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Abstract
Purpose of Review To introduce recent advances in the understanding of diabetic retinopathy and to summarize current and
emerging strategies to treat this common and complex cause of vision loss.
Recent Findings Advances in retinal imaging and functional analysis indicate that retinal vascular and neural pathologies exist
long before the development of clinically visible retinopathy. Such diagnostics could facilitate risk stratification and selective
early intervention in high-risk patients. Antagonists of the vascular endothelial growth factor pathway effectively reduce vision
loss in diabetes and promote regression of disease severity. Promising new strategies to treat diabetic retinopathy involve novel
systemic diabetes therapy and ocular therapies that antagonize angiogenic growth factor signaling, improve blood-retina barrier
function and neurovascular coupling, modulate neuroretinal metabolism, or provide neuroprotection.
Summary Long considered a pure microvasculopathy, diabetic retinopathy in fact affects the neural and vascular retina as well as
neurovascular communication. Emerging therapies include those that target neuroretinal dysfunction in addition to those mod-
ulating vascular biology.

Keywords Diabetic retinopathy . Diabetic macular edema . Neuroretinopathy . Neurovascular coupling . Vascular endothelial
growth factor

Introduction

By the year 2030, nearly 55 million Americans will suffer
from diabetes mellitus, and 11million of these individuals will
have some form of diabetic retinopathy (DR) [1]. These num-

bers reflect an increasing prevalence of both diseases, which
together represent a significant threat to public health. In the
past two decades, tremendous progress in understanding the
pathophysiology of DR has led to transformative advances in
its treatment. By somemeasures, these new interventions have
reduced the incidence of severe vision loss in diabetes [2].
Much of this progress can be directly attributed to the advent
and widespread use of agents antagonizing the vascular endo-
thelial growth factor (VEGF) signaling pathway, a key molec-
ular mechanism responsible for late DR, as well as other mac-
ular diseases affecting the retinal and choroidal blood vessel
network. These agents, used as monotherapy or in combina-
tion with other late-acting interventions, are highly safe and
effective. However, because their utility is limited to relatively
late stages of disease, they are not a panacea for preventing
vision loss in diabetes. Much remains to be understood about
the early mechanisms leading to DR, especially in the stages
that precede outright microvascular lesions. The next genera-
tion of paradigm-shifting therapies for DR will be those that
act in these early stages. In this review, we will discuss current
themes in the understanding of DR pathogenesis, focusing on
recent preclinical data elucidating disease processes occurring
prior to visible microvascular findings. Then, we will
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introduce emerging therapies for DR, including those
targeting stages prior to the onset of ophthalmoscopic
vasculopathy.

Clinical and Experimental Observations

The goal of all therapies for DR is prevention of vision loss.
In order of frequency, vision loss in DR occurs from dia-
betic macular edema (DME), vitreous hemorrhage, traction
retinal detachment, and macular ischemia. DME and mac-
ular ischemia can develop at any point in the disease once
vascular lesions are visible. Treatment for the DME has
evolved greatly over the past two decades. No therapies
to reverse macular ischemia currently exist. Vision loss
from vitreous hemorrhage or tractional retinal detachment
occurs in very late stages of disease and largely remains
best-treated by surgical intervention. Unfortunately, the
outcomes of surgical intervention for tractional retinal de-
tachments are often poor, with roughly one-half of patients
having final visual acuity of 20/200 or worse [3, 4].
Although medical and surgical therapy for DR has evolved
greatly over the past two decades, resulting in improved
outcomes in many series, preventing progression into these
late stages is far superior to any currently available therapy.
Since the stages preceding outright vision loss in DR are
largely asymptomatic, accurate clinical staging based on
ophthalmoscopic screening is critical to engaging appropri-
ate preventative intervention.

Retinal microvascular lesions are the hallmarks of DR and
are the major standard by which disease progression and re-
sponse to therapy are gauged. Conventional features of
nonproliferative diabetic retinopathy (NPDR) include
microaneurysms, intraretinal hemorrhages, venous beading,
and intraretinal microvascular anomalies. Also associated
with NPDR are hard exudates, cotton wool spots (soft exu-
dates), vascular tortuosity, and breakdown of retinal microvas-
cular barrier properties. Proliferative diabetic retinopathy
(PDR) is characterized by neovascularization (NV) emanating
from retinal vessels, optic nerve, and/or the iris. PDR can
become complicated by vitreous hemorrhage or tractional ret-
inal detachment. The spectrum of DR severity from mild
NPDR to end-stage PDR is highly correlated with intraocular
VEGF concentration [5], and pharmacologic VEGF antago-
nism fosters regression on this spectrum [6, 7•, 8•].

Histopathologic analysis demonstrates that with progres-
sive disease, the entire span of the retina is eventually affected
by diabetes (Fig. 1). Even prior to visible microvascular le-
sions, vascular pathology is evident by histologic analysis. In
donor and autopsy eyes from patients with diabetes but no
DR, classic findings include capillary atrophy, pericyte loss,
and thickening of the vascular basement membrane [9–11].
More recently, advances in optical coherence tomography

angiography (OCT-A)—a modality capable of high-
resolution imaging of each of the 3 major plexuses of the
retinal capillary network—permit clinical detection of
diabetes-associated macular vascular pathology in eyes with-
out DR. Characteristic changes include increased area and
irregularity of the foveal avascular zone (FAZ) in the superfi-
cial and deep capillary plexuses (SCP and DCP, respectively)
among people with diabetes who have no evident retinopathy
[12–14]. Upon development of frank DR, and as DR ad-
vances, progressive FAZ capillary loss in the SCP and DCP
follows [15]. Early studies using OCT-Awere limited by flow
artifacts, but projection-resolved OCT-A confirms many of
the initial findings in the eye of patients with diabetes and
have been used to predict development of visible DR. [16]
Another notable development in clinical care of DR is the
ability to detect capillary nonperfusion in the retinal periphery
using widefield scanning laser ophthalmoscopy-assisted angi-
ography, findings which may be used to predict which patients
are likely to develop nascent neovascularization [17].

Damage to the retinal microvasculature in diabetes is a
central focus of pathophysiological studies of DR. Early his-
topathologic findings such as basement membrane thickening
are directly linked to hyperglycemia. Increased glucose flux
into polyol-hexosamine pathways, formation of advanced
glycated endproducts (AGE), and glucose-induced diacyl-
glycerol (DAG)-protein kinase C (PKC) activation are poten-
tial mechanisms, whereby retinal damage in diabetes occurs.
Sugar alcohols, such as sorbitol, are produced in the polyol-
hexosamine pathway regulated by the rate-limiting enzyme
aldose reductase. Sorbitol is a cell-impermeable sugar that
accumulates in retinal cells and damages tissue via osmotic
stress [18]. Sorbitol dehydrogenase exacerbates the effects of
sorbitol by converting it to fructose, a sugar with tenfold more
glycation activity than glucose [19], and by causing oxidative
stress through depletion of nicotinic acid-containing coen-
zymes. AGEs commonly detected in human diabetes include
carboxy-ethyl-lysine, carboxy-methyl-lysine, and
pentosidine, which all have the potential to directly damage
vascular basement membranes [20]. Increased plasma levels
of carboxy-ethyl-lysine and pentosidine conferred a ~ 7-fold
greater risk of developing diabetes complications in the Joslin
Medalist Study, which examined noncanonical risk factors
among patients surviving 50 years or more with a diagnosis
of T1DM [21]. By binding receptors for AGE (RAGE), these
compounds promote inflammation, increase vascular perme-
ability, and stimulate angiogenesis [20]. Increases in glycolyt-
ic flux from chronic hyperglycemia result in upregulation of
DAG, which in turn activates multiple isoforms of PKC.
These serine/threonine kinases exert multiple activities on en-
dothelial cells to promote angiogenesis and have been long-
studied targets of drug discovery in diabetes because of their
strong association with macrovascular and microvascular end-
points (reviewed in [22]).
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Passage of macromolecules into the retina from the blood-
stream is tightly controlled by a blood-retina barrier (BRB),
comprised of inner (retinal vasculature) and outer (retinal pig-
ment epithelium) components. DR causes loss of BRB integ-
rity, resulting in angiographic leakage and exudation of plas-
ma macromolecules into the retina—especially plasma lipid.
Intercellular tight junctions are a major contributor to the high-
ly selective nature of the BRB, allowing only selective trans-
port along regulated transcellular and paracellular routes [23].
Dysfunction of key components of these junctions, including
connexin-43, occludin, claudins, and zonula occludens-1
(ZO-1) proteins, contributes to BRB loss (reviewed in [24]).
In T1DM animal models, hyperglycemia alone is sufficient to
activate Notch1 signaling to induce dissociation of other com-
ponents of the BRB, namely, vascular endothelial cadherin
and beta-catenin [25]. Pericytes—mural cells found in a 1:1
ratio with retinal endothelial cells—are another integral com-
ponent of the BRB [26]. Pericytes are required for develop-
ment of the blood-brain barrier [27], a structure with similar
properties as the BRB, and selective genetic ablation of
pericytes from endothelial tissues reproduces the retinal mi-
crovascular abnormalities typical of DR. [28] A transporter of
docosahexaenoic acid (DHA) into the retina, called Mfsd2a,
was recently identified as the major regulator of transcellular
flux through the BRB. Though Mfsd2a function in DR is
unknown, dysregulation of very long-chain polyunsaturated
fatty acid (VLC-PUFA) metabolism, including that of DHA,
is a common finding in human and experimental DR. [29]
Furthermore, interventions that increase retinal VLC-PUFA
reduce severity of experimental DR [30], and some of these

benefits are due to direct effects on BRB integrity [31•].
Molecular changes leading to BRB dysfunction in diabetes
could be secondary to local tissue ischemia itself since a
mouse model of ischemia-reperfusion injury, involving tran-
sient induction of high pressure intraocular tamponade, reca-
pitulates many aspects of experimental DR such as capillary
and pericyte dysfunction as well as loss of occludin and ZO-1
complexes [32–34].

Muller cells are multifunctional glia spanning across the
entire width of the retina and are an early target of damage
in diabetes [35]. They simultaneously contact and communi-
cate with retinal neurons and blood vessels, making them
principal cells in the neurovascular unit [36]. These cells are
also very likely involved in maintenance of the BRB, as se-
lective ablation inmice leads to severe retinal vascular leakage
[37]. Muller cells actively assist in neurotransmission by tak-
ing up and detoxifying synaptic glutamate [38] and by
redistributing potassium ions from the synapses (via the in-
ward rectifier channel Kir2.1) to the vasculature and into the
vitreous (via Kir4.1) [39]. Diabetes has an impact on both
processes to promote neurodegeneration and interstitial fluid
imbalance, since potassium flux is a major contributor to os-
motic balance in the retina. Accordingly, electron microscopy
of the eyes of patients with DME shows widespread cytoplas-
mic swelling within Muller cells [40]. Immunohistochemistry
from experimental and clinical samples indicates that Muller
cells become reactive early in the course of disease, strongly
expressing the marker glial fibrillary acidic protein (GFAP)
[41]. The significance of GFAP upregulation in DR is un-
known, but reactive gliosis could be an important requisite

Fig. 1 Histopathologic features
of diabetic retinopathy. a Trypsin
digest from a human donor,
stained with India ink, showing
numerous microaneurysms
(arrowheads) and large areas of
capillary dropout (asterisks). b
Hematoxylin and eosin stain
showing lipoproteinaceous
exudates in the outer plexiform
layer (asterisks) in a patient with
diabetic macular edema. c Early
neovascular tuft (arrowheads) in
an eye with early proliferative
diabetic retinopathy. d Thick
preretinal neovascular sheet
(asterisks) with wrinkling of the
internal limiting membrane
(arrowheads) in a patient with
advanced proliferative diabetic
retinopathy

Curr Diab Rep          (2019) 19:100 Page 3 of 16   100 



for Muller cell-derived VEGF release, an important source of
proangiogenic signals in proliferative retinopathy [42]. In ad-
dition, Muller cells reacting to diabetes promote a proinflam-
matory milieu by secreting key cytokines such as interleukin-
1b, tumor necrosis factor-a, and interleukin-6 and have the
potential to contribute to late-stage fibrosis [43].

Muller cells serve as an integral bridge between retinal neu-
rons and the blood vessels that feed them. This process, referred
to as neurovascular coupling or functional hyperemia, describes
how metabolic demand of neural tissues governs blood flow
through their dependent vessels [36]. Neurovascular coupling
forms the basis of functional neuroimaging, which itself can be
performed in the retina. In healthy retina, light stimulation causes
vasodilation—detectable by real-time retinal vessel analysis or
by OCT-A. Muller cells respond to neural stimuli by releasing
vasoactive arachidonic acid metabolites, nitric oxide, adenosine,
and lactate [44]. Patients with diabetes display less vascular re-
activity to light [45, 46], a finding recapitulated in an animal
model of type 1 DM [47]. Increased Muller cell expression of
inducible nitric oxide synthase (iNOS), with resulting elevations
in local nitric oxide concentration, is one mechanism accounting
for these observed decreases in light-evoked vascular reactivity
in the diabetic retina. Accordingly, aminoguanidine—an inhibi-
tor of iNOS—effectively restores retinal neurovascular coupling
in diabetic animals when given both acutely and chronically [48].

Diabetes-induced damage to the retina is also detectable by
measures of visual function, long before the onset of typical
DR. Over half a century ago, Yonemura and colleagues de-
tected delays in the scotopic oscillatory potentials of patients
with diabetes but no retinopathy using full-field electroreti-
nography (ERG), when compared with healthy controls.
Multiple groups subsequently reported similar effects on inner
retinal function in patients with diabetes with normal fundu-
scopic appearance [49–54]. Similarly, prolongation of the im-
plicit time of the oscillatory potentials (another indicator of
inner retinal function) is consistently observed in multiple
mouse models of diabetes and precedes detectable retinal vas-
culopathy by several months [55, 56]. Bresnick and Palta,
using patients enrolled in the Early Treatment Diabetic
Retinopathy Study (ETDRS), found that the sum of oscillato-
ry potential amplitudes, in addition to more traditional factors
such as baseline DR severity, was a significant predictor of
progression to severe PDR [57]. In one intriguing study, mul-
tifocal ERG implicit time delay was used to predict specific
macular locations of later DR development with 86% sensi-
tivity and 84% specificity at 1 year [58].

Aside fromERG, other measures of visual function are also
abnormal early in diabetes. Visual field testing by frequency
doubling technology detected significant deficits in patients
with diabetes but no retinopathy [59]. Other measures of vi-
sual function, including color vision [60], contrast sensitivity
[61], rate of dark adaptation [62], and pupillary light responses
[63], are impaired in diabetes before the development of frank

DR. From a structural standpoint, selective inner retinal thin-
ning is observed by OCT in patients with diabetes, even with-
out nascent DR. [64••] Disorganization of the retinal inner
layers (DRIL) is correlated with vision loss in DR indepen-
dently of macular edema. Diabetic neuroretinopathy—retinal
dysfunction preceding vasculopathy in diabetes—therefore
represents a potential target for early interventions that prevent
or reduce the need for more exhaustive treatments at later
stages [65–67].

The neural retina is commonly considered an innocent by-
stander in diabetes, impacted slowly by progressive insults to
the blood vessels feeding them until they are ultimately
pruned of their streams of nutrients and oxygen when outright
vision loss ensues [68]. This model is attractive because our
best weapons against DR, the anti-VEGF agents, improve
vascular health and prevent vision loss [69–72]. However, this
model does not explain why particular capillary beds—name-
ly, those of the retina, kidneys, and peripheral nerves—are
more likely to be damaged by diabetes than others. Kern and
Engerman, in a classic description of retinopathy in a canine
model of experimental diabetes, observed damage in capil-
laries from the retina but not in those of the cerebral cortex
in the same animals [73]. They surmised that this phenomenon
could be due to a permissive “local factor” contained within
the retina—a hypothesis also raised by Cogan, Toussaint, and
Kuwabara over 30 years earlier [74].

In the years since such seminal studies, we have learned
much about the unique metabolic demands of the neural retina
[75••, 76, 77]. Photoreceptors are among the most metaboli-
cally demanding cells in the body and such a metabolic sig-
nature may be the “local factor” accounting for the exquisite
vulnerability of the retina in diabetes. It is therefore possible
that these first cells in the visual pathway are a primary target
of diabetes. The neural retina itself is an insulin-responsive
tissue [78, 79] and therefore could be directly susceptible to
pathology in a disease impacting multiple metabolic pathways
controlled by insulin signaling.

Consistent with this notion, evidence in mice and in
humans suggests that the very first cell in the visual
circuit—the photoreceptor—is impacted by diabetes
[80–82]. In rodent models, reactive oxygen species accumu-
late in the outer nuclear layer after induction of experimental
diabetes by streptozotocin [83]. These changes are eliminated
in mice lacking rhodopsin or in mice carrying a pathogenic
P23H knock-in mutation, mirroring a common form of human
rod dystrophy [5, 81, 84•]. Since both mutants cause degen-
eration, the presence of rod photoreceptors may be required
for DR. In support of this view, the late visual electrophysiol-
ogist Geoffrey Arden noted an absence of retinopathy in pa-
tients with coexisting diabetes and retinitis pigmentosa (RP)
[80]. Furthermore, by virtue of their need to maintain mem-
brane depolarization in the absence of stimulus, photorecep-
tors are thought to consume more adenosine triphosphate
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(ATP) in the dark compared with the light [77]. Arden there-
fore hypothesized that dark conditions (e.g., during nighttime
sleep in humans) would exacerbate diseases that induce met-
abolic stress, such as diabetes. By contrast, light-adapted con-
ditions would improve DR [85]. In line with his hypothesis,
light-based DR therapies are currently under clinical investi-
gation (discussed in further detail later).

Clinical and Experimental Interventions

Both systemic and ocular interventions are used to prevent
vision loss or to salvage vision lost due to diabetes.
Preventative measures tend to be systemic, though recent clin-
ical evidence suggests an important role for intravitreous
VEGF antagonism in reversing DR severity [6, 8, 86••,
87••]. Missing from the current repertoire of DR therapeutics
are those specifically targeting early DR and subclinical DR—
a phase which is not easily measured using standard clinical
tools. Advances in retinal imaging and clinical visual function
diagnostics are facilitating the detection of subclinical DR,
setting the stage for novel points of intervention in this dis-
ease. A summary of therapies currently within clinical testing
phases for diabetic eye disease is provided in Table 1.

Plasma Glucose-Directed Therapy

Diabetes therapy, guided by measures of plasma glucose,
prevents both incidence and progression of DR in type 1
and type 2 diabetes (T1DM and T2DM, respectively)
[100, 101]. DR severity is directly related to mean
glycated hemoglobin index (HbA1c), and tight glucose
control has durable benefits for slowing or preventing
DR, even with subsequent lax control [102]. Molecular
mechanisms driving this phenomenon—known as “meta-
bolic memory”—are incompletely understood. The con-
verse effect also occurs, since periods of poor glycemic
control are associated with worse long-term DR outcomes
even when glucose is corrected in the interim. Regarding
short-term effects, rapid reduction of plasma glucose in
the DCCT trial was associated with paradoxical early
worsening of DR severity—a transient phenomenon with
unresolved mechanisms of action [103, 104].

In recent years, treatment options for all forms of dia-
betes have rapidly expanded. In T1DM, effective meta-
bolic control can be achieved by the combination of au-
tomated insulin pumps (and soon to be released dual-
hormone systems incorporating glucagon, achieving far
superior outcomes in terms of plasma glucose variability)
coupled to continuous glucose monitoring systems in a
closed-loop circuit. In T2DM, multiple new classes of
antihyperglycemics such as dipeptidyl peptidase-4
(DPP4) inhibitors, glucagon-like peptide-1 receptor

agonists (GLP-1RA), and sodium/glucose cotransporter 2
(SGLT2) inhibitors are proving highly effective at reduc-
ing hyperglycemia. GLP-1RAs may have direct benefits
in the retina, since GLP-1 receptors are expressed in pho-
toreceptors and since topical administration of these
agents has direct retinal neuroprotective functions in ex-
perimental diabetes models [105•]. In SUSTAIN6 and
LEADER, HbA1c lowering was evaluated among T2DM
patients treated with semaglutide and liraglutide, respec-
tively [106, 107]. Both trials demonstrated robust primary
endpoint efficacy and have beneficial effects for
macrovascular outcomes. However, both studies also
showed concerning increases in DR-associated adverse
events among patients receiving GLP-1RAs. DCCT also
reported similar paradoxical early worsening of DR sever-
ity, but the majority of patients experiencing this pheno-
type did not have sustained effects, had higher baseline
HbA1c, and had worse baseline DR severity scores [103].
Neither SUSTAIN6 nor LEADER followed patients long
enough (each was a 2 year study) to determine if worse
DR scores among patients in the GLP-1RA groups were
sustained or transient, or if they eventually translated to
loss of vision and neither study separately examined sub-
groups of patients based on initial DR severity score.

Compelling evidence for glucose-centric mechanisms in
early DR pathology led to the development of several drugs
targeting these pathways. In animal models, aldose reductase
inhibitors effectively reduce experimental DR [108].
However, in phase 3 studies, the aldose reductase inhibitor
sorbinil failed to halt progression of DR [109]. A more potent
and selective aldose reductase inhibitor, ARI-809, is effective
in diabetic rats [110], but remains untested in humans. The
PKC inhibitor, riboxistaurin, showed efficacy in phase 2 trials,
but failed to inhibit progression to proliferative diabetic reti-
nopathy in a subsequent phase 3 trial and was therefore largely
abandoned as a DR therapeutic [90]. This is unfortunate, since
the drug reduced moderate visual loss by 40%, with benefits
first detected after 18 months of therapy [111].

Control of Hypertension

In the UKPDS study, reduction of severe hypertension re-
duced DR [101], though intensive hypertensive control in
the ACCORD trial did not have similar benefits [112].
Multiple mechanisms could contribute to effects of blood pres-
sure on DR, including direct biophysical effects. Hypertension
could exacerbate diabetes-associated hemodynamic endothe-
lial damage [113]. Activation of the renin-angiotensin-
aldosterone axis in systemic hypertension perturbs local retinal
signaling [114], and blockade of this pathway with
angiotensin-converting enzyme inhibitors or angiotensin re-
ceptor blockers is particularly beneficial for DR when com-
pared with other antihypertensive therapies [115].
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Lipid-Based Therapy

Hard exudates are commonly found in DR and are likely due
to leakage of plasma lipoproteins into the retina. An ETDRS
sub-analysis identified an association between hard exudates
and worse visual acuity, and found that lowering cholesterol
and triglyceride levels decreased hard exudate formation
[116]. Subsequently, poor control of all serum lipid types
was found to be highly associated with incident macular ede-
ma and progression to PDR [117•]. Two recent studies strong-
ly suggest that low-density lipoprotein lowering with statin
therapy effectively reduces DR severity or need for treatment
in DR [118•, 119].

Two randomized clinical studies independently support
the use of oral fenofibrate for the treatment of DR. In the
Australia-based FIELD study, patients using fenofibrate
plus simvastatin were nearly 30% less likely to require
laser therapy for DME than controls using simvastatin
alone [120]. The National Eye Institute’s ACCORD EYE
study showed similar benefits with fenofibrate, with the
most pronounced effects seen among patients with moder-
ate NPDR [112]. Side effects of fenofibrate were minimal
in both studies. Based on these data, Australia approved
the use of fenofibrate for DR therapy as a sole indication,
independent of serum triglyceride level.

Although the rationale for using fenofibrate in DR was that
circulating lipid lowering would benefit, the effects observed
in the FIELD and ACCORD studies were independent of
serum triglyceride levels. The mechanisms of action account-
ing for the beneficial effect of fenofibrate remain unresolved.
The FIELD investigators themselves postulated that local ret-
inal lipid trafficking could have been impacted by fenofibrate.
In fact, the drug is a potent activator of peroxisome
proliferator-activated receptor-α (PPARα), a central coordina-
tor of cellular lipid handling and trafficking, and PPARα is
required for fenofibrate-associated improvement of DR end-
points. In addition, PPARα activity in these models promotes
anti-inflammatory and vascular permeability-lowering activi-
ties [121]. PPARα also promotes hepatic fibroblast growth
factor 21 (FGF21) secretion, which itself is an insulin sensi-
tizer capable of improving various outcomes in T2DM.
Systemic FGF21 administration is sufficient to promote pho-
toreceptor survival and could be interacting with VEGF to
promote endothelial health in DR (data presented at the
Association for Research in Vision and Ophthalmology
Annual Meeting 2019). Therefore, FGF21 could be a key
mechanistic link between fenofibrate and retinal health in di-
abetes, and further elucidation of its molecular effects could
offer novel therapeutic insights for DR.

In addition to correction of systemic lipoprotein
dysmetabolism in diabetes, restoration of dysregulated fatty
acid homeostasis in diabetes is also a feasible strategy.
Notable recent examples are therapies based on modulation

of retinal PUFA metabolism. Soluble epoxide hydrolase, a
major catalyst of DHA degradation, negatively impacts BRB
health by causing pericyte loss and endothelial damage.
Inhibition of this enzyme prevented leakage in a mouse model
of DR and is being investigated as clinical therapeutic [122••].
In the PREDIMED prospective trial investigating beneficial
effects ofMediterranean diet on retinopathy outcomes, dietary
supplementation with long-chain PUFAwas associated with a
nearly 50% decrease in risk of developing sight-threatening
DR [123••], a finding with substantial biological plausibility
based on animal studies [30, 31•, 124]. Therefore, modulation
of PUFA metabolism by dietary or pharmacologic interven-
tions could become an important component of DR
management.

Photocoagulation

Citing recent data, some retinal specialists have suggested that
vasogenic antagonism could entirely supplant laser photocoagu-
lation. However, this therapy remains an important part of the
DR treatment armament because of their lasting benefits.
Macular photocoagulation is postulated to closemicroaneurysms
and stimulate the RPE, but evidence supporting these mecha-
nisms is lacking. It more is likely that macular photocoagulation
works in an identical fashion as peripheral panretinal photocoag-
ulation (PRP), namely, by ablating ischemic retinal tissue to re-
duce secretion of VEGF from hypoxic sources. Since the
pioneering studies of ETDRS and DRS [125, 126], photocoag-
ulation has remained a mainstay of DR treatment. These treat-
ments are associated with nyctalopia, presbyopia, and laser sco-
toma, including reduction in peripheral field.

Corticosteroids

Inflammation is a strong contributor to DR, and corticoste-
roids are therefore highly effective agents for treatment of
DR, especially DME. A landmark study from the Diabetic
Retinopathy Clinical Research Network (DRCR.net) proved
efficacy of intravitreous triamcinolone in center-involving
DME when combined with focal laser photocoagulation
[69]. Anatomic outcomes with triamcinolone were similar to
those in the group receiving ranibizumab therapy. Although
long-term visual acuity results were worse compared with
ranibizumab, they were similar among the subset of
pseudophakic patients, suggesting cataract was a limiting fac-
tor [127•]. Despite the drawbacks of intraocular pressure ele-
vation and cataract, corticosteroid therapy targeting the retina
is an important option for DME refractory to initial anti-
VEGF therapy or among those who cannot tolerate anti-
VEGF therapy. Most corticosteroid agents for retinal use are
also attractive due to their long durations of activity. Two
elegant formulations of ocular corticosteroids, a dexametha-
sone implant (Ozurdex) [128] and a fluocinolone implant
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(Iluvien) [129], have shown efficacy in the long-term treat-
ment of DMEwhile requiring fewer injections than the VEGF
antagonists [130]. DRCR.net protocol U showed improved
central retinal thickness in patients administered Ozurdex
implantation with persistent DME despite regular
ranibizumab injections, though it failed to improve visual
outcomes at 24 weeks [127•]. Sustained delivery of
corticosteroid via injectable implants is also effective in
treating chronic DME, a disease state that tends to be
refractory to therapy. Among patients with chronic DME
despite prior macular photocoagulation, therapy with
fluocinolone implant delivering 0.2 μg/day more than
doubled the number of patients gaining 15 or more letters
after 3 years of treatment comparedwith sham-treated controls
[131]. Similarly, patients with chronic DME (mean ~ 23–
25months) receiving dexamethasone injectable implants were
> 50% more likely to gain 15 letters of visual acuity than
sham-treated controls after 3 years of therapy [128]. When
combined with the reduced efficacy of anti-VEGF therapy
seen following crossover in the RISE/RIDE and VISTA/
VIVID studies, evidence supports a critical role of inflamma-
tory mediators in chronic DME [71, 132]. Phakic patients
receiving these long-term steroid treatments invariably devel-
op cataract, and some go on to require glaucoma surgery.
Fortunately, both side effects are highly manageable with
modern ophthalmic techniques.

Newer, more targeted antiinflammatories are in develop-
ment for DR therapy. For instance, ALG-1001 (risuteganib)
is an antiintegrin peptide that theoretically would prevent leu-
kocyte adhesion and several subsequent downstream path-
ways. Initial results have shown noninferiority to
bevacizumab, though when used in combination there does
not seem to be an additional benefit [133]. Additionally, de-
spite a DRCR.net study failing to show improvement of
central macular edema [134], topical NSAIDs continue to be
investigated as a potential therapeutic agent.

Antiangiogenic Agents

A comprehensive map of the molecular mechanisms responsi-
ble for the pathogenesis of DR is long from being completely
drawn. But all mechanisms—known and unknown—will as-
suredly converge upon common “executioner” pathways cen-
tered on proangiogenic growth factor secretion, principally
VEGF. VEGF molecules are encoded by at least six known
genes, but it is the vegf-a gene product (referred to as VEGF
in this review) that is primarily implicated in regulation of nor-
mal and pathogenic ocular angiogenesis and is the main target
of therapies to combat retinal neovascularization. Early vascular
pathology, neuroglial dysfunction, aberrant neurovascular cou-
pling, retinal inflammation, or a combination of any and all of
these factors in the diabetic retina likely cause progressive dis-
ruption of retinal capillary flow to induce local hypoxia.

Subsequently, low tissue oxygen tension prevents
hydroxylation-dependent ubiquitin-mediated degradation of
HIF-1α, allowing for its stabilization and activity on the ge-
nome to induce a hypoxia-driven gene expression profile—
the ultimate molecular switch leading to VEGF induction
[135]. VEGF, acting through canonical proangiogenic signals,
is sufficient to promote retinal vascular permeability, and its
blockade is highly effective at reducing permeability.
Disintegration of the inner and outer blood-retinal barriers
[136] exacerbates interstitial fluid accumulation resulting in
cystoid edema and neurosensory retinal detachment.
Elucidation of the processes by which hypoxia and VEGF pro-
mote neovascular growth in the retina and elsewhere was a
substantial achievement of modern visual science. Details of
these critical processes have been meticulously studied over
the past two decades and have been summarized in recent re-
views [137, 138].

VEGF antagonists are nowwidely used as first-line therapy
for center-involving DME, and some have argued that they
could be used as the initial therapy for PDR. The three most
commonly employed agents, bevacizumab, ranibizumab, and
aflibercept, show similar efficacy for the treatment of DME
[48, 139]. For the treatment of PDR, ranibizumab [134] or
aflibercept [87] is noninferior to PRP in terms of regression
of NVor change in visual acuity and both VEGF antagonists
fare better than PRP with regard to peripheral field loss.
However, anti-VEGF agents have important limitations.
Because of their ocular bioavailability, these agents require
multiple injections, delivered monthly in some cases. Each
injection carries a low risk of endophthalmitis and may be
associated with mild and transient ocular discomfort [140].
Costs to the patient and the system are also a factor: aflibercept
and ranibizumab combine to account for 12% of all Medicare
Part B spending annually [141]. Some of these limitations are
being addressed by the development of VEGF antagonists
with longer intravitreous half-lives or by implantation of in-
travitreous drug reservoirs capable of long-term continuous
drug release. Brolucizumab, a single-chain antibody variable
fragment capable of neutralizing all forms of VEGF-A, is
effective in the treatment of exudative age-related macular
degeneration [142, 143] and is currently in phase 3 testing
for DME (NCT03481660). Delivery of ranibizumab through
a surgically implanted port delivery system allowed for effec-
tive control of exudative macular degeneration in phase 2
studies, comparable with monthly ranibizumab injection, with
80% of patients going > 6 months before replenishment of
drug into the reservoir (NCT02510794).

In addition to VEGF, other hypoxia-responsive pathways
responsible for promoting angiogenesis have recently been
targeted for pharmaceutical inhibition in the treatment of
DR, most notably those that are related to the tunica interna
endothelial cell kinase (Tie2). Tie2 is an endothelial receptor
tyrosine kinase important in preserving integrity of
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vasculature. Activated in a tonic manner by its ligand
angiopoietin 1 (Ang1), Tie2 promotes tight junction integrity
to maintain the BRB. In a state of hypoxia, Tie2 is inactivated
by angiopoietin 2 (Ang2)-mediated competitive inhibition or
by vascular endothelial-protein tyrosine phosphatase (VE-
PTP)-mediated dephosphorylation. Both of these hypoxia-
dependent inhibitory events promote vascular leakage and
neovascularization [144]. Two newly developed pharmaceu-
ticals act on this pathway: faricimab, a humanized monoclonal
antibody with specificity to both Ang2 and VEGF, and the
small molecule inhibitor AKB-9778, which prevents VE-
PTP catalytic activity even in the presence of abundant
Ang2 [145]. In the phase 2 BOULEVARD clinical trial for
treatment of center-involving DME, monthly faricimab treat-
ment was associated with better visual acuity improvements
compared with monthly ranibizumab monotherapy at
20 weeks [146]. Phase 3 trials are currently underway to com-
pare faricimab with aflibercept (YOSEMITE and RHINE tri-
als). AKB-9778, a subcutaneously administered agent, dem-
onstrated better central subfield thickness and visual outcomes
when administered in combination with intravitreal
ranibizumab injections compared with ranibizumab alone in
the TIME-2 trial (NCT02050828), but failed to meet primary
endpoint criteria of two or more step improvement in DR
severity score compared with placebo in the phase 2b
follow-up study (NCT03197870). Likely as a function of its
systemic delivery in the TIME-2 study, AKB-9778 improved
renal function (as measured by urine albumin-to-creatinine
ratio) by 21%, with controls showing no such improvement.

A curious finding in DR and other causes of retinal ische-
mia is the surprising inability of the reflexive retinal angio-
genic response to appropriately reperfuse the neural retina
itself (rather than form preretinal neovascularization). Some
semaphorins, molecules that serve as developmental guidance
cues in many tissues, are induced in the ischemic retina and
can provide strong intraretinal repulsive cues to newly formed
blood vessels. Under their guidance, new vessels are directed
into the vitreous cavity where they cause late-stage manifes-
tations such as preretinal fibrosis and contracture (Fig. 1).
Sema3F and sema6A have been identified as specific mole-
cules capable of guiding vascular repulsion in the ischemic
retina [147, 148]. In mouse models, sema3A not only serves
as a repulsive angiogenic cue but also promotes BRB break-
down, whereas its antagonism improves vascular leakage in a
mouse DR model [149]. These data provided biological plau-
sibility for an upcoming line of therapy for DR and other
ischemic retinopathies based on sema3A antagonism, and
are currently only in preclinical phases.

A common theme among the therapies described above is
that they all involve strategies intrinsic to the retina or to the
retinal vessels themselves. However, these strategies ignore an
important role for bone marrow-derived progenitors in repair
of diseased retinal vessels. Elegant work from multiple

laboratories indicates that bone marrow-derived hematopoiet-
ic stem cells (HSCs) are critical contributors to vascular repair
in the healthy retina, and that these processes are markedly
diminished in diabetes. In individuals with T1DM and T2DM,
CD34+ reparative cells exhibit decreased mobility from bone
marrow niches compared with healthy controls [150].
Moreover, HSCs from diabetic mice injected into the vitreous
of nondiabetic mice have reduced regenerative capability
compared with injected HSCs derived from healthy controls
[151•], suggesting intrinsic differences between these two
sources of reparative HSCs. Dyslipidemia in diabetes also
increases bone marrow abundance of inflammatory macro-
phages at the expense of valuable reparative stem cells.
Based on these collective findings, there is great interest in
bone marrow rejuvenating therapies for DR. Some of these
include modulation of acid sphingomyelinase [151•] or liver
X receptor, to correct DM-associatedHSC lipid abnormalities,
and supplementation of somatostatin, to correct diabetes-
induced dysautonomia to restore appropriate hematopoiesis.
Cell-based therapy is also an exciting experimental treatment
option for DR (reviewed in [152]), and intravitreous injection
of CD34+ HSCs is currently in phase 1 testing for DR,
nonexudative macular degeneration and retinal vein occlusion
(NCT01736059).

Therapy for Diabetic Neuroretinopathy

One prevailing notion explaining the exquisite vulnerability of
photoreceptors and other retinal neurons to pathology in dia-
betes is that their high metabolic demands predispose them to
oxidative stress induced by hypoperfusion from capillary dys-
function, loss of neurovascular coupling, or direct neural in-
juries. Rod photoreceptors, which comprise the vast majority
of neurons in the human and murine retinas, have greater
energy requirements in the dark compared with the light.
Though this finding is counterintuitive when considering en-
ergy requirements of other neurons (which are higher when
stimulated, not at rest), photoreceptors are unique because
they maintain membrane depolarization in the dark and be-
come hyperpolarized upon engagement of photons.
Therefore, photoreceptors require high levels of ATP to drive
ion flux and maintain membrane potential in the dark. Limited
oxygen supply stemming from diabetes-induced vascular
compromise could therefore exacerbate the hypoxic stress in-
curred by photoreceptors in the dark. Therefore, providing
constant levels of light stimulation to patients with diabetes
could reduce DR. To this end, clinical trials in patients with
DR are currently testing the efficacy of light masks emitting
low-level photonic emission worn during sleep to reduce eye
disease. These masks showed improvements in DR measures
in early phase clinical trials [153, 154]; however, the phase 3
CLEOPATRA trial using a light mask for the therapy of DME
failed to meet its primary endpoint [95•].
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Rather than using light stimulation, pharmacologic strategies
to shift photoreceptors into metabolic states requiring less energy
in diabetes have been attempted. One such approach posits that
visual cycle blockade could mimic the effects of providing low-
luminance constant background light stimulation to the human
eyes by limiting chromophore supply and promoting constitutive
apo-opsin signaling. Emixustat, a visual cycle inhibitor targeting
the isomerohydrolase RPE65, is currently in phase 3 testing for
PDR, though initial results do not support its use for this stage of
disease. The choice of the sponsor to target such a late stage of
DR for this intervention is puzzling and unfortunate, but does
leave an open question as to whether the drug could be more
effective when delivered earlier in the course of disease (perhaps
before the onset of microvascular lesions).

Another byproduct of the high metabolic demands of photo-
receptors is a tendency to generate oxidative stress.Many lines of
evidence in mouse models of DR suggest that reactive oxygen
species (ROS) accumulate inmultiple retina layers, especially the
outer retina. ROS promiscuously damage multiple cellular path-
ways and contribute to destruction of retinal tissue. ROS may be
generated in diabetes via an inability of cells to accommodate
increased glucose metabolism, leading to decreased glyceralde-
hyde 3-phosphate dehydrogenase, increased poly ADP ribose
polymerase, increased superoxide radicals, and accumulation of
glucose metabolic byproducts [155]. Protein kinase C, polyol/
AGE, hexosamine, and matrix metalloproteinases are all activat-
ed by accumulation of ROS and could be important effectors of
its deleterious actions. Topical therapy with elamipretide (MTP-
131, ocuvia), which targets mitochondrial cardiolipin to improve
electron transfer efficiency and reduce oxidative stress, reversed
visuomotor dysfunction in mouse models of DRwithout altering
diabetes severity [156]. In the ReVIEW study, a phase 1/2
unmasked, single arm trial, twice daily topical elamipretide for
1 month was associated with ~ 30% improvement in central
macular thickness compared with baseline measurements
(NCT02314299).

Aside frommetabolic strategies, therapies that directly pro-
mote neural survival during stress could benefit the diabetic
retina. Neuroprotection has been a long-sought goal for a mul-
titude of neurological diseases including those due to trauma,
ischemia, and chronic degeneration. Preclinical and clinical
evidence suggests that neuroretinal injury due to diabetes
could be both ischemic and degenerative, making this disease
potentially amenable to a variety of neuroprotective strategies.
Both somatostatin and brimonidine have shown some efficacy
in arresting diabetic neuroretinopathy as measured by multi-
focal ERG P1 implicit times (EUROCONDOR trial [91•]).
Topical therapy with a GLP-1RA also showed improvement
of retinal function in a mouse model of DR, but is not yet in
clinical trials as a local retinal therapy.

Replacement of another key retinal neurotransmitter—dopa-
mine—has exciting potential for neuroprotection in DR.

Diabetes causes deficiency of retinal dopamine and dopaminer-
gic retinal neurons, specifically amacrine cells [157, 158].
Though mechanisms causing these specific deficiencies are still
being investigated, dopamine replacement corrects aspects of
visual dysfunction in diabetes [159]. A phase 1 clinical trial using
carbidopa/levodopa, a drug approved for symptomatic therapy in
Parkinson’s disease, is currently underway (NCT02706977). A
unique feature of this study is its use of two visual function
endpoints as its primary outcome: implicit time of photopic re-
sponse measurements using a novel handheld ERG device
(RETeval) and contrast sensitivity (measured using a tablet ap-
plication). Therefore, this study could be the first DR interven-
tional clinical trial to use diabetic neuroretinopathy outcomemea-
sures as opposed to traditional endpoints, such as central visual
acuity, OCT-assessed macular thickness, or DR severity scores
based on vascular features.

Conclusions

Recent improvements in treating diabetic retinopathy have
paralleled advancements in understanding the pathophysio-
logic mechanisms responsible for disease onset and progres-
sion. Current pharmacotherapies, primarily VEGF pathway
inhibitors, used as monotherapy or in combination with glu-
cocorticoids and laser treatment are highly effective in treating
late stages of DR and have collectively decreased incidence of
diabetes-related vision loss, despite the expanding epidemic of
diabetes. Future therapies for DR are being directed at earlier
pathophysiology involving preclinical neuroretinal disease of
the retina, in addition to those targeting later stages of retinal
microvascular pathology. These include novel treatment for
diabetes, such as the GLP-1RAs and fenofibrate, which may
have salutary effects directly on the retina in addition to those
affecting systemic metabolism. In addition to glucose-centric
strategies to diabetes management, those that target dyslipid-
emia are also likely to play a larger role in preventing compli-
cations such as DR. For patients who remain unfortunate
enough to develop DR despite these new preventative ap-
proaches, future ocular therapy will very likely evolve to ad-
dress more aspects of the multitude of physiologic insults
imparted by diabetes on the neural and vascular retina, such
as impaired vascular reparative capability, aberrant angiogenic
and propermeability drive, fatty acid and sterol dysregulation,
exacerbation of hypoxia and ROS generation due to photore-
ceptor energy demand, neurodegeneration, and misdirected
signals within the neurovascular unit.
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