi-
dence [8]. This sobering result illustrates a
general truth about the field: many reported
associations are real but small, and many oth-
ers are artefacts of small samples, population
stratification or selective reporting.

4 | www.biomedicinskaistrazivanja.mef.ues.rs.ba

So far, genome-wide studies have been
less transformative for DR than for many oth-
er complex traits. Nevertheless, cross-disease
genome-wide meta-analysis in large biobank
populations has begun to reveal that retinop-
athy shares genetic architecture with other
ocular disorders, and that several implicated
loci lie in genes governing neuronal differen-
tiation and eye development — reinforcing
the modern view of retinopathy as a neuro-
vascular rather than a purely vascular dis-
ease, and signaling that the methodological
groundwork for larger, better-powered stud-
ies is now being laid [7, 16-20].

Beyond classical candidate-gene stud-
ies, the field is gradually moving towards
genome-wide and polygenic models. Ge-
nome-wide association studies offer the
advantage of avoiding prior biological as-
sumptions and can identify loci that would
not have been selected through conventional
pathway-based reasoning. However, com-
pared with other complex diseases, GWAS
of DR have been constrained by modest sam-
ple sizes, heterogeneous phenotyping and
the difficulty of separating genetic suscepti-
bility to diabetes itself from susceptibility to
its retinal complications. Consequently, few
loci have shown consistent replication across
populations, and the effect sizes of individual
variants remain small [21, 22].

An important implication is that DR is
unlikely to be explained by single high-im-
pact polymorphisms. Rather, susceptibility
appears polygenic, with multiple common
variants each contributing to a small in-
crement of risk. Polygenic risk scores may
therefore become more informative than
isolated candidate variants, particularly if
combined with established clinical predic-
tors such as diabetes duration, HbAlc, blood
pressure, renal function and lipid status [23,
24]. At present, such scores remain inves-
tigational and require validation in large,
ethnically diverse cohorts before clinical
application.
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The next research frontier lies in integrat-
ing genomics with other omics layers. Tran-
scriptomic studies may clarify which retinal or
circulating genes are differentially expressed
during early neurovascular injury, while pro-
teomic and metabolomic profiling may iden-
tify molecular signatures preceding clinically
visible retinopathy. Epigenomic data — in-
cluding DNA methylation and microRNA ex-
pression — are particularly relevant because
they may explain how long-term hypergly-
caemia leaves a persistent molecular imprint,
sometimes termed metabolic memory. Final-
ly, integrating retinal imaging, OCT-derived
biomarkers, artificial intelligence and molec-
ular data may enable more precise classifica-
tion of DR than clinical grading alone.

Key candidate genes
VEGFA - the angiogenic switch

If any single gene deserves to be considered
first, it is VEGFA, the gene encoding vascular
endothelial growth factor A. The reasoning is
straightforward: VEGF is the central effector of
the two processes that cause vision loss in DR
— vascular hyperpermeability and neovascu-
larization — and anti-VEGF therapy is now the
mainstay of treatment for both diabetic macu-
lar oedema and proliferative disease [6]. The
gene which product is so directly responsible
for the disease phenotype is an obvious place
to look for inherited variation influencing risk.

VEGFA lies on the short arm of chromo-
some 6, and it is markedly polymorphic, par-
ticularly in its promoter and untranslated
regions where variants can plausibly affect
the level of gene expression. The most exten-
sively studied variants include the promoter
polymorphism -2578C/A (rs699947), -634G/C
(rs2010963, also designated +405G/C in some
nomenclatures) and the 3’ untranslated region
variant +936C/T (rs3025039). A systematic re-
view and meta-analysis of 26 studies cover-
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ing 10VEGFA polymorphisms found that the
associations were both variant-specific and
population-specific: rs2010963 was associated
with retinopathy risk in Caucasian and overall
populations, rs3025039 in Asians, and several
other variants showed associations confined to
particular ethnic groups or particular disease
subtypes [10]. The authors concluded, reason-
ably, that VEGF polymorphisms contributed
to susceptibility but that the effect of any indi-
vidual variant was modest and context-depen-
dent. Beyond individual SNP, specific VEGFA
haplotypes combining these variants have
been associated with altered promoter activity
in functional studies, though their clinical util-
ity remains unproven.

Subsequent meta-analyses focused on
single variants have refined this picture. For
the +936C/T polymorphism, pooled analysis
of eight studies including over 1,500 patients
with DR and type 2 DM found that the C allele
and C-containing genotypes were associated
with a reduced risk of retinopathy, an effect
seen across allelicc, dominant and recessive
models [11]. For the —2578C/A promoter vari-
ant, a separate meta-analysis of 10 studies re-
ported the opposite directionality, with the A
allele associated with an increased risk of DR
in type 2 DM under allelic and dominant mod-
els, though not under the recessive or homozy-
gous models [12]. The contrast between these
two variants is instructive: it shows that poly-
morphisms within the same gene can pull risk
in opposite directions, presumably because
they affect VEGF biology in different ways.

The umbrella review cited above, howev-
er, tempers enthusiasm by classing the VEGF
associations as weak when judged against the
most rigorous methodological standards [8].
The most honest summary is therefore that
VEGFA variation genuinely modulates the
risk of DR, but that the effect sizes are small,
the directionality is variant-dependent, and
replication across ethnic groups is imperfect.
None of this diminishes the biological cen-
trality of VEGEF; it simply reflects the gap be-
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tween a gene mattering mechanistically and
a particular common variant being a reliable
predictor of disease.

ACE - the renin—angiotensin system
in the retina

The angiotensin-converting enzyme gene,
ACE, situated on the long arm of chromo-
some 17, has attracted sustained interest be-
cause the renin—angiotensin system is active
locally within the retina and contributes to the
ischaemia and endothelial injury that char-
acterize retinopathy [5]. The gene contains a
well-known insertion/deletion (I/D) polymor-
phism, defined by the presence or absence of
a 287-base-pair Alu repeat sequence within
intron 16 (rs1799752). This variant is func-
tionally relevant because the deletion allele
is associated with higher circulating and tis-
sue ACE activity, and thus, in principle, with
greater generation of angiotensin II.

On biological grounds one might expect
the D allele to predispose to retinopathy, and a
number of individual studies have reported ex-
actly that. The literature as a whole, however,
has proved inconsistent, and the most recent
and methodologically careful synthesis does
not support a simple association. An updated
meta-analysis of 16 studies found no signifi-
cant relationship between the ACE I/D poly-
morphism and the risk of DR in T2D, whether
the data were analyzed by genotype under a
dominant model or by allele frequency [13].
The forest plots suggested that the discrepan-
cies between earlier studies arose largely from
differences in sample size, with smaller studies
more prone to spuriously positive results [13].
Stratification by diabetes type in some studies
has suggested a possible association between
the D allele and retinopathy in type 1 but not
T2D, indicating that the effect — if present —
may be disease-subtype specific.

A subtler possibility is that polymorphism
influences not the occurrence of retinopathy,
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but its severity once established. A cross-sec-
tional case—control study in middle-aged In-
dian patients with T2D illustrates this nuance:
the I/D genotype was not associated with the
presence of retinopathy, yet the severity of
retinopathy did vary with genotype under a
recessive model and with allele contrast [14].
Such a dissociation between susceptibility
and progression is biologically plausible and
may partly explain why studies that lump all
grades of retinopathy together reach diver-
gent conclusions. The practical lesson is that
phenotype definition matters: an effect on
progression can be masked when cases are
defined simply as the presence or absence of
any retinopathy.

APOE - lipid transport and a
protective allele

The apolipoprotein E gene, APOE, on chro-
mosome 19, occupies an unusual position
in this discussion because the most credible
association points towards protection rath-
er than harm. Apolipoprotein E is central to
plasma lipid metabolism and to lipid homeo-
stasis within the central nervous system, and
it is synthesized locally in the retina by Miiller
cells, from where it is thought to participate in
intraretinal lipid transport. The gene is poly-
morphic, with three common alleles — €2, €3
and ¢4, defined by the variants rs429358 and
rs7412 — that give rise to isoforms differing in
their handling of lipids.

A case—control study in a Czech popula-
tion that genotyped more than 1,200 patients
with T2D found that carriers of at least one ¢4
allele were protected against retinopathy, with
the protective effect driven mainly by women
and remaining significant after adjustment for
diabetes duration and body mass index [15].
This finding is intriguing precisely because the
€4 allele is, in other contexts, a recognized risk
factor — most famously for Alzheimer’s dis-
ease and for cardiovascular events in diabetic
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patients [16]. The apparent reversal of its effect
in the retina is a reminder that the consequences
of a genetic variant are tissue- and disease-spe-
cific, and that a single allele can be harmful in
one organ and protective in another. The mech-
anism remains uncertain, but isoform-depen-
dent differences in retinal lipid handling and in
the local inflammatory response are plausible
contributors. The €2 allele has shown no con-
sistent association with retinopathy risk in most
studies, although isolated reports of modestly
increased risk in €2/e2 homozygotes warrant
further investigation.

Beyond these three genes, the candidate
list extends considerably. Variants in the al-
dose reductase gene (AKR1B1), the rate-limit-
ing enzyme of the polyol pathway, have been
associated both with DR and with other mi-
crovascular complications, although the find-
ings are not uniform across populations [17,
18]. More recent case—control work in Chinese
populations has implicated variants in genes
not previously prominent in the retinopathy
literature — osteoprotegerin, and loci such as

VEGFA
(chr 6p21)

Gene polymorphisms in diabetic retinopathy

CEP162 and SUMO4 — broadening the cat-
alogue of plausible contributors and under-
scoring how much of the genetic architecture
remains to be charted [19, 20]. The principal
genes discussed here, together with the di-
rectionality of their reported associations, are
summarized in Figure 2 and Table 1.

Epigenetic modulation

Beyond fixed DNA sequence variation, epi-
genetic mechanisms — particularly DNA
methylation and microRNAs — add another
layer of regulation. In DR, hyperglycaemia-in-
duced DNA methylation changes have been
documented at the VEGFA promoter and at
the SOD2 gene. Circulating microRNAs (e.g.,
miR-146a, miR-21, miR-155) are also dysreg-
ulated in patients with retinopathy. While a
detailed discussion is beyond the scope of this
review, these epigenetic factors likely interact
with genetic polymorphisms to influence in-
dividual susceptibility.

APOE

(chr 19q13)

-2578C/A, -634G/C,
+936C/T, +405G/C

Insertion / Deletion (I/D)
of 287-bp Alu repeat

€2 /€3 / €4 alleles
(rs429358, rs7412)

l

| |

Alters VEGF expression;
promotes vascular
permeability &
neovascularisation

Modulates renin-
angiotensin system;
Ang Il = ischaemia &

endothelial injury

Governs intraretinal
lipid transport;
isoform-dependent
neuroprotection

l

} |

A allele (-2578) 1 risk;
Tallele (+936)  risk

I/D not consistently
associated; D allele
linked to severity

€4 allele | risk of
retinopathy (esp. women)

l

Findings vary by ethnicity, diabetes type & study design -
replication and multi-ethnic cohorts required

Figure 2. The three principal candidate genes discussed in this review, their key polymorphisms, putative mecha-

nisms in the retina and the reported direction of association with diabetic retinopathy. The convergence at the foot

of the figure indicates that, for all three genes, findings vary by ethnicity, diabetes type and study design.
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Table 1. Summary of the main candidate genes implicated in diabetic retinopathy

Reported direction of asso-

Gene Key polymorphism(s) Putative role in the retina ciation
—2578C/A (rs699947); Central driver of vascular permea- Variant-dependent: A allele
VEGFA +936C/T (rs3025039); bilitv and neovascularizztion (-2578) 1 risk; C allele (+936)
-634G/C (rs2010963) y | risk [10-12]
Insertion/deletion (I/D) Local renin—angiotensin system; No consistent association
ACE of 287-bp Alu repeat angiotensin II promotes ischaemia  with occurrence; D allele may
(rs1799752) and endothelial injury relate to severity [13, 14]
APOE €2/ &3/ e4 alleles Intraretinal lipid transport; iso- 4 allele associated with re-
(rs429358, rs7412) form-dependent neuroprotection duced retinopathy risk [15]
Promoter and intronic Rate-limiting enzyme of the polyol Inconsistent; some variants
AKRI1B1 variants (e.g. rs759853, § enzyme ot the polyo o s some var

rs752010122)

pathway

linked to altered risk [17, 18]

VEGFA - vascular endothelial growth factor A gene; ACE - angiotensin-converting enzyme gene; APOE - apolipopro-
tein E gene; AKR1B1 - aldo-keto reductase family 1 member Bl (aldose reductase) gene; 1 - increased; | - decreased

As shown in Table 2, several additional
candidate genes have been investigated in DR,
with varying levels of evidence supporting
their association with disease susceptibility.

The level of evidence is approximate and
reflects consistency of published associations,
biological plausibility and availability of me-
ta-analytic or replicated data. Most candi-
date-gene findings remain population-depen-
dent and should not be interpreted as clinical-
ly validated markers.

From gene to therapy: gene-based treat-
ment of diabetic retinopathy

Understanding the genetic and molecular
basis of DR is not the end in itself; it points
towards new ways of treating the disease. The
current standard of care for sight-threatening
retinopathy — repeated intravitreal injection
of anti-VEGF agents such as ranibizumab,
aflibercept and bevacizumab — is effective
but burdensome. It demands frequent visits,
imposes a cumulative risk of injection-relat-
ed complications, and depends on a degree
of adherence that many patients, particular-
ly in resource-limited settings, cannot sustain
[6]. The logic of gene therapy is to convert the
retina itself into a durable biofactory produc-
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ing a therapeutic protein continuously after a
single administration, thereby removing the
need for repeated injections.

Most gene-therapy programs in this field
exploit adeno-associated virus (AAV) vectors
to deliver a transgene encoding an anti-VEGF
protein. Several such candidates have pro-
gressed into clinical trials. ABBV-RGX-314
uses an AAV vector to deliver a transgene en-
coding a ranibizumab-like antibody fragment
and has reported encouraging results in ear-
ly-phase studies, with later-phase trials under
way; ixoberogenesoroparvovec employs an
engineered capsid to express aflibercept after
intravitreal delivery; and 4D-150 combines
expression of aflibercept with an RNA-inter-
ference element directed against the second
angiogenic factor [21]. A broader review of
gene therapy for choroidal and retinal neo-
vascularization sets these developments in
the context of the wider effort to provide a
one-time, long-lasting alternative to chronic
anti-VEGF injection [22].

It is important to be clear about what
these therapies are and are not. They are, for
the most part, not corrections of an inherited
defect; the patient’'s VEGFA, ACE or APOE
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Table 2. Other candidate genes investigated in DR and approximate strength of evidence

Gene polymorphisms in diabetic retinopathy

Gene Main biological Representative Reported association Level of
pathway polymorphisms with DR evidence
Polyol pathway; sorbitol 759053 750010100~ Several studiesreport ;0 e put
AKR1B1 accumulation; osmotic . association; findings vary . .
1o and promoter variants . inconsistent
and oxidative stress by population
Glucose metabolism; One of the more convinc- Relativel
TCF7L2 B-cell function; diabetes rs7903146 ing associations among y
e . . stronger
susceptibility studied variants
. Associations reported in
Inflammation and endo- -174G/C and other . Weak to
IL6 . o . some populations; me-
thelial activation promoter variants . moderate
ta-analytic support weak
Inflammation, endothe- Biologically plausible:
TNF-« lial dysfunction, blood- -308G/A 1ologica’ly plau ! Weak
. Co . findings inconsistent
retinal barrier disruption
NOS3/ Nitric oxide productlor}; Glu298Asp, 4a/4b Some assoc1at19n Yv1th Weak to
vascular tone; endotheli- vascular complications;
eNOS . VNTR o S moderate
al function limited replication
RAGE/ Advanced glycation Gly82Ser and promot- Plaus1bl§ 1¥n.k WIth hype.r-
. - . glycaemic injury; inconsis- Weak
AGER end-product signaling er variants . .
tent genetic evidence
Leukostasis, endothelial Candidate pathway rele-
ICAM1 adhesion and inflam- K469E ?“d other vant; genetic associations Weak
. variants
mation not robust
L . May influence isch- .
Hypoxia signaling and ~ Pro582Ser and related . . . Emerging /
HIF1A . . aemia-driven angiogene- -
VEGEF regulation variants N . : limited
sis; limited direct evidence
Homocysteine metab- T
MTHFR  olism and endothelial C677T, A1298C Some associations; not Weal to
. consistently replicated moderate
injury
org Ty, Ve IGon g snpsinagan STpoRIonpect
FRSF11B ammation a cohorts associalions; requ smg

thelial protection

replication

genotype is not being altered. Rather, they
use the tools of gene transfer to deliver a sus-
tained pharmacological effect — a refinement
of the anti-VEGF strategy rather than a treat-
ment aimed at a specific susceptibility variant.
Genuine genotype-directed therapy, in which
a patient’s polymorphism profile guides the
choice of treatment, remains aspirational for
DR. The path towards it runs through better
identification of variants with reliable, clinical-
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ly meaningful effects — exactly the work that
the candidate-gene and genome-wide studies
discussed above are intended to advance.

Challenges in clinical translation

Several obstacles continue to separate the ge-
netics of DR from its bedside application. The
first and most pervasive is the inconsistency
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of association findings. As the umbrella re-
view made plain, the great majority of report-
ed gene-disease associations rest on weak
evidence, and only a handful survive rigor-
ous methodological scrutiny [8]. Small sam-
ple sizes, inadequate correction for multiple
testing and selective publication of positive
results have all contributed to literature that
is larger than reliable.

The second obstacle is ethnic heterogene-
ity. The frequency of the given allele, and the
strength of its association with disease, can
differ substantially between populations, so
that the variant that is informative in one eth-
nic group may be uninformative or even mis-
leading in another [10]. This is not a statisti-
cal nuisance to be eliminated but a biological
reality reflecting differences in genetic back-
ground and in the environmental exposures
with which genes interact. It implies that ge-
netic prediction tools will need to be devel-
oped and validated separately across popu-
lations, rather than transplanted wholesale
from the cohorts in which they were derived.

The third challenge concerns phenotype.
DR is not a single entity but a spectrum, and
the genetic determinants of whether retinopa-
thy develops at all may differ from those that
govern its progression to a proliferative or oe-
dematous stage. The ACE example, in which
the effect on severity was detectable while
the effect on occurrence was not, shows how
a coarse phenotype definition can obscure a
real genetic signal [14]. Future studies will
need to phenotype retinopathy more finely,
distinguishing carefully between the events
of onset, progression and the development of
macular oedema.

Finally, the inherited component of DR
is polygenic and embedded in a dense web
of gene—environment interaction. No single
variant explains more than a small fraction of
risk, and the clinically useful unit may turn
out to be a polygenic score that aggregates
the small effects of many variants, weighted
appropriately for the patient’s ancestry and
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combined with conventional risk factors.
Building such scores, and demonstrating that
they improve on existing clinical prediction,
is a substantial undertaking that has only be-
gun. Until it is accomplished, genetic testing
for DR will remain a research tool rather than
a part of routine care.

Future perspectives

Future research on the genetics of DR should
move beyond isolated candidate-gene asso-
ciations towards integrated, multi-layered
models of disease risk. Large multicenter co-
horts with standardized retinal phenotyping
will be essential — particularly cohorts that
distinguish between onset of any retinopathy,
progression to proliferative disease and de-
velopment of diabetic macular oedema. This
distinction is important because the genetic
determinants of susceptibility, severity and
treatment response may not be identical.

The second priority is the development
of ancestry-specific and externally validated
polygenic risk scores. Such tools should not
be evaluated in isolation but in combination
with conventional clinical risk factors. Their
clinical value will depend on whether they im-
prove prediction sufficiently to alter screening
intervals, identify patients requiring closer fol-
low-up, or guide early preventive intervention.

Third, genetic data should be linked
with high-resolution retinal imaging. OCT,
OCT angiography and fundus photography
analyzed by artificial intelligence may pro-
vide quantitative phenotypes that are more
sensitive than traditional clinical categories.
Combining these imaging biomarkers with
genomic, transcriptomic, proteomic and epi-
genetic data could help define biologically
distinct subtypes of DR.

Finally, pharmacogenetic studies are
needed to determine whether inherited vari-
ation influences response to anti-VEGF ther-
apy, corticosteroids or future gene-based
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treatments. At present, gene therapy for DR
mainly represents sustained intraocular de-
livery of anti-angiogenic molecules rather
than correction of inherited susceptibility. In
the longer term, however, genotype-informed
screening, risk stratification and therapeutic
selection may become realistic components of
precision ophthalmology.

Limitations

As a narrative review, this work has several
inherent limitations. The selection of genes for
detailed discussion, while justified, inevitably
omits other candidates with plausible biolog-
ical roles (e.g., IL-6, TNF-a, AKR1B1). The lit-
erature cited reflects the authors” judgement
and may not be exhaustive. Furthermore,
the predominance of studies from European
and East Asian populations limits the gener-
alizability of conclusions to other ancestries.
These caveats should be considered when in-
terpreting the associations discussed.

Conclusion

DR is a heritable as well as a metabolic disease,
and the search for genes governing its inher-
ited susceptibility has now occupied inves-
tigators for several decades. The three genes
examined most closely here — VEGFA, ACE
and APOE — illustrate both the promise and
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the difficulty of this enterprise. Each is bio-
logically compelling: VEGFA sits at the heart
of the angiogenic process causing blindness,
ACE links DR to the renin-angiotensin system,
and APOE connects it to retinal lipid biology.
Yet for each, the association between a specif-
ic common polymorphism and the disease is
modest, variable across populations and, in the
case of ACE, perhaps confined to severity rath-
er than occurrence.

The most realistic assessment is that no sin-
gle polymorphism will ever serve as a stand-
alone marker of risk. The future of genetic pre-
diction in DR lies in larger and more careful-
ly phenotyped cohorts, in genome-wide and
polygenic approaches validated across diverse
ancestries, and in the integration of genetic
information with the established clinical risk
factors. In parallel, the molecular understand-
ing that genetic research has helped to build is
already bearing fruit in therapy, as gene-trans-
fer strategies move the anti-VEGF paradigm
towards durable, single-administration treat-
ment. Recognizing the genetic determinants
of DR therefore matters on two fronts at once:
it promises better identification of the patients
at the greatest risk, and it deepens the mech-
anistic understanding from which the next
generation of treatments will emerge. Future
progress will depend on larger, more diverse
cohorts and on integrating genetic data with
clinical risk factors to determine whether gen-
otype-informed screening or treatment stratifi-
cation improves outcomes.
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Uloga genskih polimorfizama u dijabetickoj retinopatiji
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Dijabetic¢ka retinopatija (DR) je naj¢e$¢a mikrovaskularna komplikacija dijabetes melitusa (DM) i
ostaje jedan od vodecih uzroka sljepila koje se moze sprijeciti u radno sposobnoj populaciji. Tok
bolesti je izrazito promjenljiv: neki bolesnici sa dugogodisnjim, lose regulisanim dijabetesom nikada
ne razviju oblik bolesti koji ugrozava vid, dok kod drugih dolazi do brze progresije uprkos zadovo-
ljavajucoj metabolickoj kontroli. Ova klinicka heterogenost, koju tradicionalni faktori rizika ne mogu
u potpunosti objasniti, usmjerila je paznju ka nasljednoj komponenti sklonosti ka bolesti. U ovom
radu saZeto je prikazano savremeno razumijevanje genske arhitekture DR, sa posebnim osvrtom na
tri detaljno proucavana kandidat-gena: gen za vaskularni endotelni faktor rasta (VEGFA), gen za an-
giotenzin-konvertujuci enzim (ACE) i gen za apolipoprotein E (APOE), posebno njihovi najistrazeniji
polimorfizmi: VEGFA rs699947, rs2010963 i rs3025039; ACE rs1799752 I/D, i APOE rs429358 i rs7412
(€2/€3/€4). Razmatraju se dokazi koji povezuju pojedine polimorfizme sa bole3¢u, nalazi studija aso-
cijacije na nivou cijelog genoma, kao i razlozi za nedosljednost rezultata izmedu studija u pogledu
etnickih razlika, definicije fenotipa i ogranicene statisticke snage. Na kraju se razmatra kako genetski
uvidi pocinju da oblikuju terapiju, od ustaljenog anti-VEGF pristupa do genskih terapija koje se ispi-
tuju u klinickim studijama.

Klju¢ne rijeci: genska sklonost, renin-angiotenzin sistem, apolipoprotein E, VEGFA, mikrovaskularne
komplikacije
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