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Teaser Diabetic retinopathy is the leading cause of blindness in young adults. Current
treatments target late-stage disease symptoms. This review highlights the need for new
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Diabetic retinopathy (DR) is a microvascular complication of diabetes and
is the leading cause of vision loss in people with diabetes. The current
treatments do not target early stages of disease or impede disease
progression. Therefore, the identification of new therapeutic targets, the
development of novel therapies targeting early stages of the disease and
accurate models that simulate pathological characteristics of this disorder
are crucial. This review provides an overview of the pathological
mechanisms underlying the development of DR, highlighting the recent
advances in current and emerging treatments for DR.

Introduction

Diabetic retinopathy (DR) is one of the most common neurovascular complications of diabetes
and it is currently the leading cause of vision loss in working-age adults in the developed world.
Approximately 30% of people with diabetes develop some degree of DR. The social and financial
impact of visual impairment is significant to those affected and, more broadly, their communities
[1,2]. Diabetes affects >30 cell types in the retina, therefore the classification and grading of DR
have been based on the degree of damage to the vasculature. The Early Treatment of Diabetic
Retinopathy Study (ETDRS) scale is used to visualise the number of photographically detectable
microvascular lesions in the retina. The ETDRS is anatomy-based and hence might not provide a
true quantitative measure or reflect important functional deficits [3]. DR can be broadly classified
into two stages based on the level of microvascular- and ischemic-related damage: nonprolifera-
tive DR (NPDR) and advanced proliferative DR (PDR). NPDR can be further subdivided into mild,
moderate and severe. Mild NPDR occurs at an early stage and is characterised by microaneurysms
that tend to leak fluid in the retina. Moderate NPDR is the progression of the disease where the
blood vessels that nourish the retina swell, distort and lose their ability to transport blood [4-6].
These changes distort the retina and can contribute to diabetic macular oedema (DMO). During
severe NPDR, more blood vessels become obstructed, depriving this area of the retina of blood. In
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this stage growth factors are secreted, signalling to the retina to
form new blood vessels. PDR is the most advanced stage of DR
whereby growth factors secreted by the retina induce the prolifer-
ation of new blood vessels along the inside surface of the retina
and in the vitreous gel. These new blood vessels are fragile and leak
fluid and blood into the retina. Scar tissue is then formed and can
cause retinal detachment, which can eventually lead to permanent
vision loss. DMO, also termed diabetic maculopathy, occurs when
DR affects the macular region of the retina. The leakage from the
blood vessels promotes swelling of the macula and this also
contributes to vision loss in diabetic patients. DMO can be classi-
fied into ‘peripheral’ or ‘central’ if the fovea is affected and,
depending on the extent of the oedema, DMO can also be divided
into ‘focal’ or ‘diffuse’ [4,6]. Management of this debilitating
disease requires a thorough understanding of the disease patho-
genesis and identification of therapeutic agents that can target the
early stages of the disease. This review provides an overview of the
pathogenesis of DR and a comprehensive review of the current and
novel management strategies.

Pathogenesis of diabetic retinopathy

Retinal stress in DR can be induced by many factors. These include
inflammation, oxidative stress, epigenetic mechanisms and neu-
rodegeneration (Fig. 1) [7].

Inflammation
The pathogenesis of DR is complex but is mainly triggered by
hyperglycaemia (>150mg/dl) and subsequent metabolic stress on

the retinal cells. Prolonged elevation of blood glucose induces the
production of advanced glycation end-products (AGEs). AGEs are
principally formed through the Maillard reaction and deposition
of AGEs has been shown to have detrimental effects on cells and
tissues. The role of AGEs in the pathology of DR can be attributed
to the crosslinking effects (with proteins, lipids and nucleic acids)
and the binding of AGEs to receptors of AGE (RAGE) that in turn
trigger multiple cell-signalling pathways [8]. AGEs and AGE-RAGE
interactions are important contributors to pericyte drop-out, en-
dothelial dysfunction and vascular inflammation, leading to the
increase in transcription of vascular endothelial growth factor
(VEGF), adhesion molecules and proinflammatory cytokines
and chemokines such as tumour necrosis factor (TNF)«, interleu-
kin (IL)-6 and IL-1f3 [9].

In addition, hyperglycaemia is known to be responsible for
chronic low-grade inflammation that leads to upregulation of
adhesion molecules such as intercellular cell adhesion molecule
(ICAM)-1 and vascular cell adhesion molecule (VCAM)-1, as well as
the upregulation of proinflammatory cytokine VEGF, which con-
trols angiogenesis, abnormal vascular permeability and inflamma-
tion. Consequently, retinal hypoxia and ischemia will proceed and
cause loss of pericytes, endothelial dysfunction and retinal mito-
chondrial degeneration. Hypoxia-activated macrophages and
microglia migrate to the hypoxic areas and stimulate the release
of hypoxia-inducible factor (HIF)-1, monocyte chemotactic pro-
tein (MCP)-1, TNFq, IL-6 and IL-8, and further increase the levels
of VEGF. The inflammatory state of DR can also be aggravated
by modifications in the retinal fatty-acid metabolism via the
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FIGURE 1

Pathophysiological pathways of diabetic retinopathy as a consequence of hyperglycaemia. The main pathological features include: inflammation, oxidative
stress, neurodegeneration and epigenetic changes. Abbreviations: AGEs, advance glycation end products; FADH,, redox cofactor flavin adenine dinucleotide;
GLAST, glutamate transporter protein; NADH, reduced form of nicotinamide adenine dinucleotide; NMDA, N-methyl p-aspartate receptor; TNF, tumour necrosis

factor; VEGF, vascular endothelium growth factor.
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mitogen-activated protein (MAP) kinase pathway. Oxidised gly-
cated low-density lipoprotein has been demonstrated to cause
death of retinal pigment epithelium, Miiller cells and pericytes
seen in early DR [6,10].

Oxidative stress

Prolonged hyperglycaemia also results in the overproduction of
reactive oxygen species (ROS) that lead to the disruption of normal
cellular physiology. Increased ROS levels result in cellular damage
via lipid peroxidation, DNA modification, protein misfolding and
mitochondrial damage [7]. The increased ROS production can be
attributed to increased glucose metabolism by the glycolysis and
citric acid cycle pathways. Disturbances in these pathways results
in increased production of reduced forms of nicotinamide adenine
dinucleotide (NAD") and flavin adenine dinucleotide (FADH). The
reduced forms, NADH and FADH2, are vital in the generation of
ATP and superoxide radicals in the mitochondria [11]. This in-
crease in superoxide levels has been demonstrated in in vivo and ex
vivo models of DR [12-14]. In addition, the activity of enzyme
superoxide dismutase (SOD) which is responsible for the conver-
sion of superoxide into oxygen and hydrogen peroxide has been
shown to be downregulated in streptozotocin (STZ)-induced dia-
betic rats [14]. These models also demonstrated an upregulation of
pro-oxidant and proapoptotic enzymes that exacerbate this oxi-
dative stress. Moreover, increased oxidative stress has been linked
to neurodegeneration in DR [15,16].

Neurodegeneration

Several studies have demonstrated that dysregulation of excito-
toxic metabolites such as glutamate, homocysteine, endogenous
peptides and neurotrophic factors is closely linked to the neuro-
degeneration seen in early DR [17,18]. Glutamate is the most
important excitatory neurotransmitter in the brain and retina
and numerous studies have shown that disparity in glutamate
homeostasis is associated with neuronal damage and initiation of
DR. Owing to the activation of the N-methyl p-aspartate (NMDA)
receptors by glutamate, there is an influx of calcium and sodium
within the cells leading to the generation of free radicals and death
of retinal ganglion cells (RGCs) [19,20]. Miiller cells are specialised
glial cells in the inner retina and control the intra- and extra-
cellular uptake of excess glutamate. They aid in lowering post-
synaptic excitotoxicity seen in progressing DR. An imbalance
between the influx of calcium, sodium and the amount of gluta-
mate produced induces stress on the Miiller cells; leading to their
death.

Another contributor to retinal neurodegeneration seen in DR is
the elevated levels of homocysteine (Hcys). Hcys is a sulfur-
containing amino acid that depends on vitamin B12 and folate
for efficient degradation. Vitamin B12 deficiency and hyperho-
mocysteinemia have been linked to early DR [21]. Hcys acts as an
agonist at the glutamate site of the NMDA receptors and induces
RGC apoptosis, reduces rod responses and can affect glial cell
viability [22,23]. Neurotrophic factors such as brain-derived neu-
rotrophic factor (BDNF) and pigment-epithelium-derived growth
factor (PEDF) play important parts in maintaining healthy inter-
actions between neuronal, vascular and retinal cells, preventing
ischemia and neuronal death. BDNF is secreted by glial cells and,
in DR, absence of BDNF is associated with RGC loss. Other studies

show neuroprotective effects of BDNF via the upregulation of
glutamine synthetase in Miiller cells [24,25]. In addition, over-
expression of PEDF in Miiller cells counteracts the effects of
VEGF, reduces neovascularisation and aids in the survival of
RGCs, axons and neurons [26,27]. Thus, strategies that can
increase the levels of neurotrophic factors could assist in manag-
ing the early stages of DR.

Epigenetics

In the past decade, epigenetic processes have been reported to
mediate various pathological events that occur in DR [28]. Global
DNA hypermethylation patterns have been associated with in-
creasing severity of DR and low levels of intermediates for DNA
methylation (e.g., folic acid and vitamin B12) increase the risk of
this ocular disease [29]. The methylation of histones can also play a
part in the impaired redox pathways seen in DR.

Glutathione (GSH) is an important intracellular antioxidant
and its production is mediated by the activity of the glutamate-
cysteine ligase catalytic subunit (Gclc) and the transcription factor
nuclear factor erythroid 2 like 2 (Nrf2). Changes in histone meth-
ylation can alter the Nrf2-Gclc-GSH cascade [30]. Dimethylation of
histone H3 at lysine 4 (H3K4me2) at the Gclc-antioxidant response
element region (ARE)4 is increased in retinal endothelial cells in a
diabetic rat model, whereas H3K4mel and H3K4me3 are de-
creased. RNA interference of histone demethylase LSD1 reverses
the decreased binding of Nrf2 at Gclc—ARE4 and Gclc transcripts,
thus restoring the normal activity of these key antioxidant
enzymes [30]. In addition, retinal cells from hyperglycaemic dia-
betic rats that have been transfected with short-interfering RNA
(siRNA) of the methyltransferase enzyme SetD7 promote an upre-
gulation of Nrf2 and downregulate its cytoplasmic repressor Keap1
[30]. However, reversal of hyperglycaemia does not affect the
methylation of Nrf2 and Keapl genes. This indicates that epige-
netic modifications might not reverse the expression of genes once
the DR phenotype begins to manifest.

Hypoxic conditions in the retina account for the increased
expression of VEGF which promotes neovascularisation in DR.
Pisani et al. (2018) revealed that the astrocyte marker glial water
channel aquaporin (AQP)4 can regulate the methylation status of
the HIF-1 binding site [31]. In the absence of AQP4, demethylation
of the HIF-1 binding site becomes impaired, HIF-1 binding to the
VEGF gene promoter is prevented and VEGF-induced retinal dam-
age as a result of hypoxia is attenuated [31]. Hypomethylation of
the IL-17 receptor C gene promoter resulting in the overexpression
of its gene in choroidal blood vessels and retinal pigmented
epithelial (RPE) cells was also found under hypoxic conditions
[32]. Thus, this gene can be a biomarker of choroidal neovascular-
isation and RPE cell degeneration.

In 2015, a genome-wide analysis of DNA methylation in type 1
diabetes patients revealed an association between epigenetic
changes with proliferative DR [33]. A total of 349 differentially
methylated phosphorylated cytosine-guanine (CpG) sequences
within genes including TNF, chitinase-3-like protein 1, glycine
receptor subunit alpha-1, B cell lymphoma (BCL)-6 corepressor-
like protein 1 and glutathione peroxidase 1 were detected in
patients with DR compared with normal healthy controls. These
genes encode proteins that are involved in cell signalling, metab-
olism and redox reactions and most of these CpG sites experienced
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DNA hypomethylation [33]. Another interesting observation was
the significant positive correlation between natural-killer-cell-me-
diated cytotoxicity and these CpG sites; thus suggesting the influ-
ence of DNA methylation status on innate immunity [33].

Sirtuin (Sirt)1 is a deacetylase enzyme that mediates multiple
cellular functions including gene transcription and it is inhibited
in the diabetic retina. Mishra et al. (2018) investigated Sirt1-over-
expressing diabetic mice and these animals showed an alleviation
of hypermethylated Sirtl promoter DNA but no changes in the
retinal vasculature or degree of apoptosis were observed compared
with wild-type diabetic mice [34]. By contrast, Sirtl expression
mediated by protein arginine methyltransferase 1 conferred pro-
tection to human RPE cells against oxidative damage and apopto-
sis [35]. A normal Sirtl phenotype is also required to impede
increases in p300, endothelin-1 and transforming growth factor
(TGF)-31 expression for the prevention of hyperglycaemic stress in
the kidneys and retina of Sirtl-overexpressing mice [36]. These
conflicting findings suggest that there could be differences in the
responses to epigenetic stimulations between in vivo and in vitro DR
models. Another Sirt family member, Sirt6, has also been impli-
cated in the regulation of cellular aging, metabolism and degen-
eration. In the presence of high concentrations of glucose, retinal
cells from normal wild-type rats demonstrated an increase in VEGF
gene expression that was accompanied by reduced Sirt6 activity
and increased H3K9 and H3KS56 acetylation [37]. When Sirt6 was
silenced, levels of VEGF gene expression increased [37]. The over-
expression of the Sirt3 gene was also found to attenuate diabetic
injury via deacetylation and activation of manganese SOD, the
scavenging enzyme crucial for eliminating the build-up of ROS in
the mitochondria of retina cells [38]. Additionally, concurrent
elevation of the levels of matrix metalloproteinase (MMP)-9,
VEGF, HIF-1a and insulin growth factor-1 were also observed
[39]. Taken together, these findings indicate that normal expres-
sion of Sirt family members is required for the maintenance of
healthy retinal vascular and neuronal homeostasis.

Current treatments

Current therapeutic options target the late stages of DR when
vision is already significantly degraded. Current treatment for
NPDR is limited and patients are advised to tightly control their
blood glucose levels to reduce the risk of PDR. In severe cases
patients will receive pan-retinal photocoagulation (PRP) therapy
to reduce the risk of disease progression to PDR. PRP is also offered

TABLE 1

to patients who have PDR without vitreous haemorrhage to reduce
the risk of severe vision loss. The only treatment option available
for patients with extensive vitreous haemorrhage or tractional
retinal detachment owing to severe PDR is pars plana vitrectomy
surgery [40]. The majority of currently approved pharmacological
treatments for DR target the resulting DMO. These established
treatments aim to prevent haemorrhaging using laser therapy,
intraocular injections of corticosteroids and therapeutic anti-
VEGF antibodies [40,41]. Table 1 summarises the currently avail-
able treatment options for DMO.

Promising therapies in the pipeline

Currently available anti-VEGF therapy requires frequent intraocu-
lar injections and increases the risk of retinal haemorrhage, in-
creased intraocular pressure and retinal detachment. In addition,
this invasive procedure affects the patient adherence to the medi-
cation regimen and is a considerable burden to the healthcare
system. Therefore, various companies are currently developing
drug delivery systems and therapies that reduce the need for
frequent invasive procedures. One such long-acting delivery sys-
tem is the ranibizumab port delivery system (PDS) developed by
Forsight Vision 4 (Menlo Park, USA) and acquired by Roche/
Genentech (San Francisco, USA). This reservoir-based implant is
placed under the conjunctiva in the pars plana and does not
require sutures. The implant can be refilled when needed by a
clinician [42] (LADDER study; NCT02510794). A Phase III clinical
trial is currently recruiting participants to compare the efficacy of
ranibizumab PDS implant with monthly ranibizumab injections in
patients with wet age-related macular degeneration [43].

Abicipar pegol is a new anti-VEGF therapy developed by Molec-
ular Partners (Zurich, Switzerland). It is a designed ankyrin repeat
protein (DARPin™), a genetically engineered mimetic protein that
has low molecular weight, high stability, high affinity and long
intravitreal half-life. Abicipar is reported to suppress VEGF for up
to 8-12 weeks in individuals with DMO. A Phase 1II clinical trial
(PALM study; NCT02186119) evaluating the efficacy of abicipar in
DMO in comparison to monthly ranibizumab demonstrated im-
proved visual acuity and retinal thickness that is comparable with
monthly ranibizumab injections [44,45].

Aerpio therapeutics (Cincinnati, USA) and Roche (Basel,
Switzerland) have developed new therapies for DMO targeting
the angiopoietin pathway. Angiopoietins are known to interact
with Tie2 tyrosine kinase receptors on endothelial cells. Once

Currently available treatments for diabetic macular oedema.

Drug Mechanism of action Formulation and route Frequency of administration Refs
of administration

Bevacizumab (Avastin™) Anti-VEGF antibody Solution; intravitreal route Monthly or bi-monthly [102]
(off-label use)

Ranibizumab (Lucentis™) Anti-VEGF antibody Solution; intravitreal route Every 4 weeks [103]
Aflibercept (Eyelea‘“\') Anti-VEGF antibody Solution; intravitreal route Every 4 weeks for the first five [104]

injections, then every 8 weeks
Dexamethasone (Ozurdex™) Anti-inflammatory Biodegradable implant; Every 3-6 months [105]
corticosteroid intravitreal route

Fluocinolone (lluvien®) Anti-inflammatory Nonbiodegradable implant; Every 3 years [106]

corticosteroid

intravitreal route
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activated, Tie2 receptors promote vascular stability in healthy
endothelial cells. However, angiopoietin-2 (Ang-2), which is upre-
gulated in hyperglycaemia, is a negative regulator of Tie2 receptors
and increases the vascular leakage and responsiveness to VEGF and
inflammatory cytokines [46]. Currently, there are two molecules
that target this pathway in the pipeline. These are AKB-9778 [47]
(Aerpio Therapeutics; NCT01702441) and RO6867461/RG7716
(Roche; NCT02699450) [48]. AKB-9778 activates the Tie2 receptor
via inhibition of vascular endothelial protein tyrosine phospha-
tase (VE-PTP). It is administered subcutaneously twice daily and
provides the advantage of self-administration by the patient. The
TIME-2 study reported subcutaneous injection of AKB-9778 com-
bined with ranibizumab caused significantly greater reduction in
DMO in comparison with ranibizumab alone [45,49]. RO6867461/
RG7716 (faricimab) is a bispecific IgG1 monoclonal antibody that
has one arm binding to VEGF and the other arm binding to Ang-2.
The BOULEVARD study (Phase II clinical trial; NCT02699450)
compared the efficacy of monthly intravitreal injections of farici-
mab (1.5mg and 6 mg) with monthly intravitreal injections of
ranibizumab. This study demonstrated statistically significant
improvements in visual acuity gains in patients administered with
faricimab (6 mg) compared with ranibizumab. In addition, both
doses of faricimab resulted in considerable reduction of central
retinal thickness and faricimab was well tolerated [50]. The inves-
tigators are currently recruiting participants for a Phase III clinical
trial; NCT03622580 to determine the efficacy, safety and pharma-
cokinetics of faricimab in patients with DMO [48].

Allegro Ophthalmics (San Juan Capistrano, USA) is currently
studying the efficacy of ALG-1000 (Luminate®™). Luminate® is an
integrin antagonist that binds to multiple integrin receptor sites to
inhibit multiple integrin pathways. Integrins are located on en-
dothelial cells and regulate angiogenesis. In vivo studies on Lumi-
nate®™ have shown that it reduces the angiogenesis and leakage
from abnormal blood vessels in rodent models. Recently, the DEL
MAR Phase II clinical trial (NCT02348918) demonstrated that,
when used as a sequential therapy in patients with DMO, the
visual acuity gains were equivalent at all time points to bevacizu-
mab monotherapy [45].

Somatostatin (SST) is an endogenous cyclic tetradecapeptide
hormone and it is one of the most important neuroprotective
factors synthesised by the retina, the retinal pigment epithelium
(RPE) being the main source in the human eye [51]. SST can
ameliorate glutamate neurotoxicity by regulating the amount of
glutamate available to glutamate receptors. SST and analogues can
also exert an antiangiogenic effect by reducing endothelial cell
proliferation and neovascularisation. This effect can contribute to
the inhibition of post-receptor signalling events of peptide growth
factors observed for IGF-1, VEGF, epidermal growth factor (EGF),
basic fibroblast growth factor (bFGF) and platelet-derived growth
factor (PDGF) [52,53]. Studies in transgenic mice have shown that
SSTR2 activation can protect against angiogenesis [54]. However,
this has not been demonstrated in diabetic models. It is worth
noting that nondiabetic models are usually used to mimic retinal
neovascularisation and these models may not provide an accurate
reflection of the disease pathogenesis [55]. Several clinical studies
have investigated the efficacy of SST analogues such as lanreotide
and octreotide in DR. In a case report, lanreotide Autogel®™, Ipsen
Pharma Biotech, Signes, France (Somatuline® Autogel™) was ad-

ministered to two diabetic patients with bilateral persistent cystoid
macular oedema. Authors reported improved vision in three out of
four eyes. Foveal thickness was reduced and Health Related Quality
of Life (HRQOL) scores increased, although visual acuity was not
shown to be significantly improved [56]. However, in 2001, a
larger study showed that 3 years of octreotide treatment in type
1 diabetes patients with PDR significantly reduced vitreous hae-
morrhage and improved visual acuity [57]. Grant et al. (2000)
demonstrated that octreotide treatment retarded the progression
and delayed the time to laser photocoagulation [58]. A more recent
multicentre Phase II/III randomised controlled clinical trial has
recently been completed in Europe to compare the efficacy of
brimonidine and SST eyedrops in retinal neurodegeneration and
microvascular impairment (EUROCONDOR; NCT01726075). This
trial revealed that SST and brimonidine topical formulations only
prevented the worsening of pre-existing retinal neurodysfunction
[59]. It is interesting to note that SST (1 mg/ml) was delivered via
the topical route and that the low bioavailability of SST in the
retina might have contributed to the reported outcomes.

ASP8232 (Astellas Pharma; Northbrook, USA) is an orally ad-
ministered vascular adhesion protein (VAP)-1 inhibitor that is
currently being studied in patients with DMO. A Phase II study
has recently been completed comparing the efficacy of ASP8232
with ranibizumab as well as combination therapy with ranibizu-
mab; however,study results are not yet available (NCT02302079)
[60]. Other novel therapeutics include KVD0O1 (Kalvista Pharma-
ceutica, Cambridge, USA), a plasma kallikrein inhibitor adminis-
tered intravitreally [45], and EBI-031 (Eleven Biotherapeutics,
Cambridge USA), an IL-6 antibody administered intravitreally
[45]. KVDOQOL1 is currently being evaluated in Phase II clinical trials
(NCT03466099) and the outcomes are expected to be revealed in
2019. The current list of therapies in the pipeline demonstrates the
advances in understanding of the disease pathology and the need
for targeting pathways that are involved in early stages of the
disease. These exciting innovations are likely to revolutionise the
management of DR in the future and provide patients with a more
effective method of managing this disease. Table 2 summarises the
therapies in the pipeline for the management of DR.

Experimental therapies

Although intensive diabetes treatment strategies are currently
available or are in the pipeline for the management of DR, new
treatment approaches focusing on antioxidants, anti-inflammato-
ry agents, hemichannel blockers, inhibitory neuropeptides and
epigenetics are being evaluated to ameliorate disease progression
and adverse effects associated with current treatments.

Targeting inflammatory pathways

Inflammation (Fig. 1) is a key contributor to the progression of DR.
There is evidence that inflammatory factors IL-17A, IL-18, IL-6, IL-
1B, TNFa, MCP-1, ICAM-1 and nuclear factor (NF)-kB are involved
in DR. In addition, the inflammatory contribution of the NOD-like
receptor protein (NLRP)3 inflammasome has been investigated in
an Akimba mouse model. This study demonstrated that dysregu-
lated activation of the NLRP3 inflammasome results in an in-
creased activation of macroglia, microglia and perivascular
macrophages such as CD14 leading to an upregulation of proin-
flammatory (IL-1f3 and IL-6) and proangiogenic (ICAM-1, VEGF)
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TABLE 2

Promising therapies for DR in the pipeline.

Name Mechanism of action Route of Stage of development Company Refs

administration
Ranibizumab port Anti-VEGF antibody Reservoir-based implant Phase Il clinical trial Roche/Genentech, San [42,43]
delivery system placed under Francisco, USA
conjunctiva

AKB-9778 Vascular endothelial Subcutaneous Phase Il clinical trial Aerpio, Cincinnati, USA [47,49]
protein tyrosine
phosphatase inhibitor

Faricimab (RO6867461) Anti-VEGF & anti- Intravitreal injection Phase Il clinical trial Roche Basel, Switzerland [48]
angiopoietin-2 antibody

Somatostatin Neuroprotective peptide Topical eyedrops Phase /Il clinical trials BCN Peptides [59]

Abicipar Pegol Anti-VEGF DARPin® Intravitreal injection Phase Il clinical trial Molecular Partners, [44]

Zurich, Switzerland

ASP8232 Vascular adhesion Oral Phase Il clinical trial Astellas Pharma, [60]
protein-1 inhibitor Northbrook, USA

KvDO0O01 Plasma kallikrein Intravitreal injection Phase Il clinical trial Kalvista Pharmaceutica, [45]
inhibitor Cambridge, USA

Luminate™ (ALG-1000) Integrin antagonist Intravitreal injection Phase Il clinical trial Allegro Ophthalmics San [45]

Juan Capistrano, USA
EBI-031 Interleukin-6 antibody Intravitreal injection Phase | clinical trial Eleven Biotherapeutics, [45]

Cambridge, USA

markers [61]. These inflammatory targets are currently being
investigated to develop efficient treatment options for DR.

Canakinumab (Ilaris®, Novartis Pharmaceuticals, New Jersey,
USA) is a human IgGk monoclonal antibody that targets IL-1(3. It
is currently approved for the treatment of periodic fever syn-
dromes and systemic juvenile idiopathic arthritis. A prospective,
uncontrolled open-label pilot study of canakinumab (150 mg, SC
every 8 weeks for 24 weeks) demonstrated promising effects of IL-
1f inhibition on DMO and stabilisation of neovascularisation in
PDR. Interestingly, canakinumab was not able to reduce the
baseline neovascularisation in patients with PDR [62].

High mobility group box (HMGB)-1 is a proinflammatory cyto-
kine linked to the inflammatory events seen in DR and is associat-
ed with RGC loss. HMGB-1 is upregulated in rodent models of
diabetes and it is known to upregulate the expression of IL-13,
NOX2, caspase-3 and poly(ADP-ribose) polymerase-1 (PARP-1).
Glycyrrhizin, a component of liquorice, can inhibit HMGB-1
expression, promoting RGC survival [63,64]. These data demon-
strate the interaction between proinflammatory cytokines and
oxidative stress pathways, highlighting the need for therapies that
target multiple pathological features of DR.

Connexin 43 (Cx43) is a gap junction protein that is abundantly
expressed in vascular endothelium and astrocytes. It plays amajor part
in the bidirectional movement of ions and metabolites between cells
(hemichannels) and is involved in acute injury responses and chronic
diseases. Cx43 is known to play an important part in retinal homeo-
stasis and during acute injury, with the uncontrolled opening of
hemichannels mediating inflammation, vascular permeability and
cell death [65]. It has been reported that upregulation of retinal Cx43
was observed during optic nerve injury which was associated with
inflammation and RGC death [66,67]. Another study showed that
Cx43 expression was increased during light damage in the choroid
linked to reduced neuronal responses and increased inflammation.
Cx43 mimetic peptides (MP) contain asmall peptide sequence that
blocks Cx43 hemichannel opening with high specificity. Several
studies have demonstrated that Cx43 MP including Gap 26/27,

Peptide$, L2 and Gap19 block Cx43 hemichannels and interfere with
inflammatory pathways to reduce neuronal cell death, ischemia,
vascular leak as well as RCG and astrocyte death [68,69]. Intravitreal
injection of Peptide5 supressed choroidal- and glial-cell-related in-
flammatory responses [70]. A study by Chen et al. (2015) encapsulated
Peptide$ in poly(p,L-lactide-co-glycolide) acid (PLGA) nanoparticles
(NPs) for slow release to promote RGC survival [66]. More recently,
Huang et al. (2018) used hyaluronic acid (HA) to coat NPs that
encapsulated the Cx43 MP for more-efficient drug delivery. It is
known that HA is a major constituent of the vitreous humour -and
can bind to several cell-surface receptors including CD44, which is
highly expressed in the human retina. Cx43 MP NPs coated with HA
were more efficient compared to free Cx43 MP in preventing thinning
of retinal layers and disruption of retinal blood vessels [71].

Another area of great interest is the identification and develop-
ment of therapeutic agents that target AGE formation. Com-
pounds such as benfotiamine, aminoguanidine, pyridozamine,
carnosine and phenyl thiazaolium bromide have been investigat-
ed for their anti-AGE activity [9,72]. Identification of soluble
receptors for AGE (sRAGE) that can block the association of
AGE with RAGE, which in turn can inhibit the proinflammatory
signalling pathways, also provide promise in managing DR. Peri-
ndopril, an angiotensin-converting enzyme (ACE) inhibitor, and
benfotiamine, a synthetic thiamine derivate, can both reduce the
circulating levels of AGEs by increasing sSRAGE. Moreover, there is
intensive research on the use of SRAGE as a biomarker of DR [9,73].
Overall, itis clear that there is a strong need for additional research
to elucidate the molecular mechanisms that underpin the chronic
inflammation observed in DR and to understand the crosstalk
between different pathways. This will enable the identification
of effective pharmacological agents to slow or halt the inflamma-
tion in early stages of the disease.

Neuroprotective agents
Retinal neurodegeneration is an early event in the development of
DR and can be managed by blocking the glutamate signalling
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pathway, replacing downregulated neuroprotective factors and/or
improving the neurovascular coupling function [74]. Another
promising therapeutic strategy is the administration of gluca-
gon-like peptide (GLP)1. Hernandez et al. (2016) demonstrated
the neuroprotective effects of GLP1 receptor agonist liraglutide,
administered systemically (SC 400 wg/kg/day) to db/db mice. In
addition, the authors reported similar neuroprotective effects
following topical administration of native GLP1 and GLP1 recep-
tor agonists (liraglutide, exenatide and lixisenatide) in diabetic
mice [75]. GLP1 levels can also be upregulated by the administra-
tion of dipeptidyl peptidase IV (DPP-1V) inhibitors. In a recent
study, Hernandez et al. (2017) reported the topical administration
of DPP-1V inhibitors saxagliptin and sitagliptin to db/db mice,
which resulted in a significant increase in GLP1, prevention of glial
activation, apoptosis and vascular leakage induced by hypergly-
caemia [76]. Interestingly, the authors reported higher rates of
retinal apoptosis in db/db mice compared with other animal
models of DR. Therefore, these in vivo effects could be dependent
on the choice of animal model, and viable clinical use is yet to be
evaluated.

Cell-based therapies could also provide a promising approach to
manage DR at early or late stages of the disease. This technology is
based on the ability of mesenchymal stem cells (MSCs) to secrete
neuroprotective and neurotrophic factors such as fibroblast
growth factor (FGF)-2 and ciliary neurotrophic factor (CNTF).
MSCs are also able to absorb ROS and promote regeneration of
neuro-retinal tissues. Other cell types used in the management of
DR include endothelial progenitor cells (EPCs), which can repair
damaged vasculature, and adipose stromal cells (ASCs), which can
provide dual function of repairing vasculature and providing
neuroprotection. Cell-based therapies have been administered
via the intravitreal and periocular routes [77]. Although clinical
data on the use of cell-based therapies are lacking, this technology
holds promise in offering a novel method of managing DR symp-
toms at early stages of the disease. Currently, this technology is

TABLE 3

limited by the hostile environment created by hyperglycaemia
that can hinder the migration and adhesion of these cells and the
lack of success with autologous therapy. New strategies are needed
to normalise the functions of diabetic progenitor cells and to
provide renewable sources of stem cells that are capable of appro-
priate differentiation. Table 2 and 3 summarises the therapies in
the clinical stages and preclinical stage for the management of DR,
respectively.

Anti-oxidant-based therapies
Vitamins, green tea polyphenols, sulforaphane, a-lipoic acid and
various other antioxidants have been tested in vitro and in vivo for
their impact on DR. The results are variable and currently there is
no clinically translatable outcome for these antioxidants [78].
More recently, there has been increased interest in the develop-
ment of activators of the transcription factor Nrf2. Nrf2 is known
to upregulate the transcription of antioxidant genes hemeoxygen-
ase (HO)-1 and nicotinamide adenine dinucleotide/nicotinamide
adenine dinucleotide phosphate (NADH/NADPH) quinine oxido-
reductase (NQO)1 [79,80]. Dh404 is a synthetic small-molecule
activator of the Nrf2/Kelch ECH-associating protein (Keap)1 path-
way. Deliyanti ef al. (2018) demonstrated reduced oxidative stress
in the retina when diabetic rats were treated with Dh404 by oral
gavage (3mg/kg dissolved in 200 .l sesame oil). In vitro studies
have also demonstrated that Dh404 is able to upregulate HO-1 and
NQOL1 as well as reduce the expression of Nox1 and Nox4 [81].
Sulforaphane is another potent Nrf2 activator that is found in
cruciferous vegetables such as broccoli and radish. Li et al. (2019)
investigated the effects of sulforaphane in vitro and in vivo in rats
with STZ-induced diabetes. The authors reported an upregulation
of HO-1 and NQOI1 levels and a reduction of NLRP3 inflamma-
some indicating that sulforaphane can attenuate DR pathology by
acting on antioxidant and anti-inflammatory pathways [82]. Feno-
fibrate, a peroxisome proliferator-activator receptor (PPAR)«, is
commonly used to treat hypercholesterolemia. Recent large-scale

An overview of promising therapies in the preclinical stage.

Drug Mechanism of action Stage of investigation Refs
Cx43 mimetic peptides Block Cx43 hemichannel opening In vivo [69-71]
Canakinumab IL-18 inhibitor Pilot study - uncontrolled open-label study  [62]
Glycyrrhizin High mobility group box 1 inhibitor In vivo [63,64]
Pyridozamine Anti-AGE In vivo [9,72]
Perindopril ACE inhibitor with activity to increase soluble receptors for AGE  In vivo [9,73]
Benfotiamin Increase soluble receptors for AGE In vivo [9,73]
Liraglutide Glucagon-like peptide 1 receptor agonist In vivo [75]
Exenatide Glucagon-like peptide 1 receptor agonist In vivo [75]
Saxagliptin Dipeptidyl peptidase IV inhibitor In vivo [76]
Sitagliptin Dipeptidyl peptidase IV inhibitor In vivo [76]
Dh404 Activate Keap1 pathway/Nrf2 activator In vivo [81]
Sulforaphane Activate Keap1 pathway/Nrf2 activator In vivo [82]
Fenofibrate Peroxisome proliferator-activator receptor o In vivo [83-89]
Melatonin Antioxidant In vivo [90]
Curcumin Increase levels of DNA methyltransferase enzyme In vitro [91]
Flavonoids Potentiator of SIRT1 In vivo [92,93]
Resveratrol Potentiator of SIRT1 In vitro [95]
Plantaginis semen Potentiator of SOD enzyme In vivo [96]
Trichostatin A HDAC inhibitor In vitro [99]
Native glucagon-like peptide 1 HDAC inhibitor In vivo [100]
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studies have shown that fenofibrate is able to stop the progression
of DR [83-85]. Fenofibrate has been shown to downregulate the
abnormal overexpression of basement membrane components
and inflammatory mediators such as NF-kB and VEGF [86,87].
Fenofibrate can also reduce hyperglycaemia-induced oxidative
stress in rat retinas and reduce the expression of thioredoxin-
interacting protein (TXNIP) which is known to reduce cellular
antioxidant capacity [88]. A more recent in vivo study has shown
neuroprotective effects of fenofibrate that could be linked to
improved retinal mitochondrial function [89].

Melatonin is another highly potent antioxidant that has dem-
onstrated efficacy in vitro and in vivo. Dehdashtian et al. (2018)
recently published a review article on the use of melatonin in DR
focusing on its involvement in autophagy, inflammation and
oxidative stress [90]. As per current evidence, antioxidant-based
therapies could be used to preserve visual function of patients with
diabetes and could have a role as an adjunct therapy in the
management of DR.

Epigenetic-based therapies

Because methylation and acetylation status as well as RNA inter-
ference of genes involved in cell signalling, hypoxia, oxidative
stress, inflammation and neovascularisation have been implicated
in the pathogenesis of DR, much effort has been made in investi-
gating the use of novel therapeutic compounds with epigenetic
properties. Curcumin, an extract from turmeric, has been reported
to restore normal levels of DNA methyltransferase enzymes that
mediate DNA methylation resulting in normal production of ROS
required for detoxification enzymes to function in the RPE of
diabetic mice [91]. This demonstrates the antioxidant properties
of curcumin potentially in a DR setting.

Another naturally occurring antioxidant compound known as
flavonoid is commonly found in abundant levels in cocoa. Fol-
lowing the treatment of rat Miiller cells previously exposed to
high glucose or hydrogen peroxide with cocoa, neural cell injury
was inhibited as marked by a low or negligible expression of the
marker glial fibrillary acidic protein (GFAP). Cocoa treatment also
reduced excessive production of active ROS and the activity of the
apoptotic marker PARP-1, while increasing the expression of the
oxidative-stress-sensitive SIRT1 [92]. Additionally, enriching the
cocoa with polyphenols before treatment of the STZ-induced
diabetic rats enhanced the SIRT1 activity; thereby protecting
the retinal cells from oxidative damage [92]. One potentiator
of SIRT1 is resveratrol, a phenol found in the skin of grapes and
berries. SIRT1 is known to inhibit the expression of the inflam-
matory cytokine IL-17 commonly found to be increased in the
sera of patients with PDR compared with healthy individuals [93].
Peripheral blood mononuclear cells from patients treated with
resveratrol increased SIRT1 activation and decreased IL-17 ex-
pression levels [93]. The findings suggest that this phenolic
compound has potential protective effects against the inflamma-
tory damage seen in proliferative DR. Resveratrol also has the
ability to induce acetylation of p65 and prevent MMP-9 activa-
tion; thus, reversing the mitochondrial damage and retinal cell
apoptosis [94]. Despite these positive findings, others have
reported that resveratrol does not exert vasoprotective effects
on retinal vessels of Nestin-Cre or Tie2-Cre mice with oxygen-
induced proliferative retinopathy and proposed that endogenous

SIRT1 (rather than exogenous stimulation by resveratrol) is vital
in mediating protection against retinopathy [95]. A traditional
extract from plantaginis semen (PS) is known to be rich in
polyphenols and has been used to treat compromised vision in
certain Asian communities. When tested in an in vivo diabetic rat
model, PS increased the activity of redox enzymes including SOD
and catalase and reduced the expression of proangiogenesis and
proinflammatory genes such as VEGF, IL-1 and HIF-1 in the retina
of the diabetic rats [96]. This finding supports PS as a novel
therapeutic option for the prevention and/or progression of DR.

Fenofibrate, a therapeutic compound used as a first-line treat-
ment for lowering cholesterol levels in patients with cardiovascu-
lar disease, exhibits anti-inflammatory and epigenetic properties.
The administration of high glucose to human retinal endothelial
cells attenuated the expression and activity of SIRT1 [97]. Howev-
er, this effect was reversed by fenofibrate which led to a subsequent
decrease in the expression of the proinflammatory protein com-
plex NF-kB [97]. Also, its promising antioxidant properties as
revealed by clinical trial data have been previously described in
this review. Therefore, fenofibrate could be a promising approach
to halting the inflammation and oxidative stress responsible for
the development of DR.

Trichostatin A (TSA) is a known inhibitor of histone deacety-
lases (i.e., HDAC). Hakami et al. (2016) reported that TSA success-
fully retarded aberrant angiogenesis, tube formation and
migration by dampening the expression of NADPH oxidase
(Nox)4 via ubiquitination of p300-histone acetyltransferase and
by suppressing TGF1 [98]. TSA can also inhibit glycated albumin-
induced changes via HDACG6 inhibition and can restore normal
fluid homeostasis in the hyperglycaemic retina [99]. These mech-
anisms-of-action of TSA confer benefit in using HDACISs to target
and ameliorate the abnormal angiogenesis and fluid imbalance in
DR. Another potential HDACI is the incretin mimetic glucagon-
like peptide (GLP)-1. GLP-1 functions to suppress glucagon release
and increase insulin sensitivity of cells in type 2 diabetes. It was
reported that GLP-1 treatment of diabetic rats decreased the
expression of Nox3 and superoxide dismutase (SOD)2 and caspase
3 accompanied by reduction of HDAC6 in retinal cells of these rats
[100]. Although this observation demonstrates that GLP-1 can
reverse apoptosis of cells affected by DR, it is contradictory because
histone hyperacetylation resulting from HDAC inhibition should
open the chromatin structure and activate rather than inhibit gene
expression. Perhaps, the regulation of the expression of Nox3,
SOD2 and caspase 3 is not entirely mediated by HDAC6 but by
other classes of HDACs that together could counteract the activity
of HDAC6. Conversely, a specific GLP-1 agonist, exendin-4, in-
duced histone H3 hyperacetylation at the SOD3 promoter in
human retinal microvascular endothelial cells. This elevates the
expression of the SOD gene and subsequently inhibits the oxida-
tive stress implicated in DR [101]. Taken together, GLP-1 agonists
can have differential effects in an in vitro versus an in vivo DR
setting where these compounds decrease Nox3 and SOD gene
expression in diabetic rat models but increase the expression of
such genes in human retinal microvascular endothelial cells.

Concluding remarks
Over the past decade, our understanding of the pathogenesis of DR
has broadened and there is an increased interest in targeting the
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early stages of the disease. Currently, anti-VEGF therapies are used
as the first-line therapy in managing late-stage disease. Frequent
injections and poor response to anti-VEGF therapy by patients has
increased the demand for new treatment options. These new
treatment options include cytokine and chemokine inhibitors,
inhibitors of adhesion molecules and inhibitors of the kallikrein-
—kinin system. In addition to the identification of new therapeutic
targets and the development of new therapeutic molecules, it is
important to develop new ways of translating these findings into
clinical practice. This includes the development of new drug
delivery platforms that enhance the bioavailability of the thera-
peutic agent, reduce adverse effects and increase patient adher-
ence. The PDS currently investigated by Genentech could be the
answer to frequent intravitreal injections. However, the most
appropriate re-filling intervals and the patient acceptance of such
a device remain to be explored. If successful in future clinical trials,
this device will likely revolutionise drug delivery to the posterior
segment of the eye. Other approaches to reduce the risk of disease
progression could be to combine anti-VEGF therapy with novel
therapeutic agents such as cytokine and adhesion molecule inhi-
bitors. Novel drug delivery systems such as stimuli-responsive drug
delivery systems, sustained release implants and stem cell therapy
are also on the horizon.
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