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ABSTRACT

Oxidative stress, a cytopathic outcome of excessive generation of ROS and the repression of antioxidant defense
system for ROS elimination, is involved in the pathogenesis of multiple diseases, including diabetes and its
complications. Retinopathy, a microvascular complication of diabetes, is the primary cause of acquired blindness
in diabetic patients. Oxidative stress has been verified as one critical contributor to the pathogenesis of diabetic
retinopathy. Oxidative stress can both contribute to and result from the metabolic abnormalities induced by
hyperglycemia, mainly including the increased flux of the polyol pathway and hexosamine pathway, the hyper-
activation of protein kinase C (PKC) isoforms, and the accumulation of advanced glycation end products (AGEs).
Moreover, the repression of the antioxidant defense system by hyperglycemia-mediated epigenetic modification
also leads to the imbalance between the scavenging and production of ROS. Excessive accumulation of ROS
induces mitochondrial damage, cellular apoptosis, inflammation, lipid peroxidation, and structural and func-
tional alterations in retina. Therefore, it is important to understand and elucidate the oxidative stress-related
mechanisms underlying the progress of diabetic retinopathy. In addition, the abnormalities correlated with
oxidative stress provide multiple potential therapeutic targets to develop safe and effective treatments for dia-
betic retinopathy. Here, we also summarized the main antioxidant therapeutic strategies to control this disease.

1. Introduction

Oxidative stress is a phenomenon caused by the imbalance between
the formation and removal of free radicals. The most effective free
radicals are derived from molecular oxygen, such as superoxide anion
(03), hydrogen peroxide (H205), peroxyl radical (ROO-) and the very
reactive hydroxyl radical (-OH), which are termed reactive oxygen
species (ROS), and these substances are generally considered to be toxic
to cells [1,2]. Generally, oxidative stress occurs when excessive free
radicals form and meanwhile antioxidants (e.g. vitamin A, C and E,
glutathione, o-lipoic acid, carotenoids), antioxidant minerals (e.g. cop-
per, zinc, manganese, selenium) or various other free radical scavenging
mechanisms (e.g. free radicals-scavenging enzymes) fail to neutralize
these free radicals. In short, disrupting the dynamic redox balance will
cause oxidative stress and ultimately damage the cells of target organs,
such as the retina, kidney, heart and so on [3,4]. Retina is susceptible to
oxidative stress not only because it can be continuously attacked by

ROS-producing visible light or UV, but also because the easily oxidized
poly-unsaturated fatty acids (PUFAs) are abundant in the outer photo-
receptor segment membranes of retina [5]. In human retina, the main
PUFAs in the outer photoreceptor segments contain docosahexaenoic
acid (DHA), arachidonic acid (AA) and oleic acid (OA), and these three
PUFAs account for about 50%, 8% and 10% of total fatty acids respec-
tively [6]. These PUFAs play an important role in retinal structure and
functions, while PUFAs are susceptible to oxidative degradation and are
also major targets of ROS to initiate lipid peroxidation. The lipid per-
oxidation of PUFAs in the retina not only impairs visual cells but also
affects the physiological health of the retina. The products of lipid per-
oxidation, such as hydroxyhexenal (HHE) and hydroxynonenal (HNE),
in turn react with cellular macromolecules (DNA and proteins) in the
retina, consequently leading to photoreceptor cell impairments and
retinal pigment epithelial abnormality [7]. Besides the abundance of
PUFAs, high oxygen consume is essential to the visual imaging function
and active metabolism in retina, and retinal area is always under high
oxygen tension, which favors the formation of ROS and promotes lipid
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Abbreviations

DR diabetic retinopathy

ROS reactive oxygen species

NPDR  non-proliferative diabetic retinopathy

NADPH nicotinamide adenine dinucleotide phosphate
Nox NADPH oxidase

ETC electron transport chain

ucCP uncoupling proteins

AR aldose reductase

AGEs advanced glycation end products

DAG diacylglycerol

VEGF vascular endothelial growth factor

CML carboxymethyllysine;

CEL carboxyethyllysine;

PKC protein kinase C

GAPDH glyceraldehydes-3-phosphate dehydrogenase
RAGE receptor for AGEs

GFAT fructose-6-phosphate amidotransferase

UDP-GIcNAc diphosphate uracil-N-acetylglucosamine;
GLP-1 glucagon-like peptide-1

Grxs glutaredoxins

GSH glutathione

GSSG oxidized glutathione

miRNAs microRNAs

MMPs  matrix metalloproteinases

NF-xB nuclear factor-xB

NFE2L2 (Nrf2) nuclear factor erythroid 2-related factor 2

Keapl  Kelch-like ECH associated protein 1
SIRT1 sirtuin 1

SAM S-adenosyl-1.-methionine;

MeCP2 methyl-CpG binding protein 2

HDACs histone deacetylases

LSD1 Lysine-specific demethylase 1

ARE4 antioxidant response element region 4
SOD manganese superoxide dismutase
DNMTs DNA methyltransferases

IncRNAs long non-coding RNAs

ceRNA  competing endogenous RNA

mtDNA  mitochondrial DNA

CBM capillary basement membrane

PEDF pigment epithelium-derived factor

ECM extracellular matrix

BRB Blood retinal barrier

EPA eicosapentaenoic acid

PPARa  peroxisome proliferator-activated receptor-o;
PGE2 prostaglandin E2

COX-2  Cyclooxygenase-2

HHE hydroxyhexenal
HNE hydroxynonenal

PUFAs  poly-unsaturated fatty acids
DHA docosahexaenoic acid

AA arachidonic acid

OA oleic acid

RGCs Retinal ganglion cells

RPE Retinal pigment epithelium

peroxidation [8].

Diabetic retinopathy (DR) is categorized as one microvasculature
complication in diabetes, which exerts sight-threatening effects on the
eyes [9]. It is generally acknowledged that DR is the leading cause of
diabetes-associated visual damage or loss among working-age adults
and elderly people worldwide [10]. It was estimated that the number of
patients affected by DR would rise to 191.0 million by 2030 [11-13].
The main pathophysiology of DR is various changes caused by hyper-
glycemia, including the thickening of retinal capillary basement mem-
brane, increased retinal vascular permeability, tissue ischemia, and the
release of various vasoactive substances, leading to neovascularization.
With the progression of DR, new blood vessels begin to form on the
surface of the retina. Because of the instability of new blood vessels, the
contents of blood vessels (blood and extracellular fluids) are easy to leak
out, resulting in vitreous hemorrhage and retinal detachment. These
pathophysiological changes are called proliferative diabetic retinopathy
(PDR) and can eventually lead to the loss of vision. In contrast, the
clinical subtype without neovascularization in the early stage is called
non-proliferative diabetic retinopathy (NPDR). The typical features of
NPDR are the formation of microaneurysms and small dilation of retinal
blood vessels that are identified as preliminary signs of DR [14-16].
Moreover, retinal neurodegeneration also occurs in the pathogenesis of
DR, which also participates in the microvascular disorders that happen
in DR, mainly including apoptosis and glial alteration [17,18]. Retinal
ganglion cells (RGCs) are a type of neuron located in the inner surface of
retina, and their long axons link the retina to the brain and project visual
information to the brain. As for neuro apoptosis, RGCs are often the
targets of the investigations and their death is often observed in DR [19].
Retinal glial cells are essential to support retinal neurons and are the
necessary channels of communication between retinal blood vessels and
neurons, containing two main part: macroglia (Miiller cells and astro-
cytes) and microglia. In DR, macroglia undergoes prominent changes,
including an increase in the Miiller cell population and glial fibrillary
acidic protein expression, and a reduction in the astrocytic population,

which may be associated with the increased vascular permeability [20].
Likewise, in response to the changes of local physiological environment,
microglial cells become extremely dynamic, enabling them to assume
different morphologic and functional alterations [20].

Oxidative stress plays a critical role in the pathogenesis of DR. The
excessive accumulation of ROS can impair the tissue in and around
retinal vessels, eventually leading to DR. It has been reported that four
classical metabolic abnormalities are involved in hyperglycemia-
induced oxidative damages in the retina: activation of the protein ki-
nase C (PKC) pathway; polyol pathway flux; and activation of the hex-
osamine pathway; intracellular formation of advanced glycation end-
products (AGEs) [21,22]. Besides the above metabolic disorders, irreg-
ular epigenetic modifications [23], the abnormal activity of nuclear
factors, including highly activated nuclear factor-kB (NF-«kB) [24,25]
and attenuated activity of Nrf2 (Nrf2 is also called NFE2L2, nuclear
factor  erythroid 2 related  factor 2) [26,271], and
hyperglycemia-mediated mitochondrial dysfunction [28], have also
been demonstrated to be correlated with the overproduction of ROS in
DR. In particular, oxidative stress caused by epigenetic modifications
can last for a long stage, even if blood glucose concentration turns into
normal level, which is termed “metabolic memory” [29-32]. Addition-
ally, hyperglycemia-induced oxidative stress also brings about mito-
chondrial defects, cellular apoptosis, inflammation, lipid peroxidation,
structural and functional changes (including microcirculatory abnor-
malities and neurodegeneration) in DR. Therefore, inhibiting ROS gen-
eration and scavenging excessive ROS by these pathways have been
employed as therapeutic strategies for the treatment of DR. In this re-
view, we firstly introduce ROS generation systems briefly, then discuss
several oxidative stress-associated mechanisms involved in DR, and
finally summarize the pathogenetic roles of oxidative stress in the
development of DR and the recent studies on DR therapeutics.
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Fig. 1. The electron transportation chain and the generation of ROS in mitochondria. Complex I and II receive the electrons from NADH and FADHj, respectively.
Then the electrons are transported to coenzyme Q (CoQ), and then transferred to cytochrome C (Cyt C) in the complex III. Finally, complex IV offers the electrons to
O, to produce H,0. In this process, all the complexes pump protons out of mitochondrial matrix to form a gradient of protons between intermembrane space and
mitochondrial matrix. The energy of the proton gradient drives ATP synthase to generate ATP. Hyperglycemia can induce the blockage of the normal electron
transportation, and O, can accept the electrons to transform into reactive oxygen species.

2. Mitochondria and Nox system in diabetic retinopathy

ROS are generated mainly from two systems: (1) mitochondrial
oxidative phosphorylation and (2) the nicotinamide adenine dinucleo-
tide phosphate- (NADPH-) oxidase (Nox) system [33].

The major endogenous ROS are generated from mitochondria, in
which the proton gradient across mitochondrial inner membrane is
formed by electron transport chain (ETC) to consume cellular oxygen
and yield ATP (Fig. 1) [34,35]. The ETC on the mitochondrial inner
membrane mainly contains four complexes, including complex I, II, III,
and IV. These complexes employ NADH and FADH, as the donors to
provide electrons to finally reduce oxygen to water, and the protons are
pumped into intermembrane space to create a voltage across the mito-
chondrial inner membrane. The energy of this proton gradient drives
ATP synthesis by ATP synthase [36-38]. In this process, only few oxy-
gens accept the donated electron to transform into ROS, such as O3 .
However, in diabetic cells, excessive glucoses are required to degrade in
tricarboxylic acid cycle (TCA cycle), which in effect compels more
NADH or FADH, into mitochondrial electron transport chain and forces
the proton gradient across inner membrane to reach the maximum

0,

Membrane
Gpglphox
(Nox2) P22
p47phox
P
GTP
NADPH NADP* +H*

Fig. 2. The Nox system is an enzymatic source of oxidative stress. It can utilize
NADPH as substrates to transport the electron to molecular oxygen, and drive
molecular oxygen to convert into reactive oxygen species.

threshold. In this condition, electron transfer is obstructed, and coen-
zyme Q provides the electron to molecular oxygen to generate super-
oxide, which brings about excessive production of ROS [38].
Correspondingly, the relationship between ROS and hyperglycemia can
be dissociated by the uncoupling of mitochondrial electron transport,
which can be mediated by overexpressing uncoupling protein (UCP) to
collapse voltage gradient [39,40]. Many studies of animal model have
shown the increased retinal superoxide production in DR [41].
Compared to other retinal cells, photoreceptors possess more mito-
chondria, and it has been demonstrated that photoreceptors are a major
contributor of superoxide in DR [42]. In streptozotocin-induced diabetic
mouse, two months of hyperglycemia caused the increased superoxide
derived from impaired mitochondrial ETC in photoreceptor cells of
diabetic eyes, while this increase can be suppressed by methylene blue
that acts as an alternate electron transporter [42].

The Nox system, as a key enzymatic source of oxidative stress, can
employ NADPH as electrons donor, then transport the electron to mo-
lecular oxygen and drive molecular oxygen to convert into superoxide
and/or hydrogen peroxide via a single electron reduction (Fig. 2) [43].
Nox system contains membrane-associated proteins (Nox protein and
p22phox) and cytosolic proteins (p47phox, p67phox, and Rac) [44,45].
Nox family includes several isoforms, in which Nox 1, Nox 2, and Nox 4
are highly expressed in the vascular cells [46]. In diabetic mice, Nox 2 is
highly activated in the cells of retinas and this hyperactivation augments
ROS production and enhances the expression of intercellular adhesion
molecule-1 (ICAM-1) and vascular endothelial growth factor (VEGF)
[47]. Nox 1, Nox 4 and Nox 5 aggravate retinal vascular permeability
and promote the expression of inflammatory and angiogenic factors for
neovascularization in DR [48]. The inhibition of NADPH oxidase is also
considered as a potential therapeutic strategy for the treatment of DR
[49].

3. Oxidative stress and the abnormalities of polyol/PKC/AGE
formation/hexosamine pathway in diabetic retinopathy

Despite a variety of studies, the underlying mechanisms that how
hyperglycemia leads to the pathology of retina still remain elusive. It has
been proposed that the abnormality of multiple metabolic pathways is
closely associated with the hyperglycemia-mediated development of
retinopathy. As shown in Fig. 3, the main metabolic abnormalities
involved in DR are the augmented influx of glucose through the polyol
and hexosamine pathways, the activation of protein kinase C pathway,
and enhanced formation of advanced glycation end products [50].
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Fig. 3. The metabolic abnormalities induced by hyperglycemia. The major pathways include the polyol pathway, the hexosamine biosynthesis pathway, the for-
mation of advanced glycation end products (AGEs), and protein kinase C (PKC) activation, which contribute to ROS generation and aggravate oxidative stress to

promote the pathogenies of retinopathy.

3.1. Polyol pathway

The polyol pathway of glucose metabolism is activated under the
hyperglycemic condition [51]. In this pathway, aldose reductase (AR),
as the first and rate-limiting enzyme, transfers glucose into sorbitol by
utilizing NADPH as an electron donor, and then sorbitol is oxidized to
fructose by sorbitol dehydrogenase with the conversion of the cofactor
NAD™ to NADH [52,53].

There are several effects on the oxidative stress in DR. First, sorbitol
is strong hydrophilic alcohol without the capacity to diffuse through
lipid membranes and gives rise to cell hypertonicity and the increase of
osmotic pressure, leading to retinal capillary osmotic damage and cell
death. Secondly, the fructose formed in the polyol pathway can be
transferred into phosphorylated to fructose-3-phosphate through phos-
phorylation and subsequently decomposed to 3-deoxyglucosone, both of
which can be used as a precursor to participate in the formation of
advanced glycation end products (AGEs) through glycosylation [54].
Lastly, the enhanced compensatory activity of the glucose mono-
phosphate shunt brings about excessive utilization of NADPH, which
will cause less cofactor available for the synthesis of glutathione (GSH),
the weakened capacity against oxidative stress and the corresponding
destruction of cellular redox balance [55]. In addition, the consumption
of NAD™ by sorbitol dehydrogenase causes the aberrant shift of the ratio
of NADH/NAD™, and excess NADH can be used as the substrate for
NADH oxidase, which contribute to the generation of intracellular ROS
in retinal cells [56]. Therefore, the polyol pathway induced by hyper-
glycemia can change retinal capillary intracellular tonicity, produce
AGEs precursors, and expose retinal cells to oxidative stress, perhaps via
the breakdown of redox balance and the enhancement of ROS
generation.

3.2. Activation of the PKC pathway

The PKC pathway plays critical role in the oxidative-stress-induced
pathogenesis of DR. The family of PKC contains 12 isoforms, in which
PKC-a, -p, -8, and -¢ has been reported to be activated during the
development of DR [57,58]. PKC, one kind of serine/threonine kinase

involved in signal transduction, can respond to the stimuli from specific
hormone, neuron, and growth factor. Hyperglycemia elevates glucose
flux through the glycolysis pathway, which in turn results in the
enhancement of diacylglycerol (DAG) synthesis, and DAG is the critical
activator of PKC in the cells [59]. The experimental and clinical studies
have demonstrated the increase of DAG and hyper-activation of PKC in
the diabetic state [60,61].

The regulation of various physiological processes in retinal cells are
closely associated with PKC, including retinal hemodynamics, endo-
thelial permeability, the enhanced activation and adhesion of leukocytes
(leukostasis) and expression of vascular endothelial growth factor
(VEGF) in the retinal tissue [53,62,63]. Moreover, PKC can augment the
activity of NADPH oxidase, which promote the production of ROS in
many vascular cells including endothelial cells, smooth muscle cells,
pericytes, mesangial cells, and others [60,64]. As the upstream regula-
tors of Nox, the activity of PKC exerts significant effects on the assem-
bling and activation of Nox1-3 isoforms, which
phosphorylation-dependently assembles several catalytically activated
subunits in the cytosol, including p47phox [65]. Thus, PKC pathway
induced by hyperglycemia can aggravate oxidative stress in retinal cells.

3.3. AGEs accumulation through nonenzymatic glycation

Chronic exposure to hyperglycemia significantly potentiates the
nonenzymatic glycosylation of macromolecules (such as proteins, lipids,
etc.), which finally leads to the accumulation of advanced glycation end
products (AGEs) [66,67]. In the glycation, reducing sugars react with
active sites of macromolecule to form unstable Schiff bases, which are
then rearranged to form Amadori products (early glycosylation prod-
ucts), mainly carbonyl compounds. These carbonyl compounds then
undergo complicated chemical rearrangements (oxidations and de-
hydrations) and crosslink to macromolecules to finally form irreversible
and stable AGEs [68]. During the process, large amounts of free radicals
are produced, which in turn promotes AGE formation [69]. Carbox-
ymethyllysine (CML), carboxyethyllysine (CEL) and pentosidine are
some AGEs that have been well chemically characterized in human.
AGEs, such as CML, have been detected in retinal blood vessels of
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diabetes patients and its occurrence is associated with the severity of
retinopathy, indicating the pathophysiological role of AGEs in the
development of DR [70].

Nonenzymatic crosslinks between glucose (or other reducing sugars)
and amino groups causes damage in protein structures and functions,
exemplified by stiffen blood vessel resulting from the nonenzymatic
glycation of collagen and elastin [71]. Besides, AGE-induced impair-
ments occur via binding to the receptor for AGEs (RAGE) on the cell
surface. The interaction of AGEs with RAGE can promote NF-kB acti-
vation that leads to pericyte apoptosis in the retina and the upregulation
of VEGF to increase vascular endothelial permeability [72,73]. In the
pathophysiological processes of DR, ROS production induced by AGEs
participate and play significant roles. The interaction of AGEs with
RAGE activates NAPDH oxidases and thus enhance intracellular ROS
generation [74,75]. AGEs can also contribute to RAGE expression. It has
been studied that injecting AGEs into normal rats augmented the
expression of RAGE and ICAM-1 that eventually incurred retinal
hyperpermeability and leukostasis; while, the process was prevented by
the concurrent treatment with the pigment epithelium-derived factor
(PEDF) that can repress AGE-induced ROS production, NF-kB activation
and VEGF expression [76-78]. Additionally, some studies also suggest
AGEs can also stimulate ROS generation through the mitochondrial
electron transport chain [79]. In the feedback, ROS enhancement, in
turn, contributes to AGE formation [80] and RAGE expression [81],
which aggravates all AGE-mediated impairments.

3.4. Increased flux through the hexosamine pathway

Hexosamine level has been identified to be elevated in retinal tissues
of diabetic patients. In the hexosamine pathway, the glucose is
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phosphorylated and becomes into fructose-6-phosphate, which is then
transferred into glucosamine 6-phosphate by fructose-6-phosphate
aminotransferase (GFAT) [82,83]. Glucosamine 6-phosphate can be
converted to N-acetylglucosamine 6-phosphate through acetylation and
isomerization, and finally form the end product - diphosphate
uracil-N-acetylglucosamine (UDP-GlcNAc), which can be used as the
basic substrates for the formation of glycosyl side chains in
post-translational modifications of proteins and lipids [82,84].

It has been reported that the hexosamine pathway can mediate ROS-
induced toxic influence in hyperglycemia [85,86].
Hyperglycemia-mediated mitochondrial superoxide overproduction can
suppress the activity of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and it meanwhile leads to the activation of the hexosamine
pathway with the increasing influx of phosphorylated glucose [87,88].
High glucosamine generated by the activation of hexosamine pathway
stimulates the overproduction of ROS in mitochondria and damages
mitochondrial respiration [89-91], which can further aggravate oxida-
tive stress, augment vascular permeability, and promote angiogenesis.

3.5. The interaction between these metabolic pathways and oxidative
stress

All these metabolic abnormities play important roles in the genera-
tion of retinal ROS that can in turn augment these metabolic pathways
[92], and each pathway interrelates with all the others through ROS or
other mid-components. Increased ROS, induced by hyperglycemia,
activate PARP to negatively modulate GAPDH activity. The inhibition of
GAPDH activity activates the polyol pathway, increases intracellular
AGE formation via interacting with intracellular methylglyoxal [93],
activates PKC and subsequently NF-kB, and also activates hexosamine

T LSD1/KDM5 HDACS wst
Histone Hlstone .
\ methylation acetylation \ methylatlon RS (TR
| Slrtumsl l l
] o] |
| H3K4met | H3Kome2 | 3K9Ac miR-2000] AR
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Fig. 4. Schematic diagram of epigenetic modifications in DR: diabetes induces oxidative stress, which leads to the altered expression of genes involved in histone
(LSD1, KDM5A, HDACs), and DNA (DNMTs) modifications. Histone methylation (H3K4mel, H3K4me3H3K9me2, H3K4me2, H4K20me3) and acetylation (H3K9-Ac,
p65 of NF-kB) modulate the binding of transcription factor (Nrf2, Sp1, NF-kB-p65) and alter the transcriptional levels of Gclc, Keapl, MMP-9, SOD2, and TXNIP. DNA

methylation at POLG1 and MLH1 promoter represses their transcriptional levels in DR. MicroRNAs (miR-200b, miR-195, miR-211 ...
.) regulate their target genes related to the development of DR. Although this scheme shows various epigenetic regulation, we cannot

MEG3, Sox20T, NEAT1 ..

) and IncRNA (ANRIL, MIAT,

exclude the roles of many, yet identified, other histone and DNA modifications and miRNAs and IncRNA in DR.
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pathway flux [38]. GFAT in the hexosamine pathway is correlated to
TGF-f expression and glucose-stimulated activity of PKC [94]. Excess
glucose can be metabolized to sorbitol causing osmotic stress, and then
transferred to fructose through the polyol pathway. The byproducts of
polyol pathway, fructose-3-phosphtae and 3-deoxyglucosone, are strong
glycosylating agents for the AGE formation [95]. Likewise, aggravated
AGE:s can give rise to oxidative stress and activate PKC pathway [96].

4. Oxidative stress and epigenetic modifications in diabetic
retinopathy

Epigenetic modification, without changing the DNA sequence, me-
diates the dynamic actions of transcriptional inhibition or activation,
which are conducted by DNA methylation, histone modification,
nucleosome remodeling, and RNA-mediated targeting to change the
interaction between RNA polymerases or transcription factors with the
target DNA regions [97,98]. Abnormal epigenetic modifications in cells
are also closely associated with oxidative stress. The characterization of
major enzymes in charge of DNA methylation and histone acetylation or
methylation is redox-sensitive in nature. For example, DNA methyl-
transferases (DNMTs) are one kind of redox-sensitive enzymes [99], and
oxidative stress can elevate the DNA methylation level through the
deprotonation of the cytosine molecule and acceleration of the reaction
between DNA and the positive-charged intermediate S-adenosyl-.-me-
thionine (SAM) [100]. Oxidative-damaged methyl-CpG sequences bring
about epigenetic alterations in chromatin organization through the
blockage of the binding between the methyl-CpG site and the binding
domain of methyl-CpG binding protein 2 (MeCP2) [101], contributing to
disorderliness of epigenetic regulation. Nox4-mediated increased
oxidative stress in the nucleus leads to the oxidation of histone deace-
tylases (HDACs) at conserved cysteine residues, and facilitates these
deacetylases to release from the nucleus [102]. Histone Lysine-specific
demethylase 1 (LSD1) is a flavin adenine dinucleotide (FAD)-depend-
ent amine oxidase that remodels chromatin by the demethylation of
histone H3 Lys4 (H3-K4) [103,104], in which a detectable amount of
ROS are found as the byproduct of its chromatin modification during the
initial DNA-damage response [105,106]. It was also shown that oxida-
tive stress can repress the activity of HDACs to promote acetylation of
target genes [107].

In DR, the irregular transcriptional levels of multiple genes related to
oxidative stress are associated with hyperglycemic milieu-induced
epigenetic changes. Hyperglycemia brings about the abnormal modifi-
cations on histones or transcription factors and aberrant expression of
regulatory non-coding RNA, which contribute to the overexpression of
proinflammatory proteins and inhibition of ROS-scavenging genes
[108-111]. It has been proved that the genetic polymorphism of histone
methyltransferases, which are responsible for elevated expression of key
proinflammatory factors implicated in vascular injury, can be consid-
ered as predictors of the risk for micro- and macrovascular diabetic
complications [112]. The role of epigenetic modulation in the patho-
genesis of DR has been demonstratively verified in many studies (Fig. 4).

4.1. Histone modification of oxidative stress-related genes

The majority of histone modifications may act as a negative modu-
lator for the antioxidant defense system in the retina of diabetes.
Hyperglycemia-mediated epigenetic modifications at the promoter and
enhancer regions of superoxide dismutase 2 (SOD2), including increased
methyl H4K20 and acetyl H3K9 and LSD1-mediated elevated deme-
thylation in H3K4, lead to the downregulation of SOD2, which plays an
important role in the development of DR and its continued progression
related to metabolic memory [111,113]. It has been demonstrated that
transient hyperglycemic stimulation to aortic endothelial cells can
trigger long-lasting epigenetic changes of increased mono-methylation
of histone 3 at the promoter region of the NF-kB p65 subunit in vitro
and in vivo, which gives rise to enhanced transcription of p65 [114], and
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the increased NF-kB augments the apoptosis of retinal cells in diabetes.
Nrf2 is a master transcription factor that activates the expression of
various detoxifying and antioxidant defense genes. The activity of Nrf2
can be restrained by Kelch-like ECH associated protein 1 (Keapl). Hy-
perglycemia contributes to Keapl expression through epigenetic modi-
fications at promoter by SetD7, which also promotes its binding with
Spl and then impairs the activity of Nrf2 through binding Nrf2 in the
cytosol [115]. Nrf2 binds the antioxidant response element region 4
(ARE4) to modulates Gclc, one critical enzyme in the biosynthesis
pathway of GSH. However, the binding decreases in DR, which results
from the hyperglycemia-induced increased H3K4 methylation at
Gclc-ARE4 region. This also indicates the critical role of histone
methylation at Gclc-ARE4 in regulating the Nrf2-Gcle-GSH cascade
[109]. Additionally, hyperglycemia induces the expression of thio-
redoxin interacting protein (TXNIP), the endogenous suppressor of ROS
scavenger thioredoxin (Trx), to facilitate oxidative stress and inflam-
mation via histone modification on inflammatory gene promoter [108].
In addition, hyperglycemia-induced upregulation of retinal matrix
metalloproteinase-9 (MMP-9) may be associated with the hyper-
methylation of H3K9 mediated by activated LSD1 at the MMP-9 pro-
moter, which promotes its transcription and impairs the mitochondria
and then contributes to the apoptosis of capillary cells [116].

Moreover, hyperglycemia-induced oxidative stress affects sirtuin-
mediated epigenetic modifications through the potential modulations
on the expression and activities of sirtuins [117,118]. Sirtuins are
NAD-dependent protein deacetylases that are associated with protein
acetylation, metabolism and diseases of aging, including 7 members
(SIRT1~7). SIRT1 is a redox-sensitive enzyme [118], and
SIRT1-mediated transcription factor or histone deacetylations modulate
various cellular bio-processes, including inflammatory response,
apoptosis, and proliferation to protect retinal cells from oxidative stress.
SIRT1 can inhibit the ROS-induced impairments by modulating the ac-
tivity of the key inflammatory regulator, NF-kB, to repress the proin-
flammatory response. SIRT1-induced deacetylation of p65 of NF-xB
represses the activation of inflammatory transcriptional targets [119,
120]. SIRT1 has also been proved as a negative modulator of MMP9 in
DR [121]. Both SIRT1 and SIRT2 are involved in the upregulated ac-
tivities of Nrf2 [122]. SIRT3 exerts protective effects on mitochondria
against oxidative stress. SIRT3 deacetylates the critical antioxidant
enzyme manganese superoxide dismutase 2 (SOD2) at two different
lysine sites to enhance its ROS-scavenging capability in mitochondrial
matrix [123-125]. SIRT6 modifies the histones via deacetylation in the
promoter regions of NF-kB-activated genes to further inhibit the
proinflammatory response [126]. However, ROS, in addition to modu-
lating cellular NAD levels, also exert antagonistic effects on the
expression and activities of sirtuins. In DR, SIRT1 transcriptional level
and its deacetylase activity are both suppressed by oxidative stress in the
retina and its capillary cells [127]. Oxidative stress can also induce the
downregulation of SIRT6 and SIRT3 in the pathogenesis of DR [128,
129]. The regulation of sirtuins by ROS can eventually influence
sirtuin-associated protein acetylation.

4.2. DNA methylation

The transcriptional levels of genes associated with redox balance in
the retina are regulated by the methylation status of the cytosine in the
DNA molecule, which is one of the principal epigenetic regulations and a
dynamic property responding to and adapting to environmental alter-
ations [130]. The methylation of CpG changes the accessibility of the
functional factors in transcriptional machinery to the promoter or
enhancer regions, bringing the interferences to the protein-DNA inter-
action to block transcriptional actions [131]. The family of DNA meth-
yltransferases (DNMTs) includes five members, out of which DNMT1,
DNMT3a and DNMT3b are catalytically active. DNMT1 has been
detected in the mitochondrial matrix, which can bind to mitochondrial
DNA (mtDNA) and modify the transcription level of mitochondrial genes
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in a target-specific manner, and abnormal mtDNMT1 expression affects
the expression of mtDNA-encoded genes asymmetrically [132]. The
significant increase of DNMT1 accumulation in mitochondrial was also
observed in DR and causes the hypermethylation of mtDNA to impair its
transcription, compromising ETC and interrupting mitochondrial ho-
meostasis [133]. High activity of DNMTs induced by hyperglycemia in
DR leads to the hypermethylation in the regulatory element of POLG,
attenuating its interacting with the D-loop region of mtDNA and then
blocking mtDNA biogenesis [134]. Hyperglycemic milieu changes DNA
methylation status of MMP-9 promoter, which contributes to the upre-
gulation of MMP-9 expression and its mitochondrial accumulation,
damaging the mitochondrial membrane and activating the apoptotic
procedure to promote the pathogenesis of DR [135].
Hyperglycemia-mediated epigenetic modifications of DNA methylation
in MLH1 promoter decreases its transcription and mitochondrial accu-
mulation, leading to increased mtDNA mismatches in DR [136].
Thereby, the modulation of abnormal DNA methylation possesses the
potential to restore mitochondrial homeostasis for cellular redox bal-
ance, and to obstruct or retard the progression of DR.

4.3. The regulation by microRNA and long non-coding RNA

In addition to histone modifications and DNA methylation, expres-
sion levels of small non-coding RNAs (microRNAs) and long non-coding
RNAs (IncRNAs) are also changed in diabetes, and these regulatory
ncRNAs can modulate gene transcription or translation through various
mechanisms.

miRNAs can suppress post-transcription by binding to their target
mRNAs, to regulate the expression of target genes. SIRT1 has the anti-
oxidative potential via inhibition of NF-kB pathways and exerts pro-
tective effects on mitochondria [120]. It has been demonstrated that the
upregulation of miR-195 in retinal microvascular ECs exposed to high
glucose can incur more mRNA degradation of SIRT1 [137]. The down-
regulation of miR-200b in the development of DR results in mRNA and
protein elevation of its target VEGF, while VEGF-induced high perme-
ability and angiogenesis were inhibited by miR-200b overexpression,
which provides a novel miRNA-based therapeutic strategy [138].
miR-211, which is obviously elevated in patients of DR and can be
regarded as a biomarker for DR, can also target SIRT1 directly to affect
its expression [139]. Oxidative stress-induced miR-195 overexpression
can also cause the downregulation of SIRT1 [140]. All these studies
indicate that microRNAs play an important role in the development of
DR and can be utilized as therapeutic targets for controlling DR.

Long non-coding RNAs (IncRNAs) are one kind of fundamental RNA
transcripts that are more than 200 base-pairs in length and have no
potential of coding protein in general. IncRNAs govern the regulation of
gene expressions through several means: 1. acting as a decoy for tran-
scription factors, to inactivate gene transcription; 2. working as the
guide of certain protein factors to certain DNA regions; 3. serving as a
scaffold to assemble multiple protein factors; 4. functioning as a miRNA
sponge to weaken the miRNA-mediated suppressive effect on their target
mRNAs; 5. enhancing the transcriptional activity of neighbor genes
[141-143]. The dysregulation of IncRNAs is closely associated with the
pathogenesis of DR. IncRNA-ANRIL plays regulatory roles in the
expression and functions of VEGF in DR, and compared to wild-type
diabetic retinas, retinal cells of ANRIL-Knock-out diabetic mice dis-
played a significant decrease in VEGF expression and corresponding
microvascular permeability [144]. The elevation of IncRNA-MIAT was
observed in diabetic retina and MIAT functions as competing endoge-
nous RNA (ceRNA) to sponge miR-150-5p and upregulate VEGF level
[145]. High glucose suppresses the expression of IncRNA-MEG3 that can
elevate SIRT1 expression by sponging miR-34a and inhibit the NF-xB
pathway to repress hyperglycemia-induced apoptosis [146]. The
knock-down of IncRNA-Sox20T affects high-glucose-induced oxidative
stress response via positively modulating Nrf2/HO-1 signaling activity,
which could be a therapeutic mean for the control of diabetes-induced
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retinal neurodegeneration [147]. IncRNA-NEAT1 expression is
dramatically upregulated in patients with DR, which promotes oxidative
stress injury triggered by hyperglycemic milieu via activating TGF-p1
and VEGF [148]. The relevance of IncRNAs to the development of DR
was recognized later than that of miRNA, while its significance attracts
more and more attentions from researchers.

5. Oxidative stress-induced pathogenesis of diabetic retinopathy
5.1. Mitochondrial damages

Under hyperglycemic conditions, ROS is over-generated in the retina
and the aggravated oxidative stress directly results in the dysfunctions of
the mitochondria. The displacement-loop (D-loop) in mitochondrial
DNA is a large non-coding sequence and highly vulnerable unwound
region, containing the necessary elements for the transcription and
control regions for mtDNA replication [149,150]. In diabetes, D-loop
undergoes more impairments and mutations than other sections of
mtDNA, and its copy numbers are reduced. Additionally, the hyper-
methylation of mtDNA induced by hyperglycemia in DR affects its
transcription and causes the mitochondrial dysfunction, finally pro-
moting the apoptosis of capillary cells [133]. Epigenetic modification on
mtDNA was also confirmed to be a latent factor for the base mismatch of
mtDNA in the pathogenesis of DR [151]. mtDNA-encoded proteins are
decisive for normal functions of the electron transport chain (ETC) and
mitochondrial homeostasis. Unlike nuclear DNA, circular mtDNA is
vulnerable to more extensive and persistent damages caused by oxida-
tive stress, due to the lack of protective histones [152]. Injured mtDNA
leads to the dysfunction of transcription and protein synthesis, which
further compromises electron transport and aggravates ROS generation.
Evidences have also confirmed the subnormal transcriptional levels of
mtDNA-encoded genes correlated to the ETC system in DR, including
NADH dehydrogenase 1 and 6 of complex I [133].

The activation of gelatin matrix metalloproteinases (MMPs) is also
responsible for mitochondrial impairment in DR. Diabetes activates
NADPH oxidase (Nox) complex [46], which enhances oxidative stress
and upregulates the expression of MMPs [153]. Diabetic and oxidative
stress stimulation facilitates MMPs to translocate into the mitochondria
[154]. In this process, the translocation and accumulation of
redox-sensitive MMPs (MMP-2 and MMP-9) in the retinal mitochondria
appear to rely on the modulation of chaperons Hsp60 and Hsp70 [155,
156]. MMPs inside the mitochondria impair the mitochondria and
augment the pore permeability through destroying connexin 43 [157,
158]. The damaged mitochondrial lipid membrane leads to mitochon-
dria swelling in the retina of diabetic mice [159] and facilitates the
leakage of cytochrome c (Cyt c) from the mitochondria into the cytosol
to induce the assembly of apoptosome platform and initiate the caspase
cascade [160,161].

Besides, superoxide can react with nitric oxide (NO) to form perox-
ynitrite that is a powerful oxidant. Peroxynitrite oxidizes glutathione
(GSH), cysteine, and tetrahydrobiopterin [162], resulting in the oxida-
tion of membrane phospholipids, the inactivation of enzymes with
sulfhydryl moieties, the nitration of tyrosine residues and the aggrava-
tion of fragmenting DNA [163]. Peroxynitrite also causes irreversible
injury to mitochondria via altering mitochondrial energy and calcium
homeostasis and promoting the opening of the permeability transition
pore, and consequently leads to cell apoptosis [164].

5.2. Cellular apoptosis and inflammation in retina

Apoptosis of retinal cells happens early in DR. The accelerated
apoptosis of retinal capillary cells can be observed before the discovery
of any histopathological changes in this diabetes complication [165,
166]. High glucose exposure of the endothelial and pericytes cells in
retina exhibits the aggravation of oxidative stress, leading to the in-
crease of Caspase-3 activity, NF-kB or other transcription factors to
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accelerate capillary cell death.

Caspases are a set of cysteine proteases, which are essential to pro-
cess apoptosis in cells, and are very sensitive to oxidative stress
[167-169]. The accumulation of ROS induced by hyperglycemia in
mitochondria increases the pore permeability in this organelle [170,
171], and in turn triggers the release of cytochrome c and other pro-
apoptotic factors from retinal mitochondria to commence apoptosis
through activating caspases [172,173]. In the initiation of apoptosis,
cytochrome c is observed in the retina and its capillary cells [174],
which activates Caspase-9 and then initiates the activation of Caspase-3
through a cascade of biological processes to fragment DNA [175]. The
hyper-active Caspase-3 is common in DR, and oxidative stress acts as a
critical factor to trigger the activation of Caspase-3 in DR. The therapy
via the blockage of Caspase-3 activation was confirmed to suppress the
oxidative stress-associated pathogenesis of retinopathy in diabetic rat
[176].

Another important factor is NF-xB, the activation of which is regar-
ded as a critical proinflammatory and proapoptotic signaling pathway to
mediate hyperglycemia-induced inflammation and cellular apoptosis
[177,178]. Retinal NF-kB in diabetes is activated at the beginning during
the development of retinopathy, and its activities stay energetic even if
the apoptotic process of retinal capillary cells speeds up [179]. NF-kB,
also as a redox-sensitive nuclear transcription factor, is regarded as a
critical regulator of inflammatory responses and a repressor of antioxi-
dant enzymes [180]. It has been discovered that NF-xB initiates proap-
optotic procedures in response to the pressure of high glucose in retinal
pericytes, which may explain the early cell death of pericytes in DR
[181]. NF-kB pathways can lead to the activation of MMP-9 (encoding
matrix metalloproteinase 9) [182] and the increased mitochondrial
MMP-9 damages the mitochondrial gap junction protein connexin-43,
and augments pore permeability, contributing to the leakage of cyto-
chrome c¢ (Cyt c) into the cytosol [158]. NF-kB also modulates the
expression of inducible nitric oxide synthase [183,184] that in turn
drives the production of nitric oxide to enhance transcriptional activity
of NF-kB [185]. Furthermore, the crosstalk of NF-kB signaling and ROS
is common in the cell and both of them can be mutually regulated and
interact to promote inflammation and cell apoptosis [25].

5.3. Lipid peroxidation

Oxygen-derived free radicals, such as hydroxyl and hydroperoxyl
species, have been demonstrated to oxidize phospholipids and other
lipid elements in the membrane, causing lipid peroxidation, and tissues
from oxidative stress-related retinal diseases have been shown to
contain a large number of metabolic products of lipid peroxidation,
indicating the association between oxidative stress and lipid peroxida-
tion [186]. Hyperglycemia-induced oxidative stress plays critical roles
in the increase of lipid peroxidation in DR [187]. Lipid peroxidation is
positively associated with the severity and duration of diabetes (P <
0.001) [188]. Due to the sensitivity of PUFAs to oxidation, the high
PUFA level of retina is responsible for its high vulnerability to oxidative
stress [189]. It has been reported that intracameral injection of HyO9
into rabbit retina increased lipid peroxidation in iris epithelial cell
membranes [190]. Correspondingly, lipid metabolism is also responsible
for the enhanced oxidant species and lipid peroxidation can also pro-
mote the generation of ROS, such as HyOo, to facilitate the senescence of
retinal pigment epithelium (RPE) cells, which contributes to the pro-
gression of DR, and meanwhile lipid peroxidation products may also
facilitate ROS leakage from mitochondria [191].

Lipid peroxidation leads to cellular membrane with damaged
integrity and the production of diffusible aldehydic by-products,
including HNE and HHE. The study of DR in rat model has shown that
the byproduct, HNE, activates the canonical WNT pathway through
oxidative stress, which plays a pathogenic role in the development of DR
[189]. HNE can also induce p53-mediated apoptosis in RPE cells [192].
HHE at femtomolar concentrations can also lead to permeable transition
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pore in mitochondria and it can also modulate NF-kB to activate various
proinflammatory genes [193]. Moreover, lipid peroxidation plays a
critical role in the progress of neurodegenerative disorders. The study of
retina neurodegenerative models displayed the augment of lipid per-
oxidation which was accompanied by the loss of neurons [194]. Under
hyperglycemic condition, ROS accumulation in mitochondria directly
leads to mitochondrial dysfunction, and ROS-mediated mitochondrial
defects bring about the accumulation of lipid droplets in glia that can be
peroxided by the presence of ROS, causing the onset of neuro-
degeneration in retina [195].

5.4. Structural and functional changes in diabetic retinopathy

5.4.1. The changes of retinal microvasculature

Oxidative stress-mediated metabolism changes bring about various
alterations in the function and structure of retinal microvasculature.
These structural changes include the thickening of capillary basement
membrane, the breakdown of blood retinal barrier and the formation of
acellular and occluded capillaries [196].

The thickening of the capillary basement membrane (CBM) is a
consistent feature of DR, which results from increased overexpression
and reduced degeneration of extracellular matrix (ECM) proteins [197].
Chronic hyperglycemia is the principal character of diabetes, which was
identified as the key contributory factor causing the thickening of CBM
in DR [198]. Hyperglycemia-mediated oxidative stress and advanced
glycation play significant roles in this process [198]. High glucose level
can augment the expression of ECM proteins, fibronectin (FN) and
collagen, in the retinal endothelial cells [197], which may be attributed
to ROS-induced transcription factors and cytokines. It was demonstrated
that ROS-induced activation of various transcription factors and cyto-
kines incurs the upregulation of ECM genes, fibrosis, and thicken CBMs
ultimately [199]. ROS-induced AGE formation on collagen causes the
cross-linking between collagen and brings about structural rigidity and
the limitation of conveying various growth factors across membranes,
leading to pericyte and endothelial cell loss [200]. The treatment of
AGEs inhibitor, aminoguanidine, exerted protective effects against
retinal CBM thickening in diabetic rats [201]. It is noteworthy that the
retinal structures and functions are tightly associated with each other.
The oxidative stress-mediated structural alterations (the loss of inter-
cellular junctions, pericyte apoptosis) and functional changes (the
changes of blood flow, the increase of vessel permeability) are correlated
with each other and both contribute to the progression of DR [202].

It is well-known that oxidative stress exerts destructive effects on the
blood retinal barrier (BRB) [203]. Blood retinal barrier (BRB), as one of
the highly selective barriers, modulates the substance exchanges be-
tween neural retina and circulating blood to maintain neural retina
health by supplying necessary nutrients and removing metabolic prod-
ucts and toxins. The breakdown of BRB results in vascular permeability
and then diabetic macular edema, a major cause of vision loss in diabetic
patients. Elevated VEGF level induced by ROS plays an important role in
the destruction of the BRB [203], which was validated by intravitreal
injection of VEGF or implantation with VEGF-releasing pellets [204,
205]. Intercellular junctional proteins, including occludin, claudin, and
zonula occludens-1 (ZO-1), play critical roles in the normality of BRB,
and the breakdown of BRB is tightly correlated to the abnormality of
these junction-associated proteins. For example, long treatment of VEGF
leads to the loss of Claudin-1, which contributes to the destruction of
BRB [204]. In addition, NF-kB can be highly activated by oxidative stress
in the pathogenesis of DR to regulate the transcription of multiple genes,
in which ZO-1 is repressed by this inflammatory regulator to jeopardize
the normality of BRB [206]. Hyperglycemia constantly triggers the
activation of PKC-8 to initiate a series of signaling cascade, causing
pericyte apoptosis [207]. The structure of retinal microvessels can be
altered gradually by the death of pericytic cells, which incurs the
breakdown of BRB [208].

The formation of acellular and occluded capillaries can, to a large
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extent, be attributed to the enhanced capacity of angiogenesis in DR.
Angiogenesis and inflammation are closely integrated processes in
various physiological and pathological conditions. Inflammatory cells
may produce angiogenic cytokines, growth factors, and proteases, which
contribute to the formation of new vascular structures at the site of
inflammation [209]. Elevated levels of proangiogenic/proinflammatory
prostaglandin E2 (PGE2) and Cyclooxygenase-2 (COX-2) were discov-
ered in the retina of diabetic rats. The upregulation of these two genes
facilitates the expression of multiple pro-angiogenic factors, including
VEGF, to augment neovascularization [210-212]. Both inflammation
and angiogenesis are dramatically augmented by
hyperglycemia-mediated oxidative stress, which, to some extent, ex-
plains the formation of acellular and occluded capillaries in DR. In
addition, oxidative stress-induced apoptosis of retinal neuron and peri-
cytes can also promote the growth of acellular and occluded capillaries.
Such occlusion brings about the formation of microaneurysms and the
augmentation of leukostasis, leading to the thickening of CBM [208].

Notably, multiple vasoactive effectors that modulate blood flow and
retinal microvasculature permeability can both contribute to and result
from oxidative stress. For example, ROS can promote the transcription of
both endothelin-1, a potent vasoconstrictor [213,214]. Endothelin-1, as
a vasoconstrictor, can contribute to basement membrane thickening by
increasing extracellular matrix proteins [215,216] and also in turn give
impetus to ROS generation [217].

5.4.2. Neurodegeneration

The vascular endothelium, glial cells, and retinal neurons constitute
a complex physical and functional coupling entity, which is termed as
retinal neurovascular unit, and each member of the unit coordinates
closely to integrate metabolic activity with retinal blood flow
[218-220]. Persistent hyperglycemia contributes to the overproduction
of ROS and breaks the balance of the metabolic system, causing the
production of inflammatory mediators and cellular damages, which
forms a vicious cycle. This vicious cycle both in retinal blood vessels and
neurons facilitates the dysfunctional progression of the retinal neuro-
vascular unit [72]. For example, substantial amounts of AGEs have been
detected in the axons of RGCs, the neurons located near the inner surface
of the retina, and retinal glial cells [221,222], and the expression of
RAGE is upregulated in RGCs and glial cells, which makes them
vulnerable to AGE-induced events, such as the activation of MAPK and
NF-xB signaling and ROS generation [221]. Clinical studies [223] have
proved the elevated angiotensin II levels in retina of diabetic patients.
Angiotensin II can induce the activation of NOX through the angiotensin
II type 1 receptor (AT1R) and consequently induce the generation of
ROS [224]. The abnormal structure of neovascularized vessels in retina
are fragile to allow hemorrhaging, and microvascular occlusions and
hemorrhage activate ischemic signaling [72]. Excessive NOX-derived
ROS generation can mediate the ischemic death of RGCs, contributing
to the neurodegeneration [225]. In addition, proNGF and mature NGF
are mainly expressed by RGCs and glial cells, and oxidative stress has
been implied to jeopardize the mature process of proNGF in neuronal
injuries to cause an imbalance between proNGF and NGF, which pro-
motes retinal degeneration [226]. Taken together, neurodegeneration is
tightly associated with oxidative stress induced by hyperglycemia in DR.

Oxidative stress also affects retinal immune response. Neuro-
degeneration in retina is accompanied by alterations in glial cells (as-
trocytes, Miiller cells and microglia) known as ‘reactive gliosis’. Reactive
gliosis and neural apoptosis are also significant histological features of
DR [227]. Hyperglycemia-induced activation of glial cells has been
suspected to promote the early development of DR [228]. It has been
implied that early activation of the innate immune and complement
systems and microglia plays an important role in the impairment of
retinal neurovascular unit [229]. Microglial cells, as the main resident
sentinel immune cells located in the inner part of the retina, can be
activated by diabetes, and then migrate to the subretinal region and
release cytokines to cause neuronal cell death [227]. Besides innate
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immune activities, glial cells also participate to initiate the adaptive
immune response [230]. Retina and optic nerve head glial cells express
MHC molecules and act as resident antigen-presenting cells. Recent
studies by immunohistochemistry and proteomics also prove an upre-
gulation of glial toll-like receptors (TLRs) in retina [231]. Oxidative
stress induced by hyperglycemia can also affect retinal immune response
in many different ways. Oxidized lipids and proteins can become
para-inflammatory signal and stimuli to attract resident immune cells,
mainly including microglia, for the initiation of the innate immune
response to remove oxidation products by phagocytosis [232]. Com-
plement activation is also an important activity of innate immune
response in glaucomatous human donor eyes, and oxidative stress has
been shown to downregulate a significant complement regulatory
molecule to modulate complement regulation [233]. In addition,
oxidative stress-augmented AGE formation facilitates an aberrant im-
mune activity [221]. AGEs could function as persistent antigenic stim-
ulus and also activate RAGE-mediated signaling to induce the
production of pro-inflammatory cytokine and be immunostimulatory
[234].

6. Therapeutic implications

In the above sections, we have illustrated the critical roles that
oxidative stress plays in the pathogenesis of DR. Thereby, it is promising
to control and alleviate oxidative stress in the pathogenesis by the in-
hibition of ROS generation, the neutralization of free radicals, or the
reinforcement of antioxidant defense system. In the following part, we
discuss the activity of some antioxidant phytochemicals and drugs in the
control of oxidative stress in DR.

6.1. Polyphenols

Polyphenols are renowned for their health properties, including
antioxidant (or pro-oxidant), anti-inflammatory, or anticarcinogenic
capability. The therapeutic potentiality of many polyphenols has also
been explored in the modulation of oxidative stress in DR.

Green tea, one of the most consumed beverages worldwide, exerts
various protective effects on our health, such as cancer prevention,
reducing cholesterol, and lowing the risk of diabetes. It contains many
polyphenols, among which epigallocatechin-3-gallate (EGCG) is the
major polyphenol with strong antioxidant properties to alleviate
oxidative stress. In addition to the elimination of increased retinal ROS,
it also has the potential of neuroprotection, and improves
hyperglycemia-induced impairments occurring in the disruption of
blood-retinal barrier and damaged electroretinograms [235]. EGCG
exhibits high potential to repress the activities of pro-/active MMP-9, to
ameliorate the basement membrane thickening [236]. EGCG can also
suppress inflammatory factor NF-xB, which plays a critical role in
apoptosis of retinal cells, vascular inflammation induced by hypergly-
cemia [236]. Moreover, the polyphenols in green tea extract can also
prevent AGE formation and exert therapeutic effect on advanced gly-
cation and cross-linking of collagen [237].

Quercetin is a plant-derived flavonoid, found in fruits, vegetables
and grains. It can facilitate the expression of GSH, SOD and catalase in
the retina of DM rats, inhibit the expression of NF-kB and Caspase-3, and
effectively prevent retinal neurodegeneration and oxidative stress
damage induced by diabetes [238].

Resveratrol, a nonflavonoid polyphenolic compound, has been
demonstrated as a good scavenger for the elimination of superoxide
anions or singlet oxygen. Concerning eye protection, resveratrol exhibits
protective effects against age-related ocular diseases, including glau-
coma, DR and macular degeneration [239]. Resveratrol activates
AMPK/SIRT1/PGC-1a pathway to remove intracellular ROS induced by
high glucose and prevents ROS-induced apoptosis in retinal capillary
endothelial cells [240]. Resveratrol also suppresses
hyperglycemia-mediated inflammation and the reduction of Cx43 by
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dose-dependent downregulation of VEGF, TGF-pland protein kinase
C-beta (PKC-p) that is a critical regulator for ROS generation [241].
Hyperglycemia-activated PKC-§ can induce NF-kB-activation and
SHP-1/PDGFR-f} deactivation to cause the apoptosis of retinal pericytes
[2071, while PKC-8 signal transduction can be inhibited by resveratrol
[242]. In addition, resveratrol exerts protective effects by restoring in-
sulin level and the expression of Paraoxonase 1 (an enzyme protecting
lipoproteins from oxidation) to attenuate retinal inflammation and im-
pairments in DR [243].

Curcumin, an active phytochemical in Curcuma Longa, also shows
the therapeutic potential in the prevention of DR via its hypoglycemic,
antioxidant, and anti-inflammatory activity [244]. It can impede the
structural degeneration and attenuate capillary basement membrane
thickness in DR [245]. Additionally, the abnormality of DNMT activity
induced by chronic high glucose exposure can be normalized by cur-
cumin treatment [246].

6.2. Other antioxidants

Lutein, one member of the carotenoid family, is abundant in leafy
vegetables, such as spinach or cabbage. It is characterized by a hydroxyl
group at each end of the molecule that makes it more hydrophilic.
Compared with other carotenoids, lutein can react with singlet oxygen
more effectively. These characteristics allow lutein to have strong ca-
pacity to alleviate oxidative stress. In retinal tissues, lutein mainly exists
in the macular area. A large amount of lutein in the macular area can
absorb high-energy blue light and protect the macula and photorecep-
tors from phototoxic and oxidative damages [247]. Relevant clinical
studies have shown that lutein can improve the visual function of pa-
tients with age-related macular degeneration, with good safety and
effectiveness [248]. It was also found that lutein can protect the inner
retina from ischemia-reperfusion injury and effectively inhibit oxidative
stress-induced cell apoptosis of retinal ganglion cells and pigment
epithelial cells, which are attributed to the elimination of endogenous
ROS [249,250].

Astaxanthin is a xanthophyll carotenoid with strong antioxidant
capacity in vivo and in vitro. More importantly, astaxanthin can protect
retinal cells from oxidative stress. It has been found that astaxanthin
leads to the reduction of inflammation, ROS, and apoptosis by modu-
lating different oxidative stress pathways [251]. Astaxanthin exerts
suppressive effects on intracellular oxidative stress to block the forma-
tion of endogenous N(e)-carboxymethyllysine (CML), a key AGE repre-
sentative, and the extracts of microalgae, containing astaxanthin,
attenuate AGEs-mediated detrimental influence, such as the abnormal
expression of VEGF and matrix metalloproteinases [252].

Zeaxanthin, a dietary carotenoid, which is specifically present in the
retina, is shown to alleviate retinal oxidative stress and inflammatory
response in diabetic rats [253]. Additionally, zeaxanthin can also bring
about the attenuation of VEGF-induced neovascularization in the human
retina via the Nox4-dependent pathway [254].

Lipoic acid (LA) is a natural thiol antioxidant. LA elevates or main-
tains cellular GSH levels by acting as a transcriptional inducer of Nrf2-
Gcle-GSH cascade governing GSH synthesis. Treatment with LA in-
creases nuclear Nrf2 levels and contributes to the binding of Nrf2 with
the antioxidant response element (ARE) to promote the transcription of
antioxidant and detoxification genes [255]. LA exhibits inhibitory ef-
fects on NF-xB activity via antioxidant-independent and probably
IKK-dependent mechanisms [256], and it also reduces VEGF expression
and 8-OHdG level and exerts beneficial effects on mitochondria in the
retina [257]. The clinical trial in type 2 diabetic patients demonstrated
the food supplement containing o-lipoic acid can improve glycemic
control, lipid profile, and anti-oxidative stress markers [258].

Vitamins function antagonistically in the pathogenesis of DR by their
antioxidant and anti-inflammatory actions. Supplementation of the diet
with vitamins C and E and other antioxidants normalizes the retinal
oxidative stress, protein kinase C activity, and nitric oxides that were
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elevated by hyperglycemia, and meanwhile ameliorates microvascular
lesions formation in the early stage of DR. The progression of early
stages of DR can be inhibited by long-period administration of these
antioxidants [259]. Dietary GSH can suppress hyperglycemia-induced
oxidative stress in vivo [260] and Vitamin C and vitamin E can assist
GSH to maintain the reduced form [261]. Vitamin D deficiency is very
common in type II diabetes. Some studies detected the subnormal
transcription level of a gene regulated by vitamin D and vitamin D re-
ceptor in the retina of diabetes [262]. Vitamin A is essential for normal
visual function, while the metabolism of vitamin A can be compromised
by hyperglycemic condition [263]. Vitamin A supplementation has been
demonstrated to alleviate retinal degeneration in rats [264]. Benfoti-
amine, a lipid-soluble derivative of vitamin B1, can activate the pentose
phosphate =~ pathway  enzyme  transketolase @ to  consume
glyceraldehyde-3-phosphate and fructose-6-phosphate, leading to the
blockage of three major biochemical pathways — the hexosamine/AGE
formation/PKC Pathway, which finally suppresses the development of
DR [265].

Some trace elements can also ameliorate the severity of DR. The
supplemental micronutrients with trace elements (such as zinc and
copper) have inhibitory potential on the development of DR [266]. Zinc
has antioxidant capacities and defends tissues against oxidative attack,
including the protection of protein sulfhydryl groups from oxidation and
the suppression of ROS formation through the antagonism of
redox-active transition metals, such as copper and iron [267]. It has
been reported that Zn supplementation can protect retina from oxidative
damages in the early stages of diabetic rats [268]. In addition, manga-
nese supplementation can augment metalation and activity of Mn-SOD
in mitochondria [269], and selenium supplementation can also exert
protective effect against oxidative stress mediated by hyperglycemia on
retinal pigment epithelium [270].

6.3. Activators for antioxidant defense system

Shreds of evidences introduced above obviously indicate the signif-
icance of Nrf2 signaling pathway against the pathogenesis of DR. Sul-
foraphane can activate Nrf2 through Akt/GSK-3p/Fyn pathway [271]
and promote the binding of Nrf2 on ARE in thioredoxin (Trx) gene to
facilitate Trx expression, and alleviate oxidative stress-induced retinal
damage [272]. Hemin (ferriprotoporphyrin IX) also promotes the nu-
clear translocation of Nrf2 to induce the activation of thioredoxin [273].
Moreover, mycophenolate mofetil (MMF) and dimethylfumarate (DMF)
also exert protective effects against diabetes-induced impairments via
Nrf2. The beneficial effects of MMF were correlated to the enhancement
of Nrf2 nuclear translocation, and the upregulation of antioxidant en-
zymes including HO-1, CAT, SOD-1, and GPX-1 [274]. DMF has been
demonstrated to be an activator of Nrf2 [275,276] and can also act as a
selectively repressor for the TNF-mediated nuclear translocation of
activated NF-xB [277] that plays important roles for the pathogenesis of
DR.

6.4. Inhibitors or activators for epigenetic modification

DNA methylation may be responsible for the breakdown of antioxi-
dant defense system in the progression of DR. Inhibition of DNA
methylation via employing pharmaceutic means, such as the DNMT
inhibitor 5-aza-2'-deoxycytidine (a drug approved by US FDA), can help
retain redox homeostasis and avoid the aggravation of DR [278]. The
majority of dietary phenolic phytochemicals, well-known for their
antioxidant capacity, also modulate gene expression through epigenetic
modification. EGCG can exert suppressive effects on NF-kB activation
via acting as RelA-acetylation inhibitor [279]. It has been reported that
curcumin demethylates Nrf2 promoter to facilitate its transcription
[280]. The phytochemical Sulforaphane induces promoter demethyla-
tion and histone acetylation to upregulate the Nrf2 expression and also
affects protein levels of DNMT1 and DNMT3a [281]. In addition to
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DNMT inhibitors, histone deacetylase (HDAC) inhibitors, trichostatin-A
and valproic acid, also upregulate Nrf2 expression by elevating histone
acetylation levels at Nrf2 promoter region to normalize Nrf2-inducible
anti-oxidant defense and confer protection on oxidative
stress-damaged cells [282]. Moreover, resveratrol can also suppress the
expression of miR-21 that downregulates peroxisome pro-
liferator-activated receptor-o (PPAR«) for its pathogenic roles in the
development of DR [283,284].

The up-regulation of sirtuins is also important for treatment of DR.
Resveratrol, as Sirt1 activator, represses diabetes-induced acetylation of
p65 subunit of NF-kB, and then suppresses the downstream gene tran-
scription of MMP-9 to protect the mitochondria impairment in retina
[127]. Resveratrol also activates SIRT3 to preserve mitochondrial
functions [285] and prevents the apoptosis induced by AGEs and the
acetylation of p53 in human vascular endothelial cells [286]. The
glucagon like peptide 1 analogue, exendin-4, facilitates SIRT1 and SIRT3
expression to impede ROS-mediated retinal cell death in diabetic rats
[287]. Asiatic acid contributes to the increase of SIRT1 to inhibit cell
apoptosis and ROS production, and meanwhile maintains the normality
of mitochondria [288]. Moreover, vitamin D can rescue HyO5-induced
decrease of SIRT1 in endothelial cells [289].

Although numerous studies support the beneficial functions of anti-
oxidants in the pathogenesis of DR, these benefits have to be confirmed
by clinical trials. In patients with DR, the oral administration of anti-
oxidants containing o-lipoic acid, genistein and vitamins for one month
was demonstrated to ameliorate electroretinogram oscillatory potential
[290]. The study using a multi-component nutritional formula
(including vitamins E, C, D3, zinc oxide, zeaxanthin, lutein, DHA, EPA,
alpha-LA, coenzyme Q10, benfotiamine, N-acetyl cysteine, resveratrol,
the extract of turmeric root and green tea) has shown to improve visual
function and decrease serum inflammatory factors in diabetic patients
and this encouraging result, to some extent, verified the beneficial ef-
fects of these antioxidants [291]. However, other study also indicates no
obvious correlation between the supplementation of antioxidant (vita-
mins and p-carotene) and the alleviation of the severity of retinopathy in
type II diabetic patients [158]. Therefore, despite promising outcomes
from animal models, due to the shortage of well-organized longitudinal
cohort studies, there is still no clear conclusion for the antioxidants on
clinical trials. The clinical results can also be affected by some of other
factors, such as the duration of their administration and the dose of the
antioxidants. In addition, the transport of antioxidants affected by BRB
could also be a limiting factor. Despite these obstacles, we still have faith
in that encouraging animal outcomes and very limited clinical data, and
strongly suggest to push the research forward.

7. Conclusion

The purpose of this review is to provide a better comprehension of
the complicated molecular mechanisms and pathogenetic roles of
oxidative stress in the development of diabetic retinopathy. Diabetic
retinopathy is one type of the most prevalent complications in diabetes
patients and also regarded as a heavy socioeconomic burden worldwide.
Oxidative stress is a cytopathic outcome caused by the imbalance be-
tween ROS production and removal, and appears to play a central role in
this pathophysiology. Understanding the molecular and biochemical
mechanisms of abnormalities associated with oxidative stress in DR is
crucial to develop effective therapeutics. In this review, we have illus-
trated that a set of metabolic abnormalities initiated by hyperglycemia,
including polyol, AGE formation, PKC and hexosamine pathways, aug-
ments ROS generation and subsequently facilitates oxidative stress in
the retina. Oxidative stress in turn potentiates the abnormalities of these
metabolic pathways, accordingly forming a vicious cycle, which causes
cell mitochondrial damages, retinal cell apoptosis, lipid peroxidation,
irregular epigenetic modification on genes of antioxidant defense system
and structural and functional damages in the retina. We believe that all
the subjects previously discussed clearly clarify the molecular

Redox Biology 37 (2020) 101799

mechanisms and pathogenetic roles of oxidative stress in the progression
of DR, and these subjects may be promising issues for further studies of
DR and provide potential targets for the treatment. Therefore, the in-
hibition of ROS production and removal of excessive ROS in retinal cells
could protect the retina from hyperglycemia-mediated oxidative im-
pairments. Due to the nature of reductive and biological activities,
phytochemical antioxidants and some drugs can exert therapeutic ef-
fects on oxidative stress-damaged retinal cells through scavenging free
ROS, neutralizing peroxynitrite, or augmenting antioxidant defense
system epigenetically, which provides a welcoming sign for diabetic
patients in managing this vision-threatening complication. In our
opinion, despite the fact that cell experiments and animal-model studies
already provide useful information and hints for clinical trials, plentiful
work in clinical studies is still required, and it may be promising to
employ multi-components of functional drugs with divergent mode(s) of
action to fight this multifactorial complication.
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