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Diabetic retinopathy (DR) is one of the most common complications of diabetes mellitus (DM) causing vision impairment even at
young ages. There are numerous mechanisms involved in its development such as inflammation and cellular degeneration leading
to endothelial and neural damage. These mechanisms are interlinked thus worsening the diabetic retinopathy outcome. In this
review, we propose oxidative stress as the focus point of this complication onset.

1. Introduction

Diabetes mellitus (DM) is expected to affect around 550
million people all over the world according to global esti-
mates of the prevalence of diabetes [1]. DM is character-
ized by constant hyperglycemia that damages various
organs and manifests in macrovascular complications like
premature atherosclerosis resulting in strokes, peripheral
vascular disease, and myocardial infarctions and microvas-
cular complications such as nephropathy, neuropathy, and
retinopathy [2].

Diabetic retinopathy (DR) is the number one cause of
blindness in people between 27 and 75 years of age. Preva-
lence of DR is around 25% and 90% at 5 and 20 years, respec-
tively, from diagnosis; it is calculated that 191 million people
will be diagnosed with this microvascular complication by
the year 2030 [3]. It consists of progressive retinal structure
and function loss due to vessel damage such producing

blood-retina barrier rupture and promoting new vessel for-
mation in the presence of chronic hyperglycemia [4].

The first clinical signs of DR are microaneurysms in the
retina found in the mild version of the disease. In moderate
diabetic retinopathy, exudates, hemorrhages, and minimum
intraretinal microvascular abnormalities are present up to
being prominent in severe stages among with more than 20
hemorrhages and venous rosaries in at least 2 quadrants.
Neovascularization is the main clinical change in prolifera-
tive diabetic retinopathy (PDR) [5].

Through the last three decades, extensive scientific
reports have shown ROS to play an important role in DM
complications such as diabetic neuropathy, nephropathy,
and retinopathy due to alterations on the biomechanisms
involved in the instauration and progression of microvas-
cular complications [6]. These three microvascular com-
plications share high glucose levels as a starting point;
nonetheless, according to Barret et al., such condition is
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necessary, but may not be enough to initiate the damage
present in the peripheral nervous system (neuropathy),
kidneys (nephropathy), and retinas (retinopathy) of dia-
betic patients [7, 8]. In addition, the activation of various
pathways involving proinflammatory factors and reactive
oxygen species overproduction has been linked to vascular
injury in the structures previously mentioned [9–11]. With
this in mind, multiple molecules and nutraceuticals have
been studied in recent years by their antioxidant effects
due to their apparent benefits over diabetes and its com-
plications [12–15].

As will be seen in this document, hyperglycemic states
favor the activation of alternative pathways leading to reac-
tive oxygen species (ROS) formation and augmented concen-
trations locally and in the rest of the body even at the point of
surpassing the antioxidant capacity, a state known as oxida-
tive stress affecting retinal integrity.

2. Pathophysiology of Diabetic Retinopathy

The retina is a high energy-demanding organ, which makes it
susceptible to high levels of free radicals or ROS. Multiple
factors are implicated in DR pathophysiology. Along with
hyperglycemia that promotes changes in vascular and neuro-
nal structures through ischemic or hyperosmotic damage, it
also leads to oxidative stress (OS). Oxidative stress produces
inflammation, mitochondrial dysfunction, and cell death, via
pyroptosis, apoptosis or autophagia, and neurodegeneration
that in conjunction leads to neural, vascular, and retinal
tissue damage. In recent years, it has been found that such
damages are present in a sequential order, in which neurode-
generation takes place before microvascular dysfunction,
then clinical characteristics may be found, and finally symp-
toms appear. However, one could believe that these steps
occur in a timely manner and that each biomechanism hap-
pens only in one direction; study findings show that different
biomechanisms are active at the same time and have an influ-
ence between them. As seen in Figure 1, the retina consists
different types of cells that form identifiable layers, from
the endothelial layer in the inner side of the eye through
the retinal pigmented cell layer in the outer side close to
the choroidal surface. At each layer, various biomechan-
isms such as inflammation, pyroptosis, and neurodegener-
ation could appear simultaneously and have an intricate
relationship with high levels of reactive oxygen species and
oxidative stress.

2.1. Hyperglycemia in Diabetic Retinopathy. Through the gly-
colytic pathway, glucose suffers various biotransformations
up to pyruvate that enters the Krebs cycle in the mitochon-
dria to follow the respiratory chain in order to synthesize
adenosine triphosphate (ATP). It is known that high concen-
trations of serum glucose can cause damage to cell structure
and function. In the retina, pericytes are key cells in normal
retinal function. As shown in Figure 2, these cells suffer from
edema due to intracellular accumulation of sorbitol, which is
formed by aldose reductase in the presence of high blood
sugar through the polyol pathway, leading to a blood-
retinal barrier (BRB) dysfunction [16, 17]. Edema causes ves-

sels to swallow impeding adequate perfusion especially in the
inner retina where blood supply is sparse compared to the
outer retina [18]. Ischemia upregulates the expression of vas-
cular endothelial growth factor (VEGF), known to play a role
in angiogenesis, increased permeability, and activation of pro-
inflammatory proteins [19]. All of them are important mech-
anisms involved in the development of diabetic retinopathy
[18, 19]. On the other hand, the presence of glucose forms
glyceraldehyde-3 phosphate (DHAP) through the glycolysis
pathway; these two phosphates are very reactive to the nonen-
zymatic formation of methylglyoxal (MG) [20]. Such dicarbo-
nyl (methylglyoxal) has been implicated in the activation of
the hexosamine pathway, loss of pericytes, and decreased
function of bipolar cells in the retina even in the absence of
hyperglycemia [21]. The hexosamine pathway transforms
fructose 6-phosphate into UDP-N-acetyl glucosamine
(UDP-GlcNAc). When this very last molecule exceeds its nor-
mal concentrations, it promotes protein modifications by O-
glycosyl-N-acetylation (O-GlcNAc) inducing an exacerbated
activity; one of those proteins is nuclear factor-κB (NF-κB), a
factor known to be implicated in DR worsening [22–24].

Methylglyoxal activates the advanced glycation pathway,
AGE formation, and receptor activation (RAGE). AGEs can
promote VEGF activation which alters tight junctions
between retinal pigmented endothelial (RPE) cells. Such
alterations lead to increased vascular permeability and leak-
age of blood components into the retina [25]. VEGF also
mediates angiogenesis, so when chronic hyperglycemia per-
sists, this factor deviates from physiological functions onto
the formation of pathologic new vessels as happens in prolif-
erative diabetic retinopathy among other cytokines, proin-
flammatory, proangiogenic, and prooxidative factors [26].

Hyperglycemia augments thioredoxin-interactin protein
(TXNIP) levels, an inflammation mediator in Müller glia.
TXNIP upregulation activates cellular defense mechanisms
including autophagy, hypoxic-like HIF-1α induction and
inflammasome formation [27].

According to many studies, the principal cause of DR
is the lack of or poor glycemic control, but hypertension
and dyslipidemia management has been proven to be
beneficial in reducing progression and incidence of this
complication [28, 29].

2.2. Reactive Oxygen Species in Diabetic Retinopathy. ROS are
free radicals, oxidant molecules that contain one extra elec-
tron conferring them great instability and reactivity. By try-
ing to regain stability, they obtain electrons from other
molecules in the vicinity, therefore creating an oxidative
chain [30].

As presented in Figure 2, ROS are formed in a physiolog-
ical manner through the electron transport chain in the mito-
chondria derived from oxygen; some of the most common
ROS are superoxide anion (O•), hydrogen peroxide (H2O2),
and hydroxyl radical (OH-) [31]. By antioxidant enzymatic
defenses, such as catalase, glutathione peroxidase, superoxide
dismutase, hemoxygenase 1, peroxiredoxins, and glutare-
doxins, and nonenzymatic antioxidants, the body is capable
of maintaining a redox balance. When the production of
ROS is higher than the antioxidant defenses, OS occurs
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and, at that point, cellular and mitochondrial function get
affected [17, 32].

OS has been considered one of the most important fac-
tors in the development of DR and chronic hyperglycemia
and also plays a role in the formation of ROS due to the acti-
vation of the secondary pathways like the polyol and the pro-
tein kinase C (PKC) and overactivity of the hexosamine
pathways [32, 33].

Glucose metabolism is known to involve redox reactions
as the main purpose in energy production by extraction, stor-
age, and transport of electrons. When glycemic conditions
are normal, glucose undergoes transformation through the
glycolysis pathway to produce ATP by the Krebs cycle in
the mitochondria, where electrons are stored in NADH and
FADH2. Then, in the respiratory chain, they donate the elec-
trons to the complex I or complex II. In complex IV, oxygen
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is used again to receive electrons from cytochrome c [34].
Nonetheless, the polyol pathway is increased during diabetes;
it consumes 30% of the systemic glucose. It consists of the
production of sorbitol by two main reactions dependent of
aldose reductase (AR) and sorbitol dehydrogenase (SDH)
by the consumption of NADPH [34]. As mentioned before,
sorbitol leads to osmotic stress and damage in the capillaries;
also, in the reaction of converting sorbitol to fructose by
SDH, reduced Nicotinamide Adenine Dinucleotide (NADH)
is formed. As we can see in Figure 2, NADH now serves as
substrate of Nox family enzymes to produce superoxide
[35], contributing to redox imbalance and oxidative stress.
Another way that NADHmay contribute to the redox imbal-
ance is by reductive stress creating pseudohypoxia and over-
whelming mitochondria complex I function [36]. Complex I
is not able to oxidize all NADH available, though by trying, it
pumps more electrons to partially reduce oxygen leading to
superoxide formation instead of adequate usage of oxygen
and electrons [37]. In this case, NADH concentrations would
still be higher than NAD+ which is needed to transport elec-

trons to oxygen; this alteration in the appropriate consump-
tion of oxygen is known as pseudohypoxia [38].

Fructose upregulates the formation of AGE [34, 39].
Endogenous fructose from the polyol pathway (Figure 2) suf-
fers a rearrangement in carbon 2 by a reaction called Heyns
reaction. Afterwards, the products undergo processes of rear-
rangement, dehydration, and condensation to form AGEs.
By the Maillard reaction and Amadori rearrangement, glu-
cose ends up forming AGEs yet the fructose-specific AGEs
have not been yet described [40].

When the polyol pathway is activated during diabetes, OS
is increased, then the increase in the activity of the polyol
pathway is postulated to deplete NADPH by competing with
glutathione reductase, and the availability of NADPHmay be
reduced and less available to regenerate intracellular antioxi-
dants [41]. Accordingly, NADPH and ATP are decreased in
lenses of diabetic rats with higher concentrations of sorbitol
and fructose than healthy rats, supporting the findings on
the activation of the polyol pathway in sustained hyperglyce-
mic states [42, 43].
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Through the hexosamine pathway, glutamine:fructose-6-
phosphate amidotransferase (GFAT) oxidizes glutathione as
a cofactor in order to transform F6P into glucosamine-6-
phosphate; GFAT activity is significantly higher in diabetic
subjects inducing to a lower pool of such endogenous antiox-
idant (glutathione) [44].

Diacylglycerol (DAG) is formed from 6-phosphate dihy-
droxyacetone phosphate, the second metabolite from fruc-
tose 6-phosphate (from the polyol pathway or glycolysis).
DAG, in turn, activates the PKC pathway. PKCs are calcium
and DAG-dependent kinases; the activation of these mole-
cules has been associated to increased vascular permeability
and abnormal angiogenesis in hyperglycemic and hypoxic
conditions [45, 46].

PKCβ and PKCς are involved in the VEGF-dependent
retinal barrier changes [47]. PKCβ also increases the
activity of NADPH oxidase that produces superoxide
[48, 49]. On the other hand, activation and translocation
of PKCδ have proven to promote proliferation in the
retinal tissue even in the absence of hypoxia [46]. In cell
cultures, PKCδ activation by phosphorylation is able to
inactivate complex IV of the mitochondria, thus aug-
menting ROS production [50].

At high glucose levels, glyceraldehyde-3-phosphate
transforms to methylglyoxal, a precursor of AGE formation
which is implicated in pericyte apoptosis and VEGF eleva-
tion. The activation of receptors for AGEs (RAGEs) leads
to Nox augmentation, increase of ROS production, and
decrease in SOD, catalase, glutathione, and vitamin C antiox-
idant activities [51] (see Figure 2).

Next, we discuss the following biomechanisms impli-
cated in DR that have been described to be upregulated or
closely related to oxidative stress, from inflammation to
neurodegeneration.

2.3. ROS, Inflammation, and Pyroptosis in Diabetic
Retinopathy. It has been proven that diabetes is an inflamma-
tory state since hyperglycemia leads to cell malfunction and
elevation of several cytokines and inflammatory mediators.
Reactive oxygen species such as H2O2 and superoxide anion
promote NF-κB production which in turn mediates VEGF
expression; at the same time, it is activated by VEGF and
translocated to the nucleus to promote the expression of pro-
inflammatory mediators such as ICAM-1, vascular cell adhe-
sion molecule-1 (VCAM-1), monocyte chemotactic protein-
1 (MCP-1), and cyclooxygenase-2 (COX-2) [19, 52]. It is
known that COX-2 increases prostaglandin synthesis; pros-
taglandins stabilize hypoxia-induced factor-1 (HIF-1) which
favors VEGF expression and NF-κB activation for COX-2
expression. This way an inflammatory mediator loop is
formed [53–56]. ICAM-1, VCAM-1, and VEGF are impli-
cated in BRB disruption that causes microaneurysms and
leakage in the retina [57].

As inflammatory factors are activated, an inflammasome
is formed recruiting the adaptor apoptosis speck-like protein
containing a CARD (ASC); this cleaves caspase-1 activating
IL-1β and IL-18 and leading to cell death, and this particular
death process that includes damage and rupture of the cell
membrane is known as pyroptosis [58].

Pyroptosis is a type of caspase-1-dependent death
cleaved by inflammatory molecular platforms called inflam-
masomes, also called pyroptosomes [59]. Such platforms
contain oligomers of ASC adaptor proteins with a sensor
of danger-associated molecular patterns (DAMPs) or
pathogen-associated molecular patterns (PAMPs) [59] and
are assembled by a variety of toll-like receptors (TLRs),
either one of the six nod-like receptors (NLRs) or IFNγ-
inducible protein absent in melanoma 2 (AIM2) or retinoic
acid-inducible gene-I- (RIG-I-) like helicase. According to
recent studies, inflammasomes NLRP3 (NOD-like receptor
pyrin domain-containing 3) and NLRP1 (NOD-like recep-
tor pyrin domain-containing 1) are associated to retinal
diseases [58, 60].

It has been explained how ROS have a very important role
in the DR development and progression, as synthesized in
Figure 3; they also promote the assembly of inflammasomes
or pyroptosomes leading to pyroptosis [58] (see Figure 3).

2.4. ROS and Autophagy in Diabetic Retinopathy. Diabetes is
related to different forms of cell death (apoptosis, pyroptosis,
and autophagic death) affecting retinal cells like pericytes,
ganglion, and Müller cells [61]. In retinal cells, apoptosis
may be triggered by the excess of ROS that upregulate matrix
metalloproteinases 9 and 2 (MMP-9 and MMP-2) which
impair mitochondrial membrane potential leading to apo-
ptosis via mitochondrial pathway [62].

Autophagy is the process of degradation and recycling of
proteins and organelles. Autophagy’s main function is to reg-
ulate processes such as maintenance of organelle integrity,
control of protein quality, and regulation of stress and
immune responses [63]. Two forms of autophagy may be
cited: (a) nonselective autophagy, triggered by nutrient defi-
ciency in order to acquire metabolic components, and (b)
cargo-specific autophagy, employed to remove impaired or
nonfunctional organelles like ribophagy (ribosome elimina-
tion), pexophagy (peroxisome elimination), and mitophagy
(mitochondrial removal). There are three types of autophagy
in mammalian cells: (1) macroautophagy, (2) chaperone-
mediated autophagy, and (3) microautophagy [61].
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Figure 3: The ROS role in inflammation and pyroptosis. ROS
augments NF-κB production which promotes proinflammatory
mediators favoring the expression of VEGF. VEGF translocates NF-
κB into the nucleus, and NF-κB activate NLRP3 with caspase
cleavage leading to cytokine release. NLRP3 inflammasome has
been associated to diabetic retinopathy by Müller pyroptosis by the
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5Journal of Diabetes Research



Macroautophagy is basically done in four steps: (1) ubi-
quitination labeling of the molecules or structures to be
recycled, (2) autophagosome formation, (3) fusion to lyso-
somes (autophagolysosomes) that provide hydrolytic
enzymes, and (4) release of products. It consists of the
sequestration of the cargo (organelles and macromolecules)
into the lysosome [64, 65].

Chaperone-mediated autophagy transports the cargo
(protein complexes or unfolded proteins) across the lyso-
somal membrane while microautophagy uptakes the cargo
(protein remains or small molecules) into the lysosome via
an invagination, without a phagosome formation [65].

Macroautophagy is activated under normal conditions to
maintain cellular homeostasis though it is also induced by
stress conditions whether it is starvation or OS to protect
the cell [66]. In diabetes, an overload to the mitochondria
leads to mitochondria dysfunction (MD) which is the loss
of efficiency in the electron transport chain; it promotes
ROS production creating a vicious cycle in which ROS dam-
age mitochondrial structures and machinery; when the cell
detects this malfunctioning, it induces mitophagy to survive
[11]. At high oxidative stress levels, caspases inactivate
autophagy and activate apoptosis [67] (see Figure 4). More-
over, it has been shown that autophagy deficiency in beta
cells creates a reduced insulin production but chronic activa-
tion of autophagy leads to autophagic cell death [63, 68].

As mentioned above, ROS production, hyperglycemic
states, and ischemia are implicated in the upregulation of
VEGF. This growth factor activates mammalian target of
rapamycin (mTOR) which in physiological conditions pre-
vents autophagy promoting RPE cell dedifferentiation and
photoreceptor preservation, though in energy deficiency
intracellular conditions, whether by lack of ATP (mitochon-
drial dysfunction) or lack of glucose (vascular disruption),
other growth factors such as insulin-like factor induce
autophagy via modulation of mTOR/AMPK (AMP-activated
protein kinase) by the activation of caspase-3, reduction of
glutathione, and photoreceptor cell death [61].

VEGF, ICAM, and nitric oxide have been associated with
retinal photoreceptor disruption and severity of diabetic reti-
nopathy. Photoreceptor cells release factors that control neu-
ronal survival and angiogenesis, such as the pigment
epithelium-derived factor (PEDF), which promotes the sur-
vival of photoreceptors and has an antiangiogenic action [69].

The unbalanced expression of VEGF seems to be impli-
cated in important human pathologies, such as choroidal
neovascularization (VNC) in diabetic retinopathy [69]. Vas-
cular endothelial growth factor (VEGF) induces the expres-
sion of retinal intercellular adhesion molecule 1 (ICAM-1)
and initiates the adhesion of retinal leukocytes, which leads
to an early rupture of the retinal barrier and generates no
capillary perfusion, injury, and death of endothelial cells
[70, 71]. DR causes the interruption of the external limiting
membrane (ELM) and the junction of the internal segment
and the external segment of the photoreceptor, which is
related to DR severity and affects visual acuity [70, 72].

ICAM-1 has been implicated in leukostasis development,
a prominent DR feature. Its specific inhibition prevents leu-
kocyte adhesion on the diabetic retina and the rupture of

the hematoretinal barrier. ICAM-1 is eliminated by the cell
and is the key mediator of the effect of VEGF on retinal leu-
kostasis [70, 73].

The neuronal nitric oxide synthase (NOS) may be
responsible for the production of NO in photoreceptors
and bipolar cells which has significant effects on the blood
flow, neutrophil aggregation, and platelet aggregation [74].

Inducible NOS, found in Müller cells and in the retinal
pigment epithelium, can participate in normal phagocytosis
of the outer segment of the retina, in infectious and ischemic
processes, and in the pathogenesis of the diabetic retinopa-
thy. Nitric oxide is involved in maintaining rest in the uveal
and retinal circulations, which contributes to the basal tone
in the latter [74, 75]. Retinal ischemia occurs because of a pri-
mary ocular disease, such as vascular occlusion of the retina
or as a consequence of a systemic disease, such as diabetes
mellitus. NO significantly affects the blood flow, neutrophil
activation, and platelet aggregation [74].

2.5. ROS and Neurodegeneration in Diabetic Retinopathy. Let
us recall that the retina is formed by various layers; one of
which is the neural retina, composed of ganglion, amacrine,
horizontal, and bipolar cells as well as light-sensitive photo-
receptors. These cells interact with each other to transmit
visual signals to the brain [76]. Neural retina cells are altered
in their function in patients with diabetes as many studies in
the past have shown. According to a longitudinal study per-
formed by Kim et al., patients with diabetic retinopathy
who had at least 2-step progression in a 4-year follow-up pre-
sented a greater thinning rate of macular ganglion cell-inner
plexiform layer [77].

In the last decade, it has been demonstrated that constant
high glucose concentrations lead to death of neurons in the
retina even before apoptosis of pericytes begins [78–80].
These alterations may result from hypoxia and inflammation
[81]. The retina is a highly energy- and oxygen-demanding
tissue; hypoxia is a mechanism known to induce neuronal
degeneration [82].
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Figure 4: The ROS role in autophagy. ROS upregulate MMP9
and MMP2 that leads to mitochondrial membrane potential
impairment. When a mithochondrion malfunctions, autophagy
(mitophagy) is activated, though in high stress conditions,
caspases inactivate mitophagy and activate apoptosis pathways.
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A number of cytokines and neurotrophic factors related
to hypoxia have been described to be implicated in the dia-
betic retinopathy onset; some of them are also responsible
for neurodegeneration [83, 84]. Secretion of IL-1β, IL-6, IL-
8, MCP-1, TNF-α, and VEGF factors known to play an
important role in inflammation pathways and pyroptosis
may have a role in neurodegeneration as well [85]. As shown
in Figure 5, TNF-α is also induced by H2O2 by activating cas-
pases in numerous nerve cells [86]. Oxidative stress has been
implicated in axonal degeneration and neuronal apoptosis in
traumatic and nontraumatic nerve degeneration, via ZNRF1
activation by oxidative stress [87].

There appear to be some factors that protect amacrine,
ganglion, and Müller cells from degradation like brain-
derived neurotrophic factor (BDNF), nerve growth factor
(NGF), and mesencephalic astrocyte-derived neurotrophic
factor (MANF). Müller cells produce NGF increasing the
expression of VEGF contributing to angiogenesis in physio-
logical conditions in order to protect neuronal cells from
the oxygen-glucose-deprived milieu [88, 89]. Oxidative stress
in the retina is capable of preventing NGF activation from its
precursor form proNGF which is known to promote apopto-
sis of neural retina cells [90] (see Figure 5). An imbalance of
NGF/proNGF in vitreous correlates to retinal damage [91].
Other factors that may contribute to retinal neuron protec-
tion are ciliary neurotrophic factor (CNTF) and fibroblast
growth factor (FGF) [92]. Reactive oxygen species lowering
has shown to be helpful in protecting neuronal degeneration
and favoring the expression of protective factors like compact
myelin proteins [93]. Retinal ganglion cell survival is also
promoted by PEDF (pigment epithelium-derived factor) via
STAT3 (signal transduction and activator of transcription
3) activation secreted by Müller cells [94].

2.6. Oxidative Stress-Related Genetics in Diabetic
Retinopathy. Studies have shown that DR has a genetic com-
ponent by observing higher prevalence in certain ethnic
groups: Hispanics, Asians, and African Americans.

It is worth noting the complexity of DR as a complication
of diabetes and that this is influenced by hereditary factors
and the environment [95]. Some DR phenotypes show that
changes in the neural retina and the associated microvascular
network resulting in abnormal and leaking vessels are a dis-
tinctive feature of this pathology [95].

Genetic predisposition of some ethnic groups who suffer
from retinopathy is suggested in some studies. It has been
found a higher prevalence among Hispanic and African
American individuals than in non-Hispanic whites [96, 97].
Knowledge about genetics of this disease will be useful to
identify the genome variants that are associated with the
higher possibility of complications among individuals with
DM; this would allow generating strategies or guidelines
for the early identification of diabetic individuals with a high
risk of developing DR. In this sense, three main research
strategies have been discussed: linkage studies in families,
candidate genes, and complete genome association studies
(GWAS) [97]. It has been estimated that inheritance is as
high as 27% for DR and 52% for PDR [98]. Relatives of
patients with DR have a 2-4 times higher risk of developing

DR compared to family members of patients without reti-
nopathy [99].

2.6.1. Polymorphisms Linked to DR. It is said that the DR is a
complex genetic disease which means it is commonly associ-
ated with multiple genetic and environmental factors. These
factors are commonly called polymorphisms instead of
mutations [100].

Thus, a polymorphism can increase or decrease the risk
of suffering from the disease. Some of the advances about
DR genetics involve the following genes as part of the DR
pathogenesis [101].

(1) Aldose Reductase (ALR). Aldose reductase (ALR) is the
first limiting enzyme in the polyol pathway responsible of
inducing vascular and hemodynamic pathogenic changes
that contribute to DR, as well as the result of sorbitol accu-
mulation, oxidative damage, and protein kinase C activation
[102]. ALR is found in high concentrations in Schwann cells
and in retinal pericytes where glucose is converted to sorbitol;
polymorphisms of ALR have been significantly associated
in some populations [100]. Vascular retinal changes, such
as the degeneration of retinal pericytes and the develop-
ment of microaneurysms, can be induced in rats and dogs
that have become hyperglycemic with a galactose-rich diet,
but galactose is reduced by aldose reductase (AKR1B1) to
form galactitol [103]. Consequently, search of pharmacolog-
ical inhibitors of this enzyme for the treatment of DR is tak-
ing an important course [104].

(2) Receptor for Advanced Glycation End Products (RAGE). A
state of sustained hyperglycemia can promote protein and
lipid glycation in consequence producing AGE, which pro-
mote the alteration of the structure and function of other
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Figure 5: The ROS role in neurodegeneration. In physiological
conditions, NGF activates VEGF to promote angiogenesis and
protect nerves from hypoxia and ROS inhibits NGF formation from
its precursor which leads to neural apoptosis. ROS activate ZNRF1
that provokes neurodegeneration; at the same time, TNF-α activates
apoptosis via metalloproteinase/caspase pathway. ZNRF1: zinc and
ring finger-1; NGF: nerve growth factor; VEGF: vascular endothelial
growth factor; MMP: matrix metalloproteinases; TNF-α: tumor
necrosis factor-α.
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proteins; AGE has affinity for receptors known as receptor
for advanced glycation end product (RAGE). The RAGEs
are immunoglobulins that when activated promote the
secretion of cytokines, which further stimulate the compli-
cations of diabetes by increasing vascular permeability and
inflammatory processes [105, 106]. These effects will pro-
mote a hypoxic state in the microcapillaries of the retina
leading to the beginning of the angiogenic process in the
PDR [106]. It has also been found that AGEs and RAGE
are overexpressed in DR, which leads to think that genetic
polymorphisms of RAGE are probably involved in the DR
pathophysiology [107]. In a meta-analysis conducted by Yu
et al. in 2016, they found that Gly82Ser in RAGE showed a
significant association with DR; however, it was important
to perform more studies with better control over the risk
factors and duration of diabetes in patients [107]. There
are other polymorphisms such as -429T/C, -374T/A, and
1704G/T, of which other studies have had contradictory
results; therefore, without significant evidence, it has not
been possible to associate them with DR [100, 105, 107].

(3) Vascular Endothelial Growth Factor (VEGF). High levels
of VEGF have been detected in the eyes of patients undergo-
ing vitrectomy operations in patients with PDR; it is an
important growth factor responsible for vascular permeabil-
ity [103]. That is, high levels of VEGF promote a greater vas-
cular permeability and neovascularization; therefore, it is said
that the inhibition of this factor has shown an improvement
of these events at the level of the retina. High levels of VEGF
promote a greater vascular permeability and neovasculariza-
tion, which is consistent with what several studies have
shown, where patients with DR have a high expression of
VEGF [103, 108]. Therefore, it is said that the inhibition
of this factor has shown the improvement of these events
at the level of the retina [103]. In a study conducted by
Gonzalez-Salinas et al. [109] in the Mexican population, they
aimed to associate the polymorphisms rs3025035, rs3025021,
and rs2010963 that just increase the expression of VEGF and
that were previously associated with PDR in other popula-
tions; however, their results did not allow them to create a
significant association. It requires new studies with a larger
sample size, knowledge about pharmacological treatment,
and fewer restrictions on the patient’s clinical information
which is highlighted [109].

(4) Nitric Oxide Synthase (NOS) Genes. Nitric oxide has been
detected in internal segments of photoreceptors, in some
amacrine cells, in ganglion cells, and in the inner plexiform
layer of the retina of adult rats [110]. The formation of NO
is catalyzed by the enzyme endothelial nitric oxide synthase
(eNOS) from L-arginine, which also takes a role in angiogen-
esis [97, 111, 112]. Therefore, eNOS is an important enzyme
that contributes to vascular homeostasis in which overpro-
duction can cause damage to the retina, by increased cell
death, vascular permeability, and neurodegeneration mainly;
eNOS polymorphisms have been related to increased risk to
DR progress [110]. The decrement in the production of
endothelial NOS can lead to the decrease of NO and vascular
dilation [113].

Several analyzes have been made about the a/b polymor-
phism of the eNOS gene, and it has been argued that there is
an association between this polymorphism and the risk of
DR development [97, 112, 114]. A significant association
was found between the intron 4a allele of the 4b/a polymor-
phism and a reduced risk of DR [114]. However, a meta-
analysis indicates that the eNOS 4b/a polymorphism is not
associated with an increased risk of DR among subjects with
type 2 diabetes [97, 112].

As discussed here, many pathways and biomechanisms
are implicated in DR; therefore, it is important to explore
gene polymorphisms in enzymes and factors that play a role
whether in redox balance, vascular function, or inflamma-
tion. Previously, we have discussed some of the most impor-
tant polymorphisms linked to diabetic retinopathy; over the
years, various studies have been done in this regard though
results have been inconsistent. We present some examples
of polymorphisms that have been associated with the diabetic
retinopathy onset but have yet to be confirmed (see Table 1).

3. Influence of Antioxidants in
Diabetic Retinopathy

Optimizing glycemic and lipid controls are the first-line ther-
apies in diabetes control, which also reduce the DR progres-
sion [130]. Specific recommendations on diet as well as some
of the dietary components or food intakes have already been
reviewed on its effect on type 2 DM. Mediterranean diet is a
recognized healthy dietary pattern [131] and has shown to
have a protective effect against DR [131, 132] which contains
a high amount of fish and extra virgin olive oil containing
omega-3 fatty acids [133] and mixed nuts, which are rich
on polyphenols that may reduce the risk of developing diabe-
tes [134] and lowers insulin resistance [135]; also, it is rich in
protective factors such as the Nrf2 [136] diet. Finally, the
intake of vitamin-rich food such as fruits and vegetables as
well as supplements has also been related to a risk reduction
of chronic diseases [137] or DR itself [138], and they also
have some hypoglycemic effects carried out by their bioactive
compounds such as, flavonoids, alkaloids, and anthocyanins
[139], the latter being present in wild blueberry, bilberry,
cranberry, elderberry, raspberry seeds, and strawberry which
have shown to have powerful antioxidant activity [140] while
other micronutrients, such as vitamin C and E, have not
shown any association between risk and intake [141] in con-
trast to Tanaka’s prospective study on fruit consumption
[142] but have yet to be explored on full potential in a possi-
ble combined-antioxidant therapy.

Nutrients in diet can play a massive role in diabetic
patients who are resistant to conventional treatment; these
nutritional strategies can reduce the risk of prognosis and
attenuate progression preserving the normal function as well
as structure of the retina [143].

As a complementary therapy to the existing conventional
one, we propose the use of some supplements with anti-
oxidant properties since they have protective effects at
different points in the pathways involved in DR prognosis
(see Figure 2).
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3.1. Antioxidant Supplements

3.1.1. Xanthophylls. Xanthophylls are natural pigments
derived from carotenoids that contain oxygen. This family
includes lutein and zeaxanthin. Both substances are found
in the fovea; lutein concentration is superior to zeaxanthin
which differs from lutein in its double link in one of the
hydroxyl groups. They have antioxidant effect by alternat-
ing their single and double links reducing blue light wave-
length and protecting the eye from light-induced oxidative
stress. Around 90% of the blue light is absorbed by these
pigments [144].

Astaxanthin is another xanthophyll which is extracted
from H. pluvialis to be used as an alimentary supplement.
According to a study, astaxanthin presents a larger biological
activity compared to other antioxidants since it is able to bind
both sides of the cell membrane [145].

According to various studies, lutein, xanthophylls, and
other carotenoids have demonstrated to be useful in protect-
ing the retina from OS in chronic hyperglycemic conditions
and ameliorating oxidative stress states [146, 147]. Lutein
quenches free radicals leading to the blockade of NF-κB path-
way activation and has effects on inflammation, by the inhi-

bition of arachidonic acid release keeping prostaglandins,
thromboxanes, and leukotrienes from being formed [144].
Lutein inhibits PI3K activity when it is increased secondary
to oxidative stress via PI3K/Akt pathway which is capable
of inhibiting the PDGF-induced RPE cell migration [148].
Lutein also is able to inhibit IL-8 secretion [149]; besides, zea-
xanthin and lutein supplementation augments retinal pig-
ment epithelial cell viability [150], and the former has been
related to restoring VEGF concentrations [151]. Astaxanthin
plays a role in the inhibition of proinflammatory molecule
expression such as VEGF, ICAM-1, and MCP-1 [152]. In
preclinical studies, astaxanthin has been shown to promote
the expression of heme oxygenase-1 (HO-1) in the retina
and greater glutamine synthase concentrations in Müller
cells along with the reduction of H2O2-induced retinal gan-
glion cell apoptosis as well as improvement of MnSOD activ-
ity and decrement of oxidative damage markers [153, 154].

3.1.2. Vitamin C. Vitamin C exists in two main forms, ascor-
bic and dehydroascorbic acid; it is a ubiquitous metabolite in
plants and animals. Ascorbic acid acts as a cofactor alongside
many human enzymes and as a water-soluble antioxidant
[155]. Vitamin C is present in higher concentration in

Table 1: Polymorphisms implicated in diabetic retinopathy. Many genes have been associated with diabetic retinopathy; some
polymorphisms in them have, apparently, protective effects while others worsen its progression.

Author (year) Population Polymorphism Conclusions

Aldose reductase (Alr)

Abhary et.al. (2010) [102] Australian rs9640883
Association with duration
of diabetes rather than a
direct association to DR

Wang et al. (2003) [115] Chinese Rs759853 T allele
Protective effect against

DR in DM type 1

Santos et al. (2003) [116] Euro-Brazilian ALR C(-106)T No association to DR

Nitric oxide synthase (NOS)

Zhao et al. (2012) [114] Chinese NOS3 4b/a
Negative association with
DR (protective effect)

Cheema et al. (2012) [117] Asian Indian rs3138808 No association with DR

Santos et al. (2012) [118]
Caucasian-
Brazilian

NOS3b/a No association to DR

Receptor for advanced
glycation end products
(RAGEs)

Ng et al. (2012) [119] Malaysian
-429T/C and
-374T/A

No association with DR

Vanita (2014) [120] Indian Gly82Ser Positive association with DR

Yang et al. (2013) [121] Chinese Gly82Ser Associated to DR risk

Vascular endothelial growth
factor (VEGF)

Kangas-Kontio et al. (2009)
[122]

Multiethnic rs3095039 No association

Abhary et al. (2009) [123] Multiethnic rs3025021 Positive association

Qiu et al. (2013) [124] Chinese rs2010963 Positive association

Gluthatione S-transferase
(GST)

Dadbinpour et al. (2013) [125] Iranian GSTM1 Positive association with DR

Manganese superoxide
dismutase (MnSOD)

Haghighi et al. (2015) [126] Iranian A16V Positive association with DR

Vanita (2014) [120] Indian Val16Ala No association with DR

Intercellular adhesion
molecule1 (ICAM-1)

Fan et al. (2015) [127] Asian rs5498
Negative association with

DR

Rs13306430 Positive association with DR

Transforming growth factor
beta 1 (TGF-β1)

Rodrigues et al. (2015) [128] Brazilian Rs1800471 Positive association with DR

Bazzaz et al. (2014) [129] Caucasian
+869 C/T
+915 G/C

No association with DR
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healthy patients, contrary to those with DR who have lower
concentrations than those diabetic patients who have not
developed this complication [156]. Vitamin C prevents the
propagation of free radical-induced chain reactions [157],
and thus, directly scavenging ROS preventing breakdown of
NO and decreasing low-density lipid oxidation [143, 158,
159] protects the endothelial barrier permeability by the inhi-
bition of VEFG [160]; however, caution is indeed needed
since ascorbate can act as a prooxidant in the presence of
transition metal such as ionic iron or ferritin, both associated
with diabetes [161]. On the other hand, a supplementation
with 1000mg/day of ascorbic acid relates directly by reducing
the activity of the enzyme aldose reductase and this way, it
acts by inhibiting the polyol pathway [162]. Advanced glyca-
tion end products tend to decrease intracellular ascorbate;
however, vitamin C also prevents the apoptosis of vascular
pericytes [163]. It may have a role in autophagy, by the
induction of autophagosome formation [164], increasing
the rate of protein degradation lysosomes [165], and
expressing Bcl-2 family proteins between hypoxia and reox-
ygenation statuses [166]. However, vitamin C has yet to be
explored in DR since nothing similar has been reported in
this diabetes complication.

3.1.3. Vitamin E. Vitamin E is, contrary to vitamin C, a fat-
soluble vitamin, and the predominant isomer found in
human’s body is alpha-tocopherol; because of this, it parts to
lipid storage organelles and membranes [167]. Vitamin E has
roles in many different explored mechanisms, one of them
being on lipid peroxidation by inhibiting the formation of
malondialdehyde [168, 169]; at concentrations as high as
2000mg/day, it has been shown to reduce fasting plasma glu-
cose in diabetes [159]. Also, the oxidative formation of N-epsi-
lon-carboxymethyl-lysine in damaged proteins by long-term
exposure to high-glucose concentration can be reduced by it
[170]. Tocopherols can also modulate transduction and gene
expression by modulating nuclear receptors for peroxisome
proliferator-activated receptors [171]. Alpha-tocopherol at a
concentration of 10 and 50μM was shown to inhibit smooth
muscle proliferation as well as inhibit protein kinase C activity
[172]. In a similar way, vitamin E has some effects on hemody-
namic diabetes by decreasing the total diacylglycerol level, thus
preventing the abnormal retinal flow [173]; furthermore, using
the unsaturated vitamin E, tocotrienol, has an effect as an anti-
angiogenic agent by increasing apoptosis of signal-regulating
kinase and p38 in the fibroblast growth factor [174]. As men-
tioned above, although vitamin E by itself has not proven its
efficacy as a treatment for DR [175], more clinical studies are
needed specially as a combined therapy, since it may have
some more beneficial properties administered alongside other
antioxidant compounds [176].

3.1.4. Copper and Zinc. Zinc (Zn) is a nutritional element
essential for the structure and function of numerous macro-
molecules, such as lipids, nucleic acids, and the enzymes, that
regulate cellular processes and cellular signaling pathways
[177]. Zn is widely distributed in foods and beverages, but
as with other elements, the contents are variable and gener-
ally low [178].

Zinc exhibits antioxidant and anti-inflammatory activi-
ties, delaying oxidative processes in the long term by induc-
ing the expression of metallothioneins (MT), and acts as a
cofactor of the cytosolic and extracellular Zn/Cu SOD
enzyme, which scavenges ROS by catalyzing the dissociation
of the O2

- radical in the less harmful forms O2 and H2O2
[177]. Copper (Cu) participates in the production of energy
in the mitochondria and functions as a cofactor to superoxide
dismutase (SOD) found in the cytosol and intracellular space.
Over the years, copper imbalances have been linked to
chronic inflammatory diseases [179].

Oxidative stress (OS) influences the molecular mecha-
nisms responsible for the development of many inflamma-
tory diseases, such as DM [177]. It has been shown that
zinc supplementation is beneficial for the balance between
the content of free radicals and antioxidant enzyme systems
in rats with systematic inflammatory response [180]. It is
possible that these supplements improve the absorption in
food of vitamin E and therefore prevent deficiency [181].

Zn supplementation increases insulin sensitivity and
antioxidant capacity [182]. In these models in which diabetes
was induced, the antioxidant enzymes catalase, GPx (gluta-
thione peroxidase), and superoxide dismutase (SOD) are
diminished in comparison with normal animals. Zn supple-
mentation in these animals restored the activity of the
enzyme and the synthesis of glutathione [182] and also atten-
uates the OS induced by diabetes in the circulation, as well as
in cardiac and hepatic tissues in diabetic rats [183]. Renal
oxidative damage induced by diabetes and inflammation
has been significantly attenuated by Zn supplementation,
mediated through MT expression [182]. Regarding the
metabolism of glucose and lipids, the blood glucose level
is also reduced in type 2 diabetic rats given with ZnO nano-
particles, with better glucose tolerance and a 70% increase
in insulin levels. In addition to the significant reduction
of circulating triglycerides and free fatty acids [184], Zn
deficiency can have serious implications on the elderly;
therefore, it is important to maintain adequate nutrition
of Zn in this population [185].

It is known that more than 100 specific enzymes require
Zn for their catalytic function, which indicates the critical
role of Zn in cellular processes [186], including events of
genomic stability, cognitive functions, depression, and oxida-
tive stress [185]. Zinc alone is not actively redox, and there-
fore, Zn2+ does not interact directly with ROS or with free
radicals centered on carbon [187, 188]. Zinc then contributes
to the antioxidant status through its ability to compete with
transition metals and copper for binding sites in the cell
membrane [183]. Iron and copper ions catalyze the produc-
tion of lipoperoxides; therefore, their replacement by zinc
under conditions of insulin resistance in the plasma mem-
brane could inhibit lipoperoxides [189]. Several studies in
animals and humans have found that high levels of supple-
mental Zn over long periods of time can result in a decrease
in the absorption of Cu leading to Cu deficiency [190].

3.1.5. Alpha Lipoic Acid. Alpha lipoic acid also called thioctic
acid is a natural compound found primarily in vegetables
(broccoli, spinach, and tomatoes) and meats and nowadays
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in many additives. Alpha lipoic is both hydrophilic and hydro-
phobic and widely distributed both in cellular membranes and
the cytosol and is essential for mitochondrial function [191]. It
has been named as the “universal antioxidant” [192] since
once consumed it is reduced to dihydrolipoic acid and both
lipoic and dihydrolipoic acid can inhibit lipid and protein oxi-
dation, as well as ROS scavengers [193]; not only that, lipoic
acid also induced Nrf2 binding to antioxidant response ele-
ments and thus higher gamma glutamylcysteine ligase and
its catalytic subunit, and this way, it ameliorates this antioxi-
dant loss related with age [194]. Finally and importantly, as
of why combined antioxidant therapies are not only viable
but also synergized, dihydrolipoic acid can regenerate endoge-
nous antioxidants, particularly vitamins C and E, two of the
revised antioxidants in this article, and glutathione [195].
Alpha lipoic acid has antiangiogenic activity; it has proven to
be effective in reducing the VEGF, angiopoietin 2, and eryth-
ropoietin by blocking superoxide formation in diabetic rat’s
retina [196] and by protecting the retinal ganglion cells by pre-
serving its thickness [197], but it also has a direct antiangio-
genic role, by inhibiting endothelial cell apoptosis and
proliferation (not related to pericytes) through a probable
inhibition of NF-κB, activating protein kinase B and upregu-
lating p27 activity (inhibiting cell cycle progression) [198].
Alpha lipoic acid has even been formulated as an aqueous
solution and administered intravenously, intraperitoneally,
and intravitreally to evaluate the activity on microvascular
complications in the eye by fluorescein leakage and by direct
observation that concluded to reduce these complications
and slow the progression of diabetic retinopathy [199]. Alpha
lipoic acid’s beneficial properties were also assessed on mito-
chondrial metabolism; in one study, mitochondrial function
and regulation, measured by its transcriptional factor, peroxi-
some proliferator-activated receptor-γ coactivator-1α, and
nuclear respiratory factor 1 was benefited by lipoic acid by pre-
venting the loss of the mitochondrial copy number and
increasing gene transcripts of PPARγ and NRF1 [200]. Some
preclinical studies have shown efficacy of lipoic acid therapy
in DR [201, 202], and clinically, it may have a protective role
[203] but has yet to show efficacy on patients who have already
developed DR, as it has shown no effect on macular edema at a
daily dose of 600mg [204].

3.1.6. Manganese. Manganese (Mn) is a heavy metal present
in nature and is the fifth most abundant metal in the environ-
ment. Mn is essential for humans and animals; daily require-
ments are usually met with a proper diet. High levels of
manganese can be found in legumes, rice, nuts, and whole
grains [205]. Mn is transported by simple diffusion in the
large intestine and is absorbed by active transport in the small
intestine. Only about 5% of the Mn in the diet seems to be
absorbed [206]. Mn is involved in cellular antioxidant
defense mechanisms, but it is known that it participates in
the generation of ROS and has prooxidative properties
[207]. Mn is an essential nutrient that is required as part of
a healthy diet; however, exposure to excessive levels results
in toxicity in human development leading to hyperactivity,
inferior intellectual function, impaired motor skills, and
reduced olfactory function in children [205].

Mn is a cofactor in the key mitochondrial antioxidant
enzyme [207] and a component of metalloenzymes such
as Mn superoxide dismutase (MnSOD), glutamate synthe-
tase, and pyruvate carboxylase and is associated with oxida-
tive phosphorylation and mucopolysaccharide metabolism
[206]. MnSOD main function is the detoxification of super-
oxide free radicals [208]. Mn can provide resistance to oxi-
dative stress through the formation of manganese-based
nonprotein antioxidants and also function safely as a cofactor
for the enzyme superoxide dismutase (SOD) [209]. Given
the similar physical properties between Fe and Mn, most
transporters are capable of transporting both metals, which
are competent to bind to the plasma membrane [205].
Several proteins involved in the transport of Mn have been
identified, including the putative uptake proteins divalent
metal transporter-1 (DMT1), transferrin receptor (TfR),
and ATP13A2, as well as the efflux protein Fpn [206].

It was found that Mn is required for synthesis and secre-
tion of normal insulin from an initial study in rats. Rats that
are on a high-fat diet can improve glucose tolerance and
insulin secretion. The fact that Mn results in insulin secretion
induced by glucose is consistent with the improvement of
mitochondrial function with glucose metabolism [210].

3.1.7. Curcumin. Curcumin is one of the main substances of
Curcuma spp.; it is a crystalline orange-yellow color com-
pound [211]. World Health Organization (WHO) recom-
mended a minimal diary intake of 0-3mg/kg as a food
additive [212]. In recent years, it has been shown that curcu-
min has beneficial properties in DR treatment. (1) Curcumin
acts as an antioxidant agent by reducing free radicals [213].
(2) Curcumin increases mRNA expression of antioxidant
enzymes like SOD and catalase by reducing oxidative and
regulating nitrosative DNA damage [214]. (3) Curcumin
activates a mitochondrial pathway by regulating the respira-
tory function on mitochondrial complexes I, II, III, and V
and simultaneously activates Nrf2 [215]. (4) Curcumin can
increase antioxidant capacity in the retina of diabetic rats
and hypoglycemic and preventive anti-inflammatory activity
by reducing the levels of proinflammatory cytokines like IL-
1β, tumor necrosis factor alpha, VEGF [216, 217], and 5-
hydroxyeicosatetraenoic acid being a dual inhibitor of ara-
chidonic acid [218]. (5) Curcumin acts as an antiangio-
genic agent by decreasing stromal cell-derived factor 1
alpha that inhibits the migration of retinal human endo-
thelial cells [219].

As seen in Figure 2, curcumin induces Nrf2 pathway acti-
vation, helping into a better defense against oxidative stress
in retinal cells [220, 221]. All these effects related to diabetes
and more specifically DR on curcumin are a promising alter-
native for the treatment of DR [222, 223]. Attention is needed
in the presence of high concentrations since curcumin can
act as a prooxidant agent and induce apoptosis [224].

3.1.8. Anthocyanins. Anthocyanins belong to the flavonoid
group; they are six polyphenolic pigments in which 90% of
the composition are found in nature: pelargonidin, cyanid-
ing, peonidin, delphinidin, petunidin, and malvidin [225]
while in the body, they are mostly metabolized to phenolic
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acid and degradation products and are a stable water-soluble
compounds [226], and they can be found deposited in the eye
[227]. These compounds have been studied recently and
extensively, and their effects are primarily on cardiovascular
diseases; here, we try to summarize those related to DR path-
ogenesis. Anthocyanins alongside other bioactive com-
pounds have a role as antioxidants by scavenging ROS
[228], by inhibiting lipid peroxidation [229] and induction
of Nrf2 expression (see Figure 2) [230], and by their antioxi-
dant properties; anthocyanins induce the downregulation of
the NF-κB signaling pathway exerting an anti-inflammatory
response, and it may be as well partially involved in the
mitogen-activated protein kinase pathways [231, 232]. Given
all of these beneficial effects, more clinical interventions are
needed to prove or assess these effects on diabetic retinopa-
thy, rather than diabetes itself [233].

3.1.9. Ubiquinone. Ubiquinone or coenzyme Q10 (CoQ10) is
ubiquitous in nature and widely distributed in plants, ani-
mals, and microorganisms. Ubiquinone can be obtained
through exogenous sources, such as food. The richest dietary
sources are meat, migratory fish, some oils, and nuts, but in
the diet of the populations of western countries, these sources
contribute in total to only 3-5mg of CoQ10 per day [234]. A
dose that varies from 50 to 150mg is recommended in food
supplements; however, there are also products with higher
levels available [234]. In diabetes, the resulted hyperglycemia
state induces the overproduction of superoxide by the elec-
tron transport chain in the mitochondria; this leads to vascu-
lar damage mediated by glucose [235].

Coenzyme Q10 (CoQ10) or ubiquinone is an essential
compound found naturally in all cells of the human body.
It is particularly known for its role in the chain of electron
transport in mitochondrial membranes during aerobic cellu-
lar respiration. It is the only lipid-soluble antioxidant that
animal cells synthesize de novo in the body [236] and is able
to recycle and regenerate other antioxidants such as tocoph-
erol and ascorbate [235]. Coenzyme Q10 is part of the pro-
cess of oxidative phosphorylation in mitochondria, where it
converts energy into carbohydrates and fatty acids into
ATP to boost cellular machinery and synthesis. In addition
to facilitating the transfer of electrons during oxidative phos-
phorylation, CoQ10 acts by inhibiting certain enzymes
involved in the formation of free radicals, thereby reducing
the consequences of oxidative stress [237].

One of the most important mechanisms offered by coen-
zyme Q10 to protect against diabetes is through the “recou-
pling” of the endothelial NOS. Increased oxidative stress in
diabetes can cause diabetics to reduce the biological availabil-
ity of nitric oxide [238]. Coenzyme Q10 acts by blocking
endothelial dysfunction by activating endothelial nitric oxide
synthase and mitochondrial oxidative phosphorylation.
Thus, supplementation with coenzyme Q10 shown to allevi-
ate the symptoms in animals and humans, by decreasing
blood pressure in hypertensive individuals [238]. The treat-
ment with CoQ10 presented several benefits, among them
are the significant decrease in the high levels of glucose, tri-
glycerides, very low-density lipoproteins, low-density lipo-
proteins, and atherogenic index and increase in the levels of

high-density lipoproteins in diabetic rats. It also reduced
lipid peroxidation and increased antioxidant parameters
such as superoxide dismutase, catalase, and glutathione in
the homogenates of diabetic rats [237].

3.1.10. Resveratrol. Resveratrol (3,5,4′-trihydroxystilbene
(RSV)) is a natural phenol produced by several plants in
response to damage when the plant is under attack by micro-
organisms. RSV is found in red wine and the skin of grapes,
but also in blueberries, raspberries, and mulberries. RSV has
antiproliferative, antiangiogenic, antioxidant, endothelial,
anti-inflammatory, antiplatelet, and neurogenic activity [239,
240]. Resveratrol exists in both cis and trans form, and it is
believed that the trans form is more stable [240]. RSV is
absorbed by 75%, mainly by transepithelial diffusion, but
when taken orally, bioavailability is very low, less than 1%; this
is because in the intestine and liver, the metabolism is rapid
and glucuronidated compounds are involved and sulfated to
generate key metabolites that are easily eliminated. However,
bioavailability is very variable between one individual and
another due to factors such as age and gender [240–242]. As
RSVl is a hydrophobic compound, it has been shown to be
absorbed by intestinal epithelial cells, hepatocytes, and breast
tumor cell lines [240]. It was found that the treatment with res-
veratrol causes an increase in the levels of reduced glutathione
(GSH) in erythrocytes and the ocular level in rats, where GSH
has a protective function against oxidants; also, significantly
lower concentrations of malondialdehyde were found, which
is a marker of peroxidation lipid [243, 244]. RSV also sup-
presses the action of endothelial nitric oxide synthase in the
eyes of rats, an enzyme associated with neovascularization
and with inflammatory processes in diabetes. Resveratrol use
as a treatment creates a beneficial effect on the increase in vas-
cular leaks, in the loss of pericytes, and the levels of VEGF
[245, 246]. A study conducted by Luna et al. [247] showed that
resveratrol also inhibited the production of reactive oxygen
species (ROS), which in turn prevented the induction of
proinflammatory markers such as interleukin-1a (IL-1a),
interleyukin-6 (IL-6), and interleukin-8 (IL-8).

3.1.11. Omega-3. Lipids are important for cellular signals and
metabolism, since they are part of the structure of the mem-
branes and storage energy, so lipids and their metabolites are
of great importance in ocular diseases because they are regu-
lators in neovascularization [248]. The omega-3 are a family
of healthy fats and are within the monounsaturated and poly-
unsaturated fatty acids. They are obtained from marine
sources and also have anti-inflammatory and antiangiogenic
properties which have been investigated in various parts of
the human body, including the retina. There are three types
of omega-3 fatty acids: alpha-linoleic acid (ALA), eicosapen-
taenoic acid (EPA), and docosahexaenoic acid (DHA) [249].
Because the retina is a tissue with high lipid content, it
receives high amounts of oxygen, so it is highly vulnerable
to oxidative stress; reactive oxygen species carry out lipid
peroxidation causing damage to membranes, proteins,
and the nuclear DNA. It is also known that the deficient
consumption of omega-3 contributes to the degeneration
of the retina [250]. In the trial, PREDIMED (Prevention
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with Mediterranean Diet), which followed a 6-year follow-up
of middle-aged and older individuals with diabetes mellitus
type 2 with adherence to a “healthy” Mediterranean diet
and demonstrated a subset of patients whose diet includes
omega-3 polyunsaturated fatty acids, show a 48% decreased
incidence inDR [248, 251]. Both hyperglycemia and dyslipide-
mias are associated with DR, and although a strict diet control
could delay the onset of retinopathy in patients with T2DM,
this is not always achieved; however, in a trial, it was shown
that a diet rich in foods with omega-3, similar to a Japanese
diet, effectively reduced pathological neovascularization in
the retina when compared to a diet rich in omega-6, appar-
ently similar to an American diet [252]. Given that current
treatments to counteract DR are costly and generally invasive,
nutritional interventions have the potential to significantly
improve microvascular complications resulting from diabetes.
For this, diets rich in omega-3 can diminish the visual deteri-
oration that appears in the first stages of the DR in a safe
and accessible long before clinical manifestations [251].

4. Conclusion

At the beginning, there was a debate whether diabetic
retinopathy was mainly a neuropathy or a vasculopathy.
Through years of investigation, neural damage have shown
to occur before vascular changes in the retinal tissue. Never-
theless, both have similitudes in the mechanisms involved
and are present at different stages of the disease, and they
continue; at the same time, hyperglycemia leads to inflamma-
tory response causing cellular degeneration, endothelial
insult, and hypoxia which in turn leads to more inflamma-
tory response. At the same time, hyperglycemia induces
ROS generation. Nevertheless, it is known that lowering
glucose levels in diabetic patients remains the best way
to avoid complications from diabetes as many studies have
shown; however, this goal is hard to achieve for many
patients; for that reason, we propose a multitarget therapy
including oxidative stress-lowering strategies. Studies have
demonstrated that oxidative stress plays an important role
in all the described mechanisms by enhancing inflammatory
responses, mediating the expression of prodegenerative and
proinflammatory proteins, causing damage in cellular struc-
tures and functions. Genetic alterations involving antioxi-
dant defenses are found to be linked to DR worsening or
speeding up the onset, supporting the importance of oxida-
tive stress as a pillar of diabetic retinopathy pathophysiology
thus endorsing antioxidant supplementation as an adjuvant
therapy along with diabetes management.
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