
MICROVASCULAR COMPLICATIONS—RETINOPATHY (DL CHAO AND G YIU, SECTION EDITORS)

Retinal Neurodegeneration as an Early Manifestation of Diabetic Eye
Disease and Potential Neuroprotective Therapies

Sidra Zafar1 & Mira Sachdeva1 & Benjamin J. Frankfort2 & Roomasa Channa1,2

Published online: 26 February 2019
# Springer Science+Business Media, LLC, part of Springer Nature 2019

Abstract
Purpose of Review Diabetic retinopathy (DR) is a major cause of visual impairment and blindness throughout the world.
Microvascular changes have long been regarded central to disease pathogenesis. In recent years, however, retinal neurodegen-
eration is increasingly being hypothesized to occur prior to the vascular changes classically associated with DR and contribute to
disease pathogenesis.
Recent Findings There is growing structural and functional evidence from human and animal studies that suggests retinal neuro-
degeneration to be an early component of DR. Identification of new therapeutic targets is an ongoing area of research with several
different molecules undergoing testing in animal models for their neuroprotective properties and for possible use in humans.
Summary Retinal neurodegeneration may play a central role in DR pathogenesis. As new therapies are developed, it will be
important to develop criteria for clinically defining retinal neurodegeneration. A standardization of the methods for monitoring
neurodegeneration along with more sensitive means of detecting preclinical damage is also needed.
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Introduction

Diabetic retinopathy (DR) remains the most common
cause of visual impairment in the working age population.
It is also a leading global cause of blindness. As of 2010,
an estimated 95 million people are believed to have signs

of DR, and third of these develop vision-threatening dis-
ease. These numbers are expected to increase in the com-
ing years because of the diabetes mellitus (DM) pandemic
and due to increasing life expectancies [1, 2]. DR is diag-
nosed and classified by its vascular features, including
microaneurysms, dot blot hemorrhages, and hard exudates
in early forms, with neovascularization of the retina and
vitreous hemorrhage in the more proliferative forms.
Current treatments for DR involve treating these vascular
phenotypes, through injection of medications such as anti-
vascular endothelial growth factors (VEGF) or steroids
and panretinal photocoagulation. However, in recent years,
there has been a growing interest in the contribution of
neuroretinal degeneration to the pathogenesis of diabetic
retinopathy, termed diabetic retinal neurodegeneration
(DRN). This is primarily based on a large body of litera-
ture suggesting that there is decrease in visual function as
measured through electrophysiology and visual fields as
well as loss of retinal cells through optical coherence to-
mography (OCT) imaging which precedes the vascular
phenotypes of diabetic retinopathy. However, whether
neuropathy or vasculopathy is the primary initiating event
and the relative contribution of neuropathy versus vascu-
lopathy to overall visual disability remains to be
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elucidated. In this review, we discuss the evidence of vi-
sual dysfunction and cell loss prior to the vascular mani-
festations of diabetic retinopathy and potential neuropro-
tective strategies to treat the neurodegeneration found in
diabetic retinopathy.

“Neurovascular Unit” of the Retina

The term ‘“neurovascular unit” was first applied to the blood–
brain barrier [3] and then to the retina [4]. The term encom-
passes the intricate functional coupling and interdependency
between neurons, glial cells, the basement membrane, and the
retinal vascular elements (endothelial cells, pericytes) that is
essential to maintaining the integrity of the inner blood–retinal
barrier (iBRB), while dynamically regulating blood flow in
response to metabolic demands [5]. The iBRB, which consists
of tight junction complexes, is central to regulating the ex-
change of metabolites between the vascular lumen and the neu-
ral retina, therebymaintaining the appropriate environment nec-
essary for neuronal function. Studies involving human retinas
have shown organization of the neuronal and vascular networks
in a highly stratified and functional architecture, with the super-
ficial capillary plexus (SCP) present at the level of retinal nerve
fibers, the middle capillary plexus present at the inner boundary
of the inner nuclear layer, while the deep capillary plexus
(DCP) lies in the boundary between the inner nuclear layer
and outer plexiform layer [6, 7]. Functional hyperemia or retinal
vascular flow is mediated, either directly or indirectly, by neu-
ronal signaling to blood vessels. Neuronal activity stimulates
glial cells to raise their intracellular calcium levels and, in turn,
initiates physiological responses through the release of addi-
tional transmitters and produce vasoactive mediators [4].
Thus, under normal circumstances, flickering light stimulation
selectively elevates the metabolic demand of cells in the inner
retinal layers [8] causing retinal blood vessels to dilate, whereas
breathing 100% oxygen causes them to constrict [9]. In DM,
early activation of the innate immune system, the complement
system and microglia is believed to play a role in damage of the
retinal neurovascular unit [10] causing altered neuronal gluta-
matergic and dopaminergic neurotransmitter signaling [11], re-
duced synaptic protein expression [12], and altered glial func-
tion [13]. The normal function of the neurovascular unit is
therefore diminished in patients with DM resulting in impaired
physiologic responses early in the course of the disease, and
even among patients with no or only mild retinopathy changes
[14–16]. Progressive disintegration of the retinal neurovascular
unit eventually manifests as signs of clinically recognizable
retinopathy, with pericyte loss particularly, compromising cap-
illary integrity and leading to weakening of the iBRB and vas-
cular leakage [17, 18]. DR may therefore be considered as a
sensory neuropathy or neurovascular degeneration, and not
solely a microvascular disease [17].

Diabetes and Neural Structural Alterations

The detrimental effects of DM-associated hyperglycemia on
neural retina have been known for more than five decades
[19]. Cellular dysfunction combined with biochemical alter-
ations such as hyperglycemic pseudohypoxia, activation of
protein kinase C pathway, oxidative stress, and increased gen-
eration of advanced glycation end products (AGEs) is be-
lieved to trigger an inflammatory cascade, causing retinal
damage [20]. Glutamate, one of the primary excitatory amino
acid neurotransmitters in the retina [21], is also believed to
play a role in diabetic retinal neurodegeneration. Animal-
based studies have shown an association between excess glu-
tamate levels and neurotoxicity in both the central nervous
system [22] and the retina [23, 24]. Toxic effects are believed
to be mediated via excessive activation of the glutamate
NMDA receptor, which allows intracellular calcium influx.
Increase in intracellular calcium levels, in turn, starts a cascade
leading to eventual cell death, with retinal ganglion cells being
susceptible to glutamate excitotoxicity [25]. The hypothesis
that glutamate may have a role to play in DR is based in part
on measurements of elevated glutamate levels in vitreous of
diabetic subjects [26, 27]. Ambati et al. demonstrated a two-
fold elevation in glutamate levels in the vitreous of prolifera-
tive DR patients compared with healthy controls [26].
Diabetes has also been shown to induce alterations in gluta-
mate receptor subunits of human retinas [26]. Santiago et al.
demonstrated increased immunostaining of the glutamate re-
ceptor subunit, GluR2, in the inner plexiform (IPL) layer, and
outer plexiform layers (OPL) of post-mortem human eyes,
indicating elevated tissue levels of these proteins [28].
However, its specific role in DRN is yet to be established.

Accelerated neuronal loss from apoptosis is one of the most
recognized features in neurodegenerative diseases and has in-
creasingly been demonstrated in DR as well. Bloodworth
et al., in a histopathological analysis of 295 post-mortem eyes,
observed degeneration of the ganglion cells and IPL [29].
Immunohistochemical studies involving diabetic retinas (of
donor eyes or from animal models) have reported apoptosis
of amacrine and Müller cells, microglial activation, and dys-
regulation of neurotrophic factors [30–33]. Barber et al. noted
a 10% decrease of ganglion cell density with concurrent re-
ductions of the IPL (by 22%) and inner nuclear layer (INL) in
the streptozotocin (STZ)-induced type 1 diabetic rat model.
These changes were evident after 7.5 months of DM onset and
insulin therapy partially reduced the burden of apoptotic cells
[34]. While the rate of progression has varied, occurrence of
neurodegeneration has been validated several times in diabetic
animal models [35–37]. Overexpression of pro-apoptotic mol-
ecules such as BAX, Fas, and caspase-3 has been demonstrat-
ed in post-mortem human diabetic retinas as well, particularly
ganglion cells in the inner retina [38–40], thus confirming the
results from animal studies. Valverde et al. linked cell damage
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and apoptosis in human diabetic neuroretinas to increased
expression of pro-apoptotic molecules causing activation of
the death receptors and mitochondrial injury [41].

Various preclinical studies have additionally attempted
to better understand, which specific cell types are most af-
fected by the apoptotic process early on in DM. Fu et al.
demonstrated a 53% decrease in Muller cell density,
10 months after induction of DM in mice, which also coin-
cided with thickness reductions in the INL, ganglion cell
layer (GCL), and ONL [42]. Gastinger et al. reported a
20% and a 16% reduction in cholinergic and dopaminergic
amacrine cells, respectively in diabetic mouse retinas com-
pared with non-diabetic rodents [43]. Photoreceptor cells
have been observed to undergo apoptotic death as early as
within 4 weeks of DM onset in animal models, with signif-
icant reductions in ONL thickness by 24 weeks [44].
Accumulating data from more recent studies however
seems to suggest that photoreceptor cells might play a crit-
ical role in the development of DR. Increased oxidative
stress from hyperglycemia-associated metabolic abnormal-
ities is involved in the development of diabetic retinal mi-
crovascular changes [45]. Of all retinal cells, photoreceptor
cells contribute most to DM-induced retinal oxidative stress
and were shown as the major site of superoxide generation
in diabetic mice [46]. Photoreceptor cells have additionally
been demonstrated to produce inflammatory proteins that
contribute directly to increased retinal endothelial cell per-
meability and cell death in diabetic mouse models [47, 48].
Indeed, there is evidence that seems to suggest that loss of
photoreceptors in the outer retina may be associated with
reduced severity of DM-induced vascular degeneration. In a
study by Gooyer et al., loss of the outer retina was found to
be associated with decreased retinal hypoxia and reduced
DR severity in rhodopsin knockout mice (Rho−/−) models
[49]. Neural alterations have preceded vasculopathy in cer-
tain cases [32, 50]. Studies with STZ-induced diabetic ro-
dents have demonstrated neural structural deficits as early
as 6 to 12 weeks of DM onset [51••, 52]. Significant reduc-
tions in ganglion cell density were noted by Sohn et al.
20 weeks after DM induction with no concurrent changes
in pericyte density, classically defined as the earliest detect-
able histological marker of DR in retinal vessels [53].
Another manifestation of preclinical DR, the number of
acellular capillaries [54] did not significantly change either.
The same study also reported thinning of the nerve fiber
layer (NFL) and GCL in db/db type 2 diabetic (T2DM)
rodent models [51••]. Presence of certain ocular comorbid-
ities can further accelerate this observed neuronal loss.
Chronically elevated intraocular pressure for instance has
been associated with an increase in the number of DM-
induced apoptotic cells by an estimated factor of eight, sug-
gesting that a combination of glaucoma and DM has an
additive effect in promoting retinal neuronal damage [55].

Retinal Assessment Via Optical Coherence
Tomography

The advent of optical coherence tomography (OCT) has
allowed microstructural analyses of the retina to become part
of routine clinical practice, with automated segmentation,
non-invasive, and high resolution in vivo visualization of ret-
inal layers can be performed [56], resembling that of histolog-
ical specimens [57]. Measurements are precise and highly
reproducible (reproducibility of retinal thickness measure-
ments between ± 5% and ± 6%) [58, 59]. Multiple cross-
sectional studies have evaluated neural anatomical alterations
in diabetic retinas using OCT imaging. Studies using OCT for
evaluation of DRN have reported variable thickness measure-
ments of patients with DM compared to controls. While most
studies have reported reduced thickness measurements, par-
ticularly of NFL and ganglion cell-inner plexiform complex
(GCL-IPL) across various cohorts of both type 1 and type 2
DM (T1DM and T2DM respectively) [60–74] (Table 1), in-
cluding those with no clinically visible retinopathy or minimal
retinopathy, other studies have shown increased thickness or
no changes at all. Gundogan et al. and Carpineto et al. ana-
lyzed thickness changes of individual retinal layers in 190 and
200 participants, respectively. Both authors reported signifi-
cant reductions in RNFL and GCC in participants with T1DM
or T2DM and no or minimal retinal vascular changes when
compared with healthy controls [62, 65]. Gundogan et al. also
found significant negative correlations of GCC thickness and
RNFL thickness with duration of T1DM and hemoglobin A1c
levels, respectively. OCT-derived thickness parameters may
additionally vary with duration of DM [69, 78, 82].

Sohn et al. evaluated DM-associated neurodegenerative ef-
fects on the retina using OCT imaging. Over a 4-year period,
they found progressive, gradual thinning of the NFL (0.25 μm/
year) and of the GCL-IPL (at 0.29 μm/year), significantly
higher than age-related decline in thickness which averages
around 0.1 μm/year per layer [83]. The authors also stated if
the current rate of degeneration was extrapolated for the next
10 to 20 years, the magnitude of neural loss from DRN would
be comparable to that caused by severe glaucoma. However,
compared with glaucomatous damage which is classically as-
sociated with scotoma, it was suggested by the authors that
diabetic DRN-associated loss may more likely be diffuse.
The authors noted that NFL loss and GCL-IPL loss was inde-
pendent of age, gender, presence, or progression of DR and
hemoglobin A1c. This study concluded that neuroretinal loss
progresses with increasing duration of DM and that DRN pre-
cedes microvascular manifestations of DM [51].

On the other hand, there have also been studies which
reported an increase in thickness of retinal layers in diabetic
patients [75, 78], findings consistent with similarly reported
transient increases in thickness of inner retinal layers in histo-
logical studies of diabetic rat retinas. It was postulated that loss
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Table 1 Overview of studies that have used optical coherence tomography (OCT) for assessing structural changes in the retina of patients with no or
minimal diabetic retinopathy

Authora Diabetes status Sample size (N)
(patients, controls)

Thickness change on OCT compared
with non-diabetic controls

Scarinci [60] Type 1 diabetes (T1DM) 51 (38, 13) Decreased
RNFL and GCL
Increased
INL

Ferreira [75] Type 2 diabetes (T2DM) 175 (125, 50) Decreased
Photoreceptor layer
Increased
RNFL, INL, RPE, GCL, and OPL/ONL

Sohn [51] T1DM 45 diabetic cases Decreased
RNFL, GCL, and IPL

Gundogan [62] T1DM 190 (90, 100) Decreased
RNFL and GCC

El-Fayoumi [63] T1DM 96 (46, 50) Decreased
RNFL and GCC

Chen [70] T1DM and T2DM 121 (60, 61) Decreased
NFL (nasally in both T1DM and T2DM),
GCL-IPL, and INL/ONL (T1DM only)
Increased
INL and ONL (in T2DM cohort only)
Similar
GC-IPL (in T2DM cohort only)

Carpineto [65] T2DM 200 (150, 50) Decreased
RNFL and GC-IPL

Tie Pei [76] T2DM 299 (141, 158) Decreased
GCC (superiorly)
Similar
RNFL (peripapillary)

Rodrigues [66] T2DM 102 (74, 28) Decreased
RNFL and GCC

Vujosevic [77] T1DM and T2DM 124 (74, 50) Decreased
RNFL and ILM
Increased
INL and OPL
Similar
GC-IPL

Verma [72] T2DM 110 (70, 40) Decreased
RNFL

Van Dijk [68] T2DM 121 (64, 57) Decreased
RNFL and GCL-IPL (pericentral macula)
RNFL and IPL (peripheral macula)
(Changes in T2DM with minimal DR only)
Similar
RNFL and GC-IPL (in T2DM cohort without DR)

Araszkiewi [78] T1DM 108 (77, 31) Increased
RNFL and GCL

Van Dijk [79] T1DM 70 (32, 38) Decreased
GCL and INL (pericentral)

Van Dijk [69] T1DM 80 (40, 40) Decreased
RNFL (peripheral macula) and
GCL (pericentral macula)
(Changes in T1DM with minimal DR only)

Van Dijk [69, 74] T1DM 196 (97, 99) Similar
RNFL, GCL-IPL, INL, ONL/OPL, and PR
(in T1DM cohort without DR)

Van Dijk [74] T1DM 116 (57, 59) Decreased
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of blood–retinal barrier integrity, especially the inner barrier,
followed by increased vascular permeability and edematous
swelling, was the underlying reason for this observed change
[44, 84].

We believe that the thickness variations observed across
these studies might in part be attributable to patient-related
differences in the type and duration of DM, the level of gly-
cemic control and the degree of DR as well as the patients’ age
and sex. There may also be individual-level variations in base-
line ocular measurements related to intraocular pressure [85]
and refractive error [86], factors which are known to affect
RNFL thickness. Furthermore, given the dynamic nature of
DM, establishing a consistent time point of study is often
difficult. This lack of temporal fidelity can therefore make
evaluation problematic and may also explain why some stud-
ies showed thinning, others thickening, and why in some stud-
ies no changes in thickness were observed. In summary, neu-
ral structural alterations on OCT seem to occur early in the
disease course. However, it is yet to be established whether
NFL changes [77, 81] or GCL changes [76, 87] are a more
sensitive indicator of diabetic neurodegeneration. Van Dijk
et al. suggested that the observed decrease in inner retinal
thickness might initially be due to pericentral ganglion cell
loss followed by peripheral RNFL thinning in the macular
region.

Visual Function Assessment

Visual function has been assessed among diabetic patients,
both with and without clinically established DR, using elec-
trophysiological tests such as pattern electroretinogram
(pERG) which assesses ganglion cell activity, multifocal
ERG (mfERG), visual evoked potentials (VEP), and
microperimetry. Reductions in pERG amplitude have been
reported by multiple authors among diabetic patients, with
minimal or no microvascular changes on fluorescein angiog-
raphy [88–90]. mfERG studies that have analyzed
neuroretinal response in diabetic subjects have shown reduced

amplitudes and/or implicit time delays, both indicators of ret-
inal dysfunction [91–95]. In a study by Bronson-Castain et al.,
28% of patients with T1DM and 40% of patients with T2DM
had significant mfERG implicit time delays, with concurrent
retinal thinning on OCT [96]. Delayed implicit times in adults
have been associated with increased risk of developing reti-
nopathy and even predictive of development of future retinop-
athy in corresponding retinal locations. Han et al. [93] follow-
ed 22 diabetic eyes, both with and without retinopathy over
1 year. Although non-DR eyes did not develop any vascular
changes, they found that for eyes with pre-existing vasculop-
athy, relative risk for developing new retinopathy was 21
times greater in areas with abnormal baseline mfERG implicit
times. mfERG-based prediction models have in fact shown
excellent sensitivity and specificity [97, 98] for future DR risk
prediction in given retinal regions. More recently, the
European Consortium for the Early Treatment of Diabetic
Retinopathy (EUROCONDOR) reported the baseline data of
their study cohort. The EUROCONDORwas created to assess
the effectiveness of eye drops containing neuroprotective
agents (brimonidine or somatostatin) among 449 patients with
T2DM with no visible DR (Early Treatment of Diabetic
Retinopathy Study [ETDRS] level < 20) or with early diabetic
retinal disease (ETDRS level 20–35) (NCT01726075).
mfERG abnormalities were found in almost 60% of the pa-
tients with no apparent fundus abnormalities. An association
was also observed by the authors between SD-OCT thinning
and mfERG abnormalities in 67% of the eyes with ETDRS <
20 and in 83% of the eyes with ETDRS level of 20–35.
However, about a third of patients with early diabetic retinal
disease (ETDRS 20–35) did not have any abnormalities, ei-
ther on the mfERG or SD-OCT. The authors concluded that,
while there seemed to be a link between mfERG and SD-OCT
measurements that increased with the presence of microvas-
cular impairment, retinal neurodegeneration may not play a
role in DR pathogenesis for all patients with T2DM [99•].

Rarebit fovea and Rarebit perimetry tests can detect subtle
changes in the integrity of the retinocortical detector matrix.
This detector matrix consists of foveal photoreceptor density

Table 1 (continued)

Authora Diabetes status Sample size (N)
(patients, controls)

Thickness change on OCT compared
with non-diabetic controls

GC-IPL and INL
(pericentral macula only)
(Changes in T1DM with minimal DR only)

Verma [80] N/A 78 (39, 39) Decreased
Photoreceptor layer

Oshitari [81] N/A 100 (69, 31) Decreased
RNFL

a Table arranged chronologically with most recent studies listed first
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and retinal ganglion cell density peripherally [100]. In one of
the first studies to correlate structure with function, Van Dijk
found decreased macular GCL thickness to be the only signif-
icant predictor of abnormal mean hit rate (MHR) [79] on
perimetry. Similar findings were also seen by Verma et al.,
who reported an association between decreased retinal sensi-
tivity on fundus-related microperimetry and reduced retinal
thickness on OCT [80].

VEPs assess integrity of the visual pathway, from the optic
nerve up to the occipital cortex. Balta et al. found pattern VEP
latencies were significantly prolonged in patients with T2DM
who did not have evidence of retinopathy when compared
with non-diabetic controls [101]. These findings have been
validated in multiple studies involving both type 1 and type
2 diabetic cohorts [102–104]. Positive correlations have addi-
tionally been reported between altered VEP parameters and
DM duration [101, 105] as well as glycemic control [105].

Alteration of visual function has also been tested through
oscillatory potentials [106–111], color vision [112, 113], con-
trast sensitivity [114, 115], and dark adaptation [116–118]. In a
cross-sectional analysis of 141 patients with T2DM with no
DR, contrast sensitivities were found reduced at all spatial fre-
quencies and correlated with GCL thickness [76]. Oscillatory
potentials are considered a good indicator of early neural dys-
function and altered parameters can be appreciated in the ab-
sence of photographic evidence of vasculopathy [111].
Changes in oscillatory potentials have also been shown to cor-
relate with retinopathy severity [110, 119]. A study by Bresnick
et al. involving 85 participants with DM found that reduced
oscillatory potential amplitudes predicted severe proliferative
DR onset more accurately than non-perfusion on fluorescein
angiography over a follow-up duration of approximately
2 years. The risk of progression to severe proliferative DR
was 35% for eyes with low amplitudes (≤ 100 μ) compared
with 11% for eyes with higher amplitudes. Capillary non-per-
fusion, on the other hand, did not contribute independently to
the risk predictionmodel [120]. Reported prevalence [121, 122]
of impaired color vision in subjects with DMbut no retinopathy
has varied from 3.5% [123] to as high as 39.5% [124]. Color
vision impairment is known to worsen with increasing retinop-
athy severity [121] and with macular edema [125].

Flicker-induced retinal diameter change, a function of
neurovascular coupling with modulation by nitric oxide
(NO), has been shown to deteriorate early in diabetic pa-
tients [15, 126]. In a study by Pemp et al., arteriolar re-
sponse to flicker light was 2.9% in patients with DM
versus 7% in healthy controls, whereas venular change
was 4.6% in DM and 6.8% in controls. Interestingly, how-
ever, response to exogenous NO was preserved in both
cohorts suggesting that abnormal flicker-induced vasodi-
latation in DM was not the result of generally reduced
retinal vascular reactivity and might be secondary to im-
paired neural regulation [14].

To summarize, the various studies evaluating visual func-
tion in DM seem to suggest that damage to neural elements
occurs in the early stages of DR or it may develop independent
of the retinal vascular changes.

Neuroprotective Strategies for Treating
Diabetic Neurodegeneration

The impact of DRN on visual function and whether DRN is an
independent pathway of vision or intertwined with microvas-
cular abnormalities still needs to be established. However, a
growing body of evidence supports the role of neurodegener-
ation in DR pathogenesis, and the role of neuroprotective
agents in DRN is being actively evaluated. Here, we will
briefly discuss some of the experimental molecular targets
and treatment strategies for preserving neural retina.

Neurotrophic Factors

Imbalance in neurotrophic factors is considered one of the
major hallmarks of retinal neurodegeneration. These mole-
cules are central for growth, differentiation, and maintenance
of various retinal elements as well as for neurovascular cou-
pling. Pigment epithelium-derived factor (PEDF), somatostat-
in (SST), insulin and insulin-like growth factors (IGF), and
brain-derived neurotrophic factor (BDNF) are examples of
some peptides important for retinal neural health.

PEDF is endogenous to retinal pigment epithelium and has
both anti-angiogenic and neuroprotective properties; in fact, it
has been shown to be among the most potent inhibitors of
angiogenesis [127]. Decreased PEDF levels have been ob-
served in the aqueous humor and vitreous of patients with pro-
liferative DR [128]. In addition, PEDF is anti-inflammatory and
counteracts glutamate excitotoxic damage and oxidative stress
[129]. In a study designed to evaluate therapeutic effects of
PEDF, PEDF administration in diabetic animals with early ret-
inopathy changes was beneficial in restoring retinal function
and reducing the elevated VEGF levels. The severity of retinal
neuronal damage was also suppressed, possibly secondary to
anti-oxidative actions of PEDF molecule [130].

The trophic support provided to retinal neurons by insulin
and its receptor signaling pathway is impaired in DM. Loss of
this survival pathway may contribute to early stages of DR
[131, 132]. Altered insulin metabolism has been shown to
increase retinal neuronal apoptosis which was reversed after
insulin administration [34]. Systemic and intravitreal insulin
administration was found to improve insulin receptor activity
in diabetic rats and improve pro-survival signaling [132].

BDNF is believed to play a critical role in retinal ganglion
cell survival. STZ-induced DM mice were found to have re-
duced BDNF levels in both retinal ganglion cells and Muller
cells; this was also accompanied by dopaminergic amacrine cell
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degeneration. The neurodegenerative changes improved with
administration of BDNF, highlighting the molecule’s role in
neuronal survival. Interestingly, BDNF administration increased
the cell density of dopaminergic neurons in non-diabetic rodents
as well [133]. Therapies targeting BDNF receptor activation
have also shown positive results in promoting RGC survival in
acute and chronic models of glaucoma [134, 135].

Fibroblast growth factor (FGF) 21 is a unique member of the
FGF family and plays an important role in regulating metabolic
homeostasis in DM [136]. Produced predominantly in the liver,
FGF21 has been shown to have protective effects inDM-induced
testicular apoptotic cell death [137], renal dysfunction [138], and
against diabetic nephropathy [139] through upregulation of nu-
clear factor erythroid 2–related factor 2 (NRF2) [139]. NRF2
orchestrates transcriptional induction of multiple anti-oxidant en-
zymes [140] that play a central role in protecting against DM-
induced oxidative stress. Most recently in the study by Fu et al.,
administration of a long-acting FGF21 analog in diabetic mice
was found to be associated with improved photoreceptor func-
tion and morphology as well as reduced photoreceptor-derived
oxidative stress and retinal inflammation [141].

SSTand its receptors express anti-angiogenic properties via
reducing VEGF expression. Reduced levels of this neuropro-
tective agent have been demonstrated in diabetic eyes, both
with [142] and without retinopathy changes [50]. In human
eyes, underproduction of SST was associated with neuronal
apoptosis, especially in the GCL and with microglial activa-
tion [50]. A multi-center, phase II/III, randomized controlled
clinical trial (EUROCONDOR) to evaluate the efficacy of
topical SST eye drops in preventing retinal neurodegeneration
is ongoing (EudraCT number: 2012-001200-38).

Glucagon-like peptide 1 (GLP-1) and nerve growth factor
(NGF) are additional therapeutic targets. Topical administra-
tion of GLP-1R agonists (liraglutide) as eye drops in the db/db
mouse model was found to preserve blood–retinal barrier in-
tegrity via attenuating overexpression of VEGF, whereas its
systemic administration demonstrated significant neuropro-
tective benefits. In addition to reducing expression of glial
fibrillary acidic protein (GFAP), a marker of glial reactivity,
liraglutide-treated mice also showed decreased rate of cell
apoptosis [143]. Moreover, Hernandez et al. demonstrated a
significant increase in GLP-1 after topical administration of
dipeptidyl peptidase IV inhibitor (DPP-IVi) and which was
shown to be associated with decreased glial activation, apo-
ptosis, and vascular leakage in db/db mice [144]. NGF-
containing eye drops have also been shown to protect retinal
ganglion cells from damage in experimental models of glau-
coma and DR [145].

Renin-Angiotensin System

Recent studies have pointed towards renin-angiotensin system
(RAS) playing a causative role in retinal neurodegeneration.

RAS is upregulated in DR and angiotensin II (ATII) is known
to mediate oxidative stress, promote angiogenesis, and cause
retinal damage [146]. Ola et al. in an experimental study in-
volving diabetic rats demonstrated beneficial effects of
telmisartan, an ATII type 1 receptor blocker (AT1R).
Compared with diabetic rats that were not administered the
drug, telmisartan-treated group exhibited significantly higher
levels of BDNF and ciliary neurotrophic factor (CNF).
Treatment was also associated with a marked increase of serum
and retinal glutathione (GSH) concentration. Telmisartan,
through its RAS blocking effects, was thus fundamental in
improving neurotrophic support, endogenous anti-oxidant con-
centration, and decreasing apoptosis in retina of STZ-induced
diabetic rats. [147]. In a similar study conducted on diabetic
rats, AT1R blockade with either valsartan or telmisartan suc-
cessfully altered retinal functional parameters assessed via
ERG. Improved amplitude and implicit time of oscillatory po-
tentials was hypothesized by the authors to be most likely due
to decreased degradation of synaptophysin, a synaptic vesicle
protein integral in maintaining neuronal function [148].

Anti-Oxidants

Many studies suggest that oxidative stress plays a major role
in the pathogenesis of DR. Anti-oxidants may hence be
viewed as potential therapeutic agents in the treatment of
DR. Flavonoids are one such example and administration of
selected flavonoids has been shown to reduce inflammation
and oxidative stress, in addition to preventing neuronal apo-
ptosis and retinal structural degeneration in diabetic mice
[149–152]. Administration of the flavonoid, hesperetin in di-
abetic mice, for example, was shown to be beneficial in
counteracting DM-induced effects of Müller cell inflamma-
tion and swelling as well as, limiting retinal disorganization
from increased intercellular spaces in the INL and ONL.
Hesperetin-treated mice also showed reduced expression of
AQP4, a water-specific membrane-channel protein, whose
overexpression has been implicated in neuroglial swelling.
In a crossover randomized clinical trial, flavonoids in
Ginkgo biloba extract (GBE) improved pre-existing visual
field defects in patients with normal tension glaucoma
(NTG) [153]. A more recent clinical trial involving NTG pa-
tients however found no improvements in contrast sensitivity
or visual field damage with GBE administration [154].

Glutamate Blocking Agents

An experimental study conducted with memantine, an
NMDA-receptor antagonist showed promising results.
Significantly, improved amplitudes of ERG a- and b-waves
were observed in STZ-induced diabetic mouse models,
3 weeks after treatment with memantine (MEM). Long-term
drug administration was also beneficial in attenuating elevated

Curr Diab Rep (2019) 19: 17 Page 7 of 13 17



vitreo-retinal VEGF levels, improving blood–retinal barrier
integrity and increasing RGC count by almost 16% [155].

Despite the promising results shown by these various pro-
posed molecular targets, more studies are needed to further
validate their therapeutic effects.

Clinical Translation of Neuroprotective
Strategies for Diabetic Retinopathy

Despite the promise shown by neuroprotective agents in pre-
clinical studies, the benefit of these agents in preventing or
treating vision loss in DM has not yet been established.
Conceptual and methodological problems often make transla-
tion from animals to humans difficult, partly because of failure
of the animal models to accurately mimic human disease.
Furthermore, in most experimental studies, the therapeutic
agent is administered at the time of or prior to injury, while
in human trials, the intervention is after disease diagnosis.
Other barriers include, but are not limited to, challenges asso-
ciated with participant follow-up, disease heterogeneity, effec-
tive drug delivery, and selecting reproducible and clinically
important trial endpoints [156]. These challenges explain
why several different neuroprotective drug candidates have
failed in demonstrating significant patient benefits, despite
successful preclinical data. A phase 3 clinical trial examining
memantine as a treatment for glaucoma reported that while
disease progression was significantly lower in patients receiv-
ing a higher dose of memantine than in patients receiving a
low dose of memantine, there was no clear therapeutic benefit
compared to patients receiving placebo [156]. In the low-
pressure glaucoma treatment study, patients treated with
brimonidine were found to have a significantly lower rate of
visual field defect progression compared to subjects treated
with timolol [157]. However, due to issues related to large
number of dropouts in the group receiving brimonidine and
low amounts of IOP reduction, the study, and hence the neu-
roprotective efficacy of brimonidine, was recently questioned
in two Cochrane reviews [158, 159]. Translational divide ex-
ists for ocular diseases other than glaucoma as well, with ad-
ministration of ciliary neurotrophic factor (CNTF) failing to
show any visual acuity benefit in patients with retinitis
pigmentosa [160]. CNTF administration however resulted in
a dose-dependent increase in retinal thickness, consistent with
ancillary studies with adaptive optics scanning laser ophthal-
moscopy that showed cone preservation in CTNF-treated eyes
compared with the sham-treated fellow eyes in a subset of
participants [161, 162]. Most recently, treatment with a surgi-
cal implant that released CNTF was found to slow the pro-
gression of retinal degeneration in patients with type 2 macu-
lar telangiectasia compared with those receiving sham treat-
ments [163]. Multidisciplinary collaborative effort is therefore
required to design a set of guidelines for experimental and

clinical studies on neuroprotection in ophthalmic disease. A
consensus on how to design and execute translational research
would optimize the use of resources and facilitate the devel-
opment of effective neuroprotective agents.

Conclusion and Future Directions

Retinal neurodegeneration plays an increasingly recognized
role in diabetic retinopathy and may occur prior to vascular
changes. However, more longitudinal studies are needed to
better establish the temporal relationship between vasculopa-
thy and neuropathy, progression of DRN over time, and the
impact of neurodegeneration on visual function. The temporal
occurrence of DRN with respect to vascular changes should
also be re-evaluated using more sensitive measures of detec-
tion of vascular pathology such as OCTangiography (OCTA),
as OCTA may detect vascular changes not visible on fluores-
cein angiogram or fundus photos. In addition, greater efforts
are required to standardize methods for monitoring neurode-
generation to ensure uniformity across studies. Lastly, while it
is important to understand the underlying mechanism(s) of
DM-induced neurodegeneration in order to develop neuropro-
tective agents, researchers must also focus on developing op-
timal drug delivery methods and defining clinically relevant
outcome measures to successfully evaluate the impact of neu-
roprotective agents in patients with DM.
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