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Diabetic Retinopathy (DR) is a progressive asymptomatic neuro-vascular complication of diabetes
that triggers irreversible retinal damage. This common complication is the leading cause of vision loss
in working-age adults (20–65 years) and, consequently, in economically active people [1–3]. Although
DR is not a life-threatening illness, it leads to emotional distress and reduces daily life functionality,
and thus significantly affects the individual’s quality of life [1]. With the worldwide prevalence of
diabetes increasing, the number of people with DR is estimated to increase from 424.9 million in
2017 to 628 million by 2045 [4]. This increase in prevalence will make DR one of the main public
health burdens.

It is well known that chronic exposure to hyperglycemia induces low-grade inflammation and
increases the production of reactive oxygen species with the subsequent loss of redox homeostasis.
This contributes to early neuronal retinal cell death [5] and pericytes demise, followed by rupture
of the blood retinal barrier, increased vascular permeability [6] and progression to advanced DR
stages [6–8]. This Special Issue shows DR as a multifactorial disease with a common and complex
etiology, including oxidative stress, which calls for a wide range of therapeutic approaches. Miller
et al. review the current knowledge on the role of mitochondrial energetic metabolism alteration in
the diabetic neural retina and its consequences on retinal function, and suggest the importance of
maintaining mitochondrial integrity as a therapeutic strategy [9]. Aragonés et al. summarize the main
role of advanced glycation end products (AGEs) in the progression of DR and the potential benefits of
enhancing the detoxifying activity of the glyoxalase system as a therapeutic strategy against DR [10].
The harmful role and the involvement of eicosanoids derived from the oxidation of arachidonic acid
by the enzymes cyclooxygenase, lipoxygenase, and cytochrome P450 in the development of DR is
reviewed by Wang et al. They also propose potential targets and therapies to prevent the development
of early-stage DR and progression to proliferative DR [11]. Nebbioso et al. report, as a new therapeutic
target, the modulation of the high-mobility group box 1 (HMGB1), a non-histone nuclear protein
involved in the inflammatory response and overexpressed under hyperglycemia, contributing to both
development and progression to proliferative stages of DR [12].

Current treatments mainly target late-stage DR, when there are already serious vascular alterations
and the retina shows neuronal irreparable damages [5]. An earlier diagnosis is therefore key to
preventing the ongoing development of DR. López-Contreras et al. highlight the need to study classic
and new biomarkers in fluid ocular matrices (tears, aqueous humor, and vitreous), and improve and
optimize the sample processing and analysis methods, in order to obtain an early diagnosis and find
new therapeutic targets [13]. Adding to new biomarkers and epigenetic modifications, Martins et al.
review the little-known role of extracellular vesicles and miRNA in DR development and suggest the
potential usefulness of miRNA in combination with anti-inflammatory and/or antioxidant drugs and
nutraceutical agents in achieving a personalized therapy [14].

This Special Issue presents nine original research articles showing antioxidant strategies to
protect against DR development. The first five manuscripts discuss in vitro approximations.
Fernández-Robredo et al. report results showing the antioxidant and anti-inflammatory properties of
vitamin D, suggesting its usefulness in moderating the chronic low-grade inflammation and oxidative
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stress in the development of DR [15]. Oh et al. show the antioxidant capacity of two supplements,
ascorbic acid and astaxanthin, using two different oxidative models on a human retinal pigment
epithelia cell line (ARPE-19) [16]. Likewise, Lai et al. study the protective pathway induced by
astaxanthin against oxidative damage caused by high glucose in mouse photoreceptor cells (661W) [17].
The results show the ability of the carotenoid to activate the PI3K/AKT/Nrf2 pathway and increase
the expression of the phase II enzymes NAD(P)H dehydrogenase (NQO1) and heme oxygenase-1
(HO-1), suggesting the use of astaxanthin as a nutritional supplement to prevent visual loss in DR [17].
Hsu et al. study the antioxidant and antiapoptotic properties of a peroxisome proliferator-activated
receptor type α (PPAR-α) agonist, fenofibrate, on a monkey choroidal–retinal vascular endothelial cell
line (RF/6A) [18]. Fenofibrate enhances thioredoxins 1 and 2 expression and suppresses apoptosis
signal-regulated kinase-1 (Ask-1) activity, inhibiting subsequent apoptotic signals [18]. Saenz de Viteri
et al. compare different formulations of docosahexaenoic acid and eicosapentaenoic acid supplements
mixed in different proportions for the most powerful antioxidant effect on ARPE-19 [19]. Authors
suggest that supplements with a higher proportion of eicosapentaenoic acid than docosahexaenoic
acid may be more beneficial in preventing or delaying DR progression [19].

Another set of manuscripts presents in vitro experiments combined with in vivo. Kim et al.
show the ability of CPA4-1, a herbal combination of Cinnamomi Ramulus and Paeoniae Radix, to
inhibit AGE formation [20]. Moreover, CPA4-1 is able to ameliorate blood-retinal barrier leakage and
retinal acellular capillary formation in a mouse model of obesity-induced type 2 diabetes (db/db
mice), suggesting CPA4-1 as a potential therapeutic supplement against retinal vascular permeability
observed in DR [20]. Ramos et al. examine the possibility of the use of eye drops of glucagon-like
peptide-1 (GLP-1) to modulate the antioxidant response in db/db mice. This treatment increases the
expression of retinal antioxidant enzymes and prevents DNA/RNA damage, showing neuroprotective
activity [21]. Vishwakarma et al. explore the cellular profile and the gene expression related to
oxidative stress and pro-inflammatory signaling on the fibrocellular membrane of the eye in three
groups of patients: healthy, with proliferative diabetic retinopathy, and with retinal detachment. The
analysis shows that oxidative stress and inflammation-associated gene expression increased in patients
suffering from proliferative diabetic retinopathy and retinal detachment, providing new information
for developing therapies against fibrocellular membrane formation in the late stages of DR [22].
Abouhish et al. show an increase in the expression and activity of histone deacetylase 6 (HDAC6) in
human retinal endothelial cells exposed to a high concentration of glucose, in retinas of a rat model
of type 1 diabetes, and in human postmortem retinal samples from diabetic patients [23]. Moreover,
HDAC6 is related to retinal microvascular hyperpermeability and up-regulation of inflammatory
markers, and is presented as a key mediator in hyperglycemia-induced retinal oxidative/nitrative
stress in microangiopathy such as DR [23].
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Abstract: Diabetic retinopathy (DR), a common chronic complication of diabetes mellitus and the
leading cause of vision loss in the working-age population, is clinically defined as a microvascular
disease that involves damage of the retinal capillaries with secondary visual impairment. While its
clinical diagnosis is based on vascular pathology, DR is associated with early abnormalities in
the electroretinogram, indicating alterations of the neural retina and impaired visual signaling.
The pathogenesis of DR is complex and likely involves the simultaneous dysregulation of multiple
metabolic and signaling pathways through the retinal neurovascular unit. There is evidence that
microvascular disease in DR is caused in part by altered energetic metabolism in the neural retina
and specifically from signals originating in the photoreceptors. In this review, we discuss the main
pathogenic mechanisms that link alterations in neural retina bioenergetics with vascular regression
in DR. We focus specifically on the recent developments related to alterations in mitochondrial
metabolism including energetic substrate selection, mitochondrial function, oxidation-reduction
(redox) imbalance, and oxidative stress, and critically discuss the mechanisms of these changes and
their consequences on retinal function. We also acknowledge implications for emerging therapeutic
approaches and future research directions to find novel mitochondria-targeted therapeutic strategies
to correct bioenergetics in diabetes. We conclude that retinal bioenergetics is affected in the early stages
of diabetes with consequences beyond changes in ATP content, and that maintaining mitochondrial
integrity may alleviate retinal disease.

Keywords: diabetic retinopathy; mitochondria; oxidative stress; redox; photoreceptor

1. Introduction

Diabetes mellitus is a growing public health problem, reaching pandemic proportions in the
United States and worldwide [1]. Diabetic retinopathy (DR) is the leading cause of irreversible visual
impairment and blindness in the working-age population [2]. The Diabetes Control and Complications
Trial concluded that tight metabolic control can delay the development and slow the progression of
DR. However, good metabolic control is often difficult to achieve and does not guarantee complete
protection against DR, suggesting that there are additional contributing factors that remain to be
discovered [3,4]. While targeted therapies are effective in mitigating the sight-threatening complications
of proliferative diabetic retinopathy (PDR) [5], new therapeutic approaches are needed to manage the
milder non-proliferative disease. Thus, there is an urgent need to better understand the early stages of
DR in order to develop new strategies to halt its progression.

DR is clinically defined as a microvascular disease [6], and can be broadly classified into two distinct
stages on the basis of the presence of neovascularization. While non-proliferative diabetic retinopathy
(NPDR) is characterized by blood flow alterations, pericyte loss, downregulation of endothelial cell
tight junctions [7], and thickening of the basement membrane [8], PDR presents with sight-threatening

Antioxidants 2020, 9, 905; doi:10.3390/antiox9100905 www.mdpi.com/journal/antioxidants5
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neovascularization that may precipitate retinal detachment and blindness. Recent work has shown that
retinal neurodegeneration precedes clinically detectable microvascular damage [9–13]. Since Wolter’s
first observation of neuronal cell death in the diabetic retina [14], numerous studies have described
early neuronal apoptosis and alterations in visual signaling. Retinal ganglion cells (RGCs) of the optic
nerve undergo apoptosis at a rate higher than any other retinal cell [15]. These changes are associated
with a subjective decline in the quality of vision including impaired contrast sensitivity and color
vision [16–18], and altered visual signaling as assessed by the electroretinogram (ERG). In addition to
changes in the a- and b-waves on the ERG, alterations in the amplitude of the oscillatory potential
(photopic and scotopic oscillatory potentials, which are initiated in the inner retina [19]) have been
suggested to predict the progression of DR [20,21].

In light of these findings, new discoveries into retinal physiology have emphasized the role of
the neurovascular unit in DR [6], which refers to the physical and biochemical interaction between
neurons (RGCs, amacrine cells, bipolar cells, and horizontal cells), glia (Müller cells and astrocytes),
and the microvascular network (endothelial cells and pericytes) [22,23]. The key role of this interaction
in neurodevelopment [24] and normal neurovascular signaling [25] has led to the hypothesis that DR
may result from the uncoupling of the neurovascular unit [26,27]. Nevertheless, the effect and timing
of cellular dysfunction throughout the neurovascular unit in DR has yet to be determined.

One of the classical and prevailing theories explaining the pathogenesis of DR is that diabetes
enhances oxidative stress, which in turn damages the retinal microvasculature [28]. The term oxidative
stress refers to an imbalance between reactive oxygen species (ROS) production and antioxidant
defenses. Because of their role in oxidative metabolism, mitochondria are key sources of increased
ROS in diabetes [29–31]. Oxidative stress originating in mitochondria of endothelial cells has been
reported to enhance multiple seemingly independent pathways, each contributing to the development
of microvascular complications [32,33]. Most current knowledge is derived from this “unifying theory”
that was developed on cultured aortic endothelial cells and has since been extrapolated to the
retinal microvasculature. However, recent work by Du et al. [34] determined that diabetes-induced
oxidative stress originates from the photoreceptors rather than endothelial cells. In this model,
photoreceptor-induced oxidative stress was associated with increased inflammation, which is widely
regarded as an important pathogenic mechanism of DR, and contributes to vascular regression in the
diabetic retina [35]. The critical role of the neural retina in the development of microvascular disease is
further supported by studies of patients with retinitis pigmentosa who exhibit both photoreceptor
degeneration and protection against DR [36,37].

While performing the core metabolic function of energy production, mitochondria are critical gears
in a currently expanding number of cellular functions including redox homeostasis [38] and programmed
cell death [39]. An increased mitochondrial oxidative stress reveals a change in mitochondrial function.
The importance of understanding the role of bioenergetics in the diabetic neural retina is supported by
the knowledge that inherited mitochondrial diseases cause retinal disease and visual impairment [40],
and is further highlighted by the heterogeneity of the neural retinal cells regarding the contribution
of their mitochondria to cellular ATP and oxidative stress [41,42]. This review will summarize the
recent developments related to alterations in mitochondrial bioenergetics in the neural retina, as well
as the consequences of these alterations on retinal function. We will conclude by acknowledging
emerging therapeutic approaches to correct mitochondrial bioenergetic-related functions and maintain
the mitochondrial integrity in diabetes.

2. Normal Retinal Structure

The retina is a highly organized tissue consisting of at least 10 distinct layers, which can be broadly
divided into an inner and outer retina (Figure 1).
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Figure 1. The structure of the retina. (A) Electron microscopy images of the mouse outer retina.
Mitochondria are shown in the figure inset and are indicated by white arrows. (B) Confocal image
of the mouse retina depicting rhodopsin (green) and cell nuclei (blue). (C) Distribution of cell nuclei
(blue) in the mouse retina. The numbers represent the retinal layers: 1—retinal pigment epithelium
(RPE, detached); 2—outer nuclear layer; 3—inner nuclear layer; 4—ganglion cell layer. Rhodopsin
(green fluorescence) is present in stacks of membranous disks of the photoreceptor outer segments
(OS). 4′,6-diamidino-2-phenylindole (DAPI, blue) stains the nuclei in all nuclear layers and the RPE.
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The inner retina includes the RGCs as well as two nuclear layers with the photoreceptor soma.
Photoreceptors are the light-sensitive cells responsible for phototransduction and present as either rods
and cones expressing the visual pigments rhodopsin and opsin, respectively. The outer retina includes
the photoreceptor outer segments (OSs) and the underlying retinal pigment epithelium (RPE). The RPE
rests on Bruch’s membrane, a multi-layered structure that separates the outer retina from the choroid
choriocapillaris. The inner retina receives blood from three local vascular plexuses, while photoreceptors
are primarily supplied by the choriocapillaris. Therefore, although the photoreceptors are physically
distant from the inner retina where DR manifests as a microvascular disease, both structures contribute
to the pathophysiology of DR but their cooperative signals are yet to be identified.

3. Pathophysiology of DR

The pathogenesis of the early stages of DR remains poorly understood. Pericyte death has been
considered the central mechanism for the loss of retinal vascular integrity in diabetes [43]. However,
the seminal work of Mizutani et al. [44] revealed early and accelerated death of both retinal pericyte and
endothelial cells in diabetic rodents and humans. While endothelial cells are replaced by proliferation,
migration, or neighbor cell redeployment, pericytes do not regenerate, and their absence is evidenced by
the presence of “pericyte ghosts” in the capillary wall. Dynamic high resolution microscopy determined
that the decrease in blood flow favors the process of vasoregression [45,46]. As an indisputable event in the
diabetic retina, pericyte loss has been observed in all rodent models of both type 1 (T1D) and type 2 (T2D)
diabetes [47–49]. Moreover, genetic pericyte elimination recapitulates the early features of experimental
DR, including acellular capillaries, microaneurysms, and blood–retinal barrier abnormalities, all of which
underline the seminal role of pericytes to maintain retinal capillary integrity [50]. While pericytes likely
play a similar role in humans [51], progress in this area is limited by the scarcity of human retinal tissue
and the inherent difficulties of translational research [52].

Previous studies have focused primarily on the retinal microvasculature. However, a recent
growing body of literature indicates that diabetes causes cellular dysfunction and loss of virtually all
retinal cell populations [13,53–58], as measured qualitatively by ERG and quantitatively by optical
coherence tomography, revealing a decrease in retinal thickness [10,59]. Diabetes-induced alterations
of neuronal cells and photoreceptors are particularly important as the death of these cells is not
matched by similar rates of regeneration [60]. Due to the large surface area of outer segments (OS),
photoreceptors are highly sensitive to incident photons and have a high capacity for ion exchange
that must be supported by ATP. Abnormalities in photoreceptors have been reported in multiple
models of insulin-dependent diabetes in both rodents [61,62] and rabbits [63]. Similar observations
have been reported in zebrafish exposed to hyperglycemia [64]. In diabetic patients, photoreceptor
integrity is altered and the OS length shortened, changes that have been associated with decreased
visual acuity [65–67]. While altered photoreceptor morphology appears modest at 3–6 months of
hyperglycemia [62,68], the functional abnormalities are more severe and include impaired function of
the Na+/K+ ATPase pump [69,70]. In photoreceptors, the Na+/K+ ATPase pump is critical not only for
normal ion homeostasis, but also for the “dark current”, a physiologic event that can be assessed by
the a-wave on the ERG. Subsequent studies have expanded upon this work and observed changes in
the amplitude and latency of the a-wave as early events in streptozotocin (STZ)-induced diabetes [71].
Similar abnormalities in the ERG have also been noted in diabetic patients, and suggested to precede
and predict the microvascular histopathology [72]. These findings are consistent with the hypothesis
that early visual dysfunction precedes morphologic neurodegeneration and vascular regression in DR
(Figure 2).
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Figure 2. Proposed pathophysiology of diabetic retinopathy (DR). The early stages of diabetes mellitus
are characterized by alterations in bioenergetics and substrate selection in a variety of cell types. In the
retina, these changes cause oxidative stress and are associated with early visual deficits such as impaired
contrast sensitivity. Mitochondrial oxidative stress alters mitochondrial metabolism and upregulates
multiple seemingly independent pathways leading to retinal disease. Mitochondrial dysfunction also
changes the redox state that further enhances oxidative stress. Therefore, mitochondrial-generated
oxidative stress may precede overt neurodegeneration and microvascular disease. Abbreviations:
AGEs, advanced glycation end products; DR, diabetic retinopathy; mt, mitochondrial. ↑: increased;
↓: decreased.

4. Retinal Bioenergetics and Mitochondrial Substrate Selection

4.1. ATP-Consuming Processes in the Retina

While all retinal cells rely on ATP as a fuel source, the photoreceptors are the largest consumers.
Photoreceptors use more than 75% of oxygen of the retina and contain more than 75% of retinal
mitochondria to produce large amounts of ATP by oxidative phosphorylation (Oxphos), which is
necessary for phototransduction [73]. Phototransduction, the process by which photons are converted
into electrical signals in photoreceptors, relies on the cycling of 11-cis retinal, a vitamin A derivative
bound to an opsin G-protein-coupled receptor (GPCR). In the presence of light, 11-cis retinal is
isomerized to all-trans retinal. This photoisomerization results in a conformational change of
the opsin GPCR, leading to a signaling cascade that causes the closure of sodium ion channels,
hyperpolarization of the cell, and decreased glutamate release with depolarization of bipolar cells
initiating phototransduction. In the dark, 11-cis retinal holds the opsin GPCR in an inactive conformation
allowing the entry of sodium ions with glutamate release, thus inhibiting bipolar cells. This latter
process is referred to as the “dark current”, a high ATP consuming process needed to maintain a steady
influx of sodium ions and keep a constant membrane potential.

In order to provide a constant supply of 11-cis retinal, all-trans retinal must be converted back
to 11-cis retinal through a series of redox reactions collectively referred to as the visual cycle [74].
The visual cycle involves proteolysis of the visual pigment (opsin or rhodopsin) and release of all-trans
retinal into the RPE, where it is converted to 11-cis retinal. The rate of 11-cis retinal regeneration is
determined by the availability of ATP and nicotinamide adenine dinucleotide phosphate (NADPH) [75],
further supporting the proposition that the visual cycle is highly dependent on bioenergetic support.
Photoreceptors undergo daily shedding, losing approximately 10% of their OS to phagocytosis by the
RPE [76]. Continuous shedding of “used” OS discs and replacement with newly assembled discs,
a critical process to maintain normal photoreceptor function, also consumes a large amount of ATP
and NADPH. Photoreceptors are supported by adjacent Müller cells [77]; studies have shown that
disruption of Müller cell metabolism results in impaired assembly of nascent photoreceptor OS [78].

9



Antioxidants 2020, 9, 905

Thus, the retina is a highly active tissue and requires a remarkable amount of oxygen and ATP to
sustain its normal functions.

4.2. ATP-Generating Processes in the Retina and the Heterogeneity of Retinal Bioenergetics

The major sources of ATP in the retina are extramitochondrial glycolysis and mitochondrial Oxphos
(Figure 3). In the 1920s, Warburg and Krebs reported that the mammalian retina, as a whole, has a
metabolism largely based on aerobic glycolysis, converting 80–96% of glucose to lactic acid [79]. However,
more recent research has demonstrated that the distribution of glycolysis and oxidative metabolism
varies throughout the retina [80]. While neurotransmission in the inner retina is supported almost
entirely by glycolysis, phototransduction in the outer retina is supported by mitochondrial Oxphos [80].
Mitochondrial Oxphos occurs in the inner mitochondrial membrane in which invaginations called cristae
greatly increase the surface area for electron transport and ATP production. The electron transport chain
(ETC) consists of four complexes (I-IV) that oxidize nicotinamide adenine dinucleotide (NADH) and flavin
adenine dinucleotide (FADH2) to NAD+ and FAD+, respectively. Through a series of redox reactions,
the ETC transfers electrons towards molecular oxygen and H+ into the intermembrane space. This process
creates a transmembrane electrochemical gradient, which is used by ATP synthase (complex V) for the
phosphorylation of adenosine diphosphate (ADP) to ATP. In addition to the ETC complexes, mitochondrial
Oxphos also relies on ubiquinone (coenzyme Q) and cytochrome c (cyt c), two mobile electron carriers that
shuttle electrons between ETC complexes [81].

A comprehensive investigation into oxidative metabolism revealed that retinal mitochondrial
Oxphos operates in basal conditions at maximal capacity without a significant reserve capacity [82],
suggesting that mitochondrial defects have a significant impact on retinal energy homeostasis. In most
tissues, Oxphos is a tightly coupled process in which substrate oxidation is paired by ATP synthesis [81].
In the retina, mitochondria are reportedly less coupled, allowing proton leakage through the inner
membrane without ATP synthesis [82]. Weak coupling between electron transport and ATP synthesis
suggests that mitochondrial oxidative metabolism in the retina supports other functions in addition to
ATP production, such as maintaining the NADH/NAD+ and FADH2/FAD+ redox ratios. This concept
is one of the core focus of our review, and will be further detailed in the following sections.

Despite the high demand for ATP and NADPH described previously, photoreceptor OSs have
limited glycolytic capacity and are devoid of mitochondria (Figure 1), relying on the inner segments
(IS) for their energetic needs. Accordingly, photoreceptor ISs have the highest capacity for glycolysis,
tricarboxylic acid (TCA) cycle, mitochondrial Oxphos, and creatine phosphate-mediated shuttling
of ATP into the cytosol [80]. Photoreceptor ISs contain high amounts of hexokinase 2 (HK2) on
the mitochondrial outer membrane, which catalyzes the rate-limiting step of glycolysis, namely,
the conversion of glucose into glucose-6-phosphate. From here, a portion of glucose proceeds
through glycolysis and the TCA cycle, which provides the GTP needed for phototransduction.
Glucose-6-phosphate is also utilized in the pentose phosphate pathway, which is the primary source
of NADPH used in anabolic reactions and the regeneration of cytosolic reduced glutathione (GSH),
a major antioxidant defense mechanism. Between the two photoreceptor populations, cones contain
10-fold more mitochondria and thus have a much greater ATP-generating capacity than rods. Cone ISs
also contain greater amounts of creatine phosphate, suggesting that cones provide the cytosolic ATP
more efficiently than rods in the setting of high energetic demand [80].

The outer retina exhibits light-induced changes in oxygen consumption and ATP production [82].
As mentioned previously, phototransduction requires a steady influx of ATP and NAPDH both
for the regeneration of 11-cis retinal and photoreceptor OS. Light has been shown to stimulate the
accumulation of ribose-5-phosphate, an intermediate in the pentose phosphate pathway, which likely
reflects increased NADPH production and anabolic metabolism. Oxygen consumption also correlates
with the rod dark current, which imposes a high energetic demand in mammals [83], accounting for
41% of total retinal oxygen consumption [84]. When oxygen supply is inadequate, the dark current
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may be partially supported by glycolysis, indicating that more ATP is needed and extracted in the dark
from energetic fuel substrates through their oxidation.

In contrast to the outer retina, the inner retina does not exhibit significant light-induced changes
in oxidative metabolism. Nevertheless, neurons and glia of the inner retina also require a steady state
[ATP] for neurotransmission. Müller cells, the most abundant glial cell in the retina, are critical to the
maintenance of the neurovascular unit and perform important functions such as synaptic transmission
regulation, handling of nutrients and waste products, maintenance of the “tightness” of the blood-retinal
barrier, and survival of neurons and endothelial cells. Müller cells rely primarily on glycolysis and are
rich in glycogen reserves [85,86]. Although glucose is their preferred substrate, Müller cells also utilize
extracellular glutamate [87], and for this reason are believed to play a role in preventing glutamate
excitotoxicity. Cell culture experiments have confirmed that Müller cells exhibit aerobic glycolysis and
provide lactate that can be transferred to retinal neurons for metabolic support [88]. Their Oxphos
capacity, however, is limited. It is suggested that this metabolic heterogeneity of the retina likely plays
an important role in the cell-specific vulnerability to diabetes.

Figure 3. Glycolysis and oxidative phosphorylation in the retina. The retina relies on glycolysis and
mitochondrial oxidative phosphorylation (Oxphos) as sources of ATP. Glucose uptake into retinal
cells occurs via insulin-dependent glucose transporter 4 (GLUT4) and insulin-independent glucose
transporter 1 (GLUT1). Fatty acid (FA) uptake is not hormonally regulated, but rather potentially driven
by circulating availability (FAcirc) [89,90]. In the retina, FA uptake is regulated by a lipid sensor, the free
fatty acid lipid receptor 1 (Ffar1), and mediated by the very low density lipoprotein receptor (VLDLR).
In retinal cells, glucose follows multiple metabolic pathways, including glycolysis and the polyol
pathway, the latter of which leads to the production of sorbitol and ultimately fructose. Pyruvate is either
converted to lactate or transported into mitochondria where it is converted by pyruvate dehydrogenase
(PDH) to acetyl coenzyme A (AcCoA), which enters the tricarboxylic acid (TCA) cycle. PDH is inhibited
by pyruvate dehydrogenase kinases that are activated by excessive acetyl-CoA and nicotinamide adenine
dinucleotide (NADH). For simplicity, other glucose metabolic pathways are not shown. FAs, which are
released from triglycerides and imported into retinal cells via the VLDLR, are converted to fatty acyl-CoA,
shuttled into the mitochondria via carnitine palmitoyltransferases 1 and 2 (CPT1 and 2), and oxidized
via FA β-oxidation. FA β-oxidation yields NADH, flavin adenine dinucleotide (FAHD2), and AcCoA,
which are further oxidized by the electron transport chain (ETC) complexes in the process of Oxphos
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with ATP synthesis. FA β-oxidation is inhibited by malonyl-CoA (an intermediate of FA synthesis),
FADH2/FAD+ ratios, and NADH/NAD+ ratios. Malonyl-CoA is degraded by malonyl-CoA decarboxylase
(MCD), thus decreasing its inhibitory effect on CPT1. Although described in other organs, these regulatory
steps are yet to be identified in the retina. Mitochondrial Oxphos provides the bulk of retinal ATP.
As electrons transfer NADH and FADH2 to molecular oxygen by ETC complexes, an electrochemical
gradient is built across the mitochondrial inner membrane (IM). This gradient is used by the complex V to
produce ATP. Mitochondria-generated ATP is transferred to the cytosol by the creatine kinase (CK) shuttle
to sustain the normal functions of the retinal cells. The inset included here is an electron micrograph of a
mouse rod photoreceptor and shows the inner segment mitochondria. For simplicity, the nicotinamide
nucleotide transhydrogenase, a mitochondrial inner membrane enzyme that reduces nicotinamide adenine
dinucleotide phosphate (NADPH+) by oxidizing NADH and using the mitochondrial proton-motive
force, is not shown in this figure. The oxidized NAD+ and NADP+ are shown in red.

4.3. Substrate Selection and Energy Production

Tissues with a high metabolic rate, such as the heart, often utilize multiple energy sources (glucose,
amino acids, fatty acids), which confers some degree of metabolic flexibility during periods of scarcity
and surplus [91]. The retina also uses multiple fuel sources to generate the electron carriers NADH and
FADH2, which donate their electrons directly to complex I and coenzyme Q-complex III, respectively,
and ultimately establish the electrochemical gradient that drives ATP synthesis [81].

In addition to glucose, palmitate (C16:0), one of the most abundant fatty acids (FAs) in the human
body, can also be used as a fuel substrate for retinal mitochondrial energy production [92]. In the retina,
cellular FA uptake is mediated by the very low density lipoprotein receptor (VLDLR) that is expressed on
both photoreceptor and RPE cells. Moreover, the expression of proteins involved in FA β-oxidation has
been reported throughout the retina, including RGCs, photoreceptors, and Müller cells, albeit in varying
amounts [93,94], indicating that retinal cells possess the machinery to oxidize lipids as fuel sources.
FA oxidation is essential for retinal metabolism and function. In support of this concept, genetic mutations
in specific enzymes involved in β-oxidation cause mitochondrial dysfunction, pigmentary retinopathy,
and ultimately vision loss [95]. In mice, knockout of the peroxisome proliferative-activated receptor-α
(PPARα), a nuclear receptor that modulates lipoprotein lipase expression and triglyceride metabolism,
causes decreased lipid metabolism and retinal neurodegeneration [96]. Despite recognizing FA as a fuel
source, the involvement of potential changes in FA β-oxidation remain largely unexplored in the retina in
diabetes, a disease associated with increased FA availability. Nevertheless, two large-scale clinical trials
known as the Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) and Action to Control
Cardiovascular Risk in Diabetes (ACCORD) studies have shown that the PPARα-agonist fenofibrate
slows the progression of DR [97,98]. These findings raise the possibility that diabetes-induced alterations
in mitochondrial FA β-oxidation may contribute to retinal dysfunction.

Further research has investigated the role of FA β-oxidation in the retinal microvasculature.
Surprisingly, impaired FA oxidation in retinal endothelial cells neither results in energy depletion
nor does it disturb redox homeostasis [99], suggesting that FA oxidation in these cells likely supports
cellular functions in addition to ATP production. Using isotope labeling experiments, Schoors et al. [99]
demonstrated that FA-derived carbon units are incorporated into aspartate (a nucleotide precursor)
and eventually DNA. The same group also showed that blockade of carnitine palmitoyl transferase 1
(CPT1), the rate-limiting enzyme in FA β-oxidation, inhibits pathological neovascularization in mice.
These data suggest a novel role of FA oxidation in endothelial cell proliferation and maintenance of the
neurovascular unit. These findings raise the important question of whether, in diabetes, the retina
exhibits a “metabolic switch” towards increased FA oxidation, similar to other high-energy consuming
organs (e.g., heart, kidney). While such data are scarce, at least one study has indicated that the retina
can increase the expression of FA oxidation enzymes in diabetic rats [100]. Subsequent studies will
be needed, however, to characterize and quantify the relative contribution of individual energetic
substrates to energy production in the diabetic retina.
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Diabetes is characterized by decreased insulin action (a decrease in either secretion or sensitivity)
and increased availability of energetic substrates (i.e., glucose and FAs). In the heart, also a highly
energy consuming organ, increased availability of FAs is associated with a rapid decrease in glucose
oxidation [101], thus reducing metabolic flexibility and increasing reliance on FAs for ATP production.
In hepatocytes and adipocytes, increased availability of glucose leads to increased flux through the TCA
cycle and increased production malonyl coenzyme A (malonyl-CoA), which inhibits CPT1 and spares
lipids from β-oxidation. Similar to the heart, these changes indicate a decrease in metabolic flexibility.
In the retina, glucose uptake occurs via both insulin-independent glucose transporter 1 (GLUT1) and
insulin-dependent glucose transporter 4 (GLUT4) [102,103]. The retina also expresses a lipid sensor
known as free fatty acid receptor 1 (Ffar1) (Figure 3) [92]. Ffar1 regulates insulin secretion in the islets
of Langerhans [104] and neuronal function in the brain [105]. Interestingly, Ffar1 has been shown
to downregulate GLUT1 expression in VLDLR-deficient photoreceptors, resulting in a dual glucose
and lipid substrate uptake [92], which predictably leads to low levels of TCA cycle intermediates.
Several TCA cycle intermediates including α-ketoglutarate and succinate have been shown to
modulate the stabilization of hypoxia-inducible factor 1α [106]. In VLDLR-deficient photoreceptors,
low α-ketoglutarate stabilizes hypoxia-inducible factor 1α and promotes neovascularization [92].
While similar studies have yet to be performed in the context of DR, these findings suggest multiple
mechanisms by which the selection of energetic substrates, all plentiful in diabetes, may change retinal
disease progression.

5. Alterations in Mitochondrial Oxidative Metabolism in the Neural Retina

5.1. Localization of Mitochondria in the Retina

An increasingly popular view is that diabetic milieu leads to the uncoupling of the retinal
neurovascular unit [6], a concept that implies impaired crosstalk between neurons, glia, and the
microvascular network [23]. While Müller cells rely primarily on glycolysis for ATP, those located in
highly vascularized portions of the retina are rich in mitochondria [107], raising the possibility that
mitochondrial dysfunction in Müller cells may have neurovascular consequences. Mitochondria also
concentrate in the photoreceptor IS and the most external ends of the RPE (Figure 1), which likely reflects
their migration toward the oxygen-rich choriocapillaris during neurodevelopment [108]. The specific
distribution of mitochondria in the retina may explain, at least in part, the regional susceptibility to
neurodegeneration and microvascular lesions in DR.

5.2. Diabetes Alters Mitochondrial Function in the Retina

The function of healthy and diseased mitochondria can be evaluated by measuring oxygen
consumption rates in isolated mitochondria, retinal explants, or cultured retinal cells. However,
due to limitations imposed by the small sample volume, many studies have resorted to studying
mitochondrial function in retinal homogenate rather than individual cells or specific retinal layers.
Retinal mitochondria exhibit a biphasic response to diabetes, characterized by an early and transient
activation followed by a later decline. Masser et al. [100] showed that basal and ATP-linked oxygen
consumption rates were significantly elevated in the retina of 3-month-old diabetic rats. In the same
study, proteomic analysis revealed elevated levels of several FA β-oxidation enzymes and antioxidant
proteins, suggesting a positive adaptive response of the retina to the diabetic milieu. This response
mirrors the diabetic heart in that it indicates an energetic shift toward reliance on FA β-oxidation and
metabolic inflexibility [101]. Another study reported increased mitochondrial oxygen consumption in
diabetic rats at 3 weeks of hyperglycemia [109], which was associated with increased specific activities
of complexes I, II, and III. Despite an increase in oxygen consumption and ETC complex activity,
ATP generation was unchanged due to mitochondrial uncoupling, suggesting mitochondrial activation
and inefficiency rather than mitochondrial defects. Similarly, in a model of spontaneous T2D in the
cone-rich diurnal Nile rat, a short-term (2 month) hyperglycemia increased complex I-dependent
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mitochondrial respiration and was associated with increased cytochrome c access to cytochrome c
oxidase, suggesting a change in composition or organization of the mitochondrial inner membrane [110].
Increased mitochondrial membrane permeability was confirmed in isolated mitochondria from retinas
of Zucker diabetic fatty rats with 6 weeks of persistent hyperglycemia and was associated with a
concomitant decrease in mitochondrial complex III-specific activity [111].

Osorio-Paz et al. [109] reported that longer (approximately 6 weeks) durations of STZ-induced
diabetes in rats caused a decreased cytochrome c-reducing activity of complex III, while complexes
II and IV were hyperactive when measured in isolated retinal mitochondria. These changes in ETC
complex-specific activities reflect a decrease in oxygen consumption of retinal mitochondria energized
with a combination of energetic substrates (glutamate and malate) that are generating NADH to be
oxidized by complex I. Intriguingly, the generated ATP was unchanged. Mitochondrial respiration
in the presence of substrates feeding electrons into complex I (NADH pathway) and II (succinate
pathway) involves complexes III and IV, as well as mobile electron carriers such as co-enzyme Q and
cytochrome c. Therefore, it is expected that a change in individual components will affect the whole
Oxphos pathway. However, the effect of individual components on the whole integrative function
depends upon the control of that component on the Oxphos. In comparison with heart, where the
impact of individual components on the Oxphos and ATP synthesis has been determined, this control
has yet to be investigated in the normal and diabetic retina. While it is unclear if complex III defect
is limiting for the Oxphos in the diabetic retina, a decreased complex III activity led to increased
superoxide in a mouse model of STZ-induced diabetes; both were normalized by overexpressing the
mitochondrial antioxidant enzyme, manganese superoxide dismutase (MnSOD) [112].

In contrast with short-term diabetes, a long-term (18 months) sustained hyperglycemia in T2D Nil
diurnal rats caused a decrease in NADH-supported mitochondrial respiration accompanied by an
increase in succinate contribution to the maximal Oxphos capacity in the whole retinas, thus confirming
a partial decline in mitochondrial bioenergetics [110]. As NADH-induced mitochondrial respiration is
supported by complex I, co-enzyme Q, complex III, cytochrome c, and complexes IV and V, these results
suggest a potential defect in any of these Oxphos subunits.

Mitochondrial DNA (mtDNA) follows a similar response in the diabetic retina. Alterations in the
morphology and function in the neural retina occurring within the first 3 months of diabetes in rats
are not associated with changes in mtDNA in isolated retinal synaptosomes. These findings suggest
that alterations of mtDNA in synaptosomes are not causative for the early neural retina dysfunction
in diabetes [100]. In addition, in a model of T1D in rats, while an elevated oxidative stress was
detected as early as 15 days of diabetes, mtDNA damage was observed much later at 6 months due
to inactivation of the DNA repair/replication enzymes [113]. A similar temporal relationship was
observed in endothelial cells exposed to high glucose [114]. These data suggest that the oxidative
damage of mtDNA is fully compensated in early stages of diabetes while the altered mtDNA in later
stages leads to a decline in mitochondrial transcription and secondary ETC defects. A summary of the
mitochondrial alterations in DR is presented in Tables 1 and 2.
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6. Mitochondria-Derived Oxidative Stress in the Diabetic Retina

Oxidative stress is a critical component of altered homeostasis across multiple cell types involved
in DR [141]. ROS are defined by the presence of a highly reactive oxygen molecule, and are
generated as normal byproducts of cellular redox reactions. Mitochondria generate superoxide during
oxidation-reduction reactions as some electrons may leak to univalently reduce molecular oxygen.
A number of mitochondrial antioxidant defense mechanisms are in place to prevent the increase in
oxidative stress, including MnSOD, catalase, reduced glutathione, and thioredoxin. Mitochondria are
both the producers and targets of oxidative stress, with the latter altering mtDNA and mitochondrial
proteins leading to mitochondrial dysfunction. Defects in the ETC further amplify the risk of increased
oxidative stress. In the retina, this self-perpetuating cycle has been referred to as the “metabolic memory”
phenomenon, a hypothesis that is supported by the persistence of altered mtDNA, decreased activity
of ETC complexes, and increased oxidative stress throughout the retina despite the reinstitution of
good glycemic control [142].

The proposition that increased oxidative stress is a key pathogenic factor in the development of DR is
supported by finding of insufficient antioxidant defenses in diabetic patients [143]. Antioxidant approaches
alleviate diabetes-induced vascular lesions in the retina [112,144,145]. Moreover, the causal link between
increased mitochondrial-generated oxidative stress and retinal microvascular disease in diabetes is
supported by the effect of overexpressing the mitochondrial antioxidant enzyme, MnSOD, to decrease the
number of acellular capillaries in diabetic mice [112]. Therefore, mitochondria are directly implicated in
the development of diabetic microvascular lesions.

Mitochondrial dysfunction in retinal endothelial cells has been identified as the upstream
contributor to diabetic vascular disease in diabetes [146,147]. Recent evidence indicates that the
neurovascular unit is functionally affected before the onset of retinal microvascular disease, and that
the neural retina is affected by oxidative stress originating from the photoreceptors [148]. The role of
photoreceptors as oxidative stress generators is supported by the observation that human patients with
photoreceptor degeneration and retinitis pigmentosa have less severe DR than diabetics with intact
photoreceptors as well as diabetic mice lacking photoreceptors due to opsin deficiency [34]. The work
of Du et al. [34] unequivocally identified photoreceptors as the major source of superoxide generated
by retinas of diabetic mice, and showed that mitochondria contributes to at least 50% of oxidative
stress, thus complementing the NADPH oxidase. Their deletion inhibited the expected increase in
superoxide and inflammatory proteins in the remaining retina in diabetic mice. Of note, Müller cells
cultured in high glucose also exhibit increased oxidative stress [149], but their contribution to DR
in vivo is unknown.

There are two potential mechanisms explaining the increased superoxide production by the
diabetic photoreceptors. The first hypothesis is that defects of the mitochondrial ETC interrupt the
normal electron flow to fully reduce oxygen, thus leading to accumulation of electrons at sites within
the ETC, which are accepted by oxygen to generate superoxide [150]. The ETC sites prone to leak
electrons to oxygen are complexes I and III [151,152]. In support of this hypothesis, we recently
reported that correcting the electron flow within the complex I-deficient ETC decreased oxidative stress
and photoreceptor damage [153]. The second hypothesis is that an early increase in mitochondrial
oxidative phosphorylation fed by an increased FA β-oxidation brings additional sites of electron leak to
oxygen, as was shown for the heart [154,155] and kidney tubules in diabetes [156]. These possibilities
are not mutually exclusive, but they are yet to be investigated in the retina.

Superoxide is dismutated to hydrogen peroxide, a highly permeable compound that may support
the crosstalk between retinal cells and affect neighbor cells, thus providing a link between neural retina
and microvasculature. However, this crosstalk has not yet been investigated in the retina. Oxidative stress
increases the expression of pro-inflammatory proteins [157] and enhance retinal inflammation [158]
that contributes to early DR [159]. In addition, in the microvasculature, increased oxidative stress
is also associated with increased apoptosis [114,160,161], further compromising the integrity of the
neurovascular unit.
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7. NAD Pool and the NADH/NAD+ Redox Ratio in the Diabetic Retina

7.1. NAD Pool

Nicotinamide adenine dinucleotide (NAD) is a coenzyme for redox enzymes, shuttling electrons
from glycolysis and the TCA cycle to complex I in the ETC. The oxidized form, NAD+, is also a
co-substrate for non-redox reactions such as those catalyzed by sirtuin (SIRT) and poly (ADP-ribose)
polymerase (PARP) families of proteins [162,163]. This link represents a highly conserved mechanism by
which redox status influences a wide range of cellular and metabolic functions, including cell signaling,
DNA transcription, and programmed cell death. Recent work by Lin et al. [164] suggest that NAD
is essential for vision. In this study, specific deficiency of NAD in rod photoreceptor for 6 weeks led
to massive atrophy of the entire neurosensory retina, affecting the microvasculature, RPE, and optic
nerve. The complete absence of the outer nuclear layer (photoreceptor nuclei) indicates that cone
photoreceptors are also secondarily affected by rod NAD deficiency. These results strongly suggest that
retinal photoreceptors are essential for the integrity of the whole retina. Although similar studies have
not yet been conducted in the context of DR, these findings suggest that alterations of the photoreceptors
precede the vascular regression in diabetes. During a short (3-week) period of NAD deficiency,
mitochondrial morphology was maintained as normal, whereas at 4 weeks, mitochondrial cristae
were lost, and photoreceptor OS were disrupted. Metabolomic analysis showed that NAD deficiency
causes dysregulation of multiple metabolic pathways including the TCA cycle, mitochondrial protein
biosynthesis, and propionate metabolism with accumulation of acylcarnitines, and also decreased ATP
production. Both glycolysis and mitochondrial Oxphos were affected. These results highlight the critical
role of metabolism and bioenergetics to maintain the photoreceptor integrity. The same research group
identified the decreased retinal NAD pool as an early feature in retinal disease caused by STZ-induced
diabetes at 3 weeks of sustained hyperglycemia [164]. NAD deficiency caused photoreceptor death and
diminished rod ERG recordings. These data support the concept that mitochondrial dysfunction in
photoreceptors in the neural retina proceed the vascular regression in the diabetic retina.

7.2. NADH/NAD+ Redox Ratio

The “hyperglycemic pseudohypoxia” hypothesis [165,166] suggests that diabetes is associated
with an increased cellular NADH/NAD+ redox ratio attributed to an increased flux through the polyol
pathway and resulting in altered metabolism and neurovascular dysfunction. The polyol pathway is a
two-step reaction involving the reduction of glucose to sorbitol and the subsequent oxidation of sorbitol
to fructose [167]. The rate-limiting step in this pathway is catalyzed by aldose reductase, which is
expressed in all cells and utilizes NADPH as an electron donor. Importantly, aldose reductase is activated
by hyperglycemia. The second step in the polyol pathway is catalyzed by sorbitol dehydrogenase,
which uses NAD+ as an oxidizing agent to produce fructose and thus increases the NADH/NAD+ redox
ratio. Studies have shown that both sorbitol and fructose accumulate in diabetic tissues, including the
retina [168,169], suggesting that the polyol pathway may contribute to oxidative stress in DR. This finding
is supported by the observation that genetic knockout of aldose reductase protects retinal endothelial
cells from oxidative stress [170].

The redox state is compartmentalized between cellular organelles. The cytosolic NADPH/NADP+

is maintained in a reduced state necessary for drive biosynthetic and antioxidant processes. In energized
mitochondria NADH exceeds NAD+ to provide electrons for the ETC while the cytosol has a higher
NAD+, reflecting a relatively oxidized redox state [171]. Mitochondrial NADH/NAD+ redox ratio
is closely related with mitochondrial function. We recently reported that a mitochondrial complex
I defect directly results in an increased NADH/NAD+ ratio in cultured photoreceptor cells [153].
Diederen et al. [172] found no significant differences in NADH/NAD+ redox ratios in the whole retina
of 6-month-old STZ-induced diabetic mice. The redox status in specific cellular organelles including
mitochondria was not assessed in this study. It may be predicted that mitochondrial redox state is
unchanged in early stages of DR when considering the biphasic response of retinal mitochondria

17



Antioxidants 2020, 9, 905

to the diabetic milieu. An early enhanced mitochondrial function would be expected to maintain
a normal NADH/NAD+ redox ratios until ETC defects begin to manifest. While complex I and IV
defects are associated with the accumulation of NADH and an increased NADH/NAD+ ratio [173,174],
measures taken to correct ETC defects can be used to decrease NADH and restore redox balance [175].
These data are consistent with the hypothesis that ETC defects cause an increase in NADH and a
reduced redox microenvironment in retinal mitochondria.

A potential mechanism that may increase cellular NADH/NAD+ redox ratio is the activation of
poly (ADP-ribose) polymerases (PARPs), a family of proteins best known for their role in DNA repair.
PARPs are activated in response to DNA damage and catalyze the transfer and polymerization of
ADP-ribose to DNA repair enzymes. This reaction requires NAD+, leading some to hypothesize that
PARP activation could lead to NAD+ depletion and altered redox homeostasis. PARP-deficient mice are
protected against diabetes [176], and exhibit preserved redox homeostasis and mitochondrial function [177].
The mitochondrial protective effect is mediated by activating the NAD+-dependent deacetylases, sirtuins
(SIRTs). Among the large family of SIRT proteins, SIRT1 is an extramitochondrial protein with a wide
range of functions in both metabolism and aging. Recent work by Mishra et al. [178] have shown that the
SIRT1 promoter is hypermethylated in STZ-induced diabetic mice. SIRT1 overexpression protected the
mice against mitochondrial damage, neural dysfunction, RGC degeneration, and blood–retinal barrier
breakdown. A role of mitochondrial sirtuins in retinal disease is supported by the finding that genetic
knockout of SIRT3, a mitochondrial SIRT, mirrors NAD+ deficiency and leads to early and rapid retinal
degeneration [164].

The immediate consequence of an increased mitochondrial NADH/NAD+ redox ratio is reductive
stress (increased NADH) and NAD+ deficiency, which is detrimental to photoreceptor integrity [153].
Mitochondrial production of ROS is largely governed by the NADH/NAD+ ratio, as an increased
[NADH] slows the ETC flux. The antioxidant defense is supported by the NADPH/NADP+ redox
ratio. NADPH is a potent reducing agent involved the regeneration of antioxidant compounds such
as reduced glutathione. Importantly, the mitochondrial NADH/NAD+ and NADPH/NADP+ redox
couples are linked by nicotinamide nucleotide transhydrogenase (NNT), an enzyme that leverages the
proton-motive force in the oxidation of NADH and the simultaneous reduction of NADP+ (Figure 4A).
NNT maintains a NADPH/NADP+ ratio several-fold higher than the NADH/NAD+ ratio, and thus is
a physiologically relevant source of NADPH that drives the reduction of H2O2 [179]. While NNT is
reported to be expressed exclusively in cardiac tissue [180], we provide evidence here that the NNT
protein is also expressed in the retina (Figure 4B). The role of NNT to maintain the mitochondrial redox
state and antioxidant defense is yet to be determined.

Figure 4. Nicotinamide nucleotide transhydrogenase (NNT). (A) NNT is a mitochondrial enzyme
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that oxidizes NADH, and therefore supplements complex I in the process of regenerating NAD+.
In addition, the enzyme forms NADPH that is critical to maintain the antioxidant potency of
mitochondria by maintaining the reduced glutathione (GSH) [181,182]. (B) Western blot analysis of
the NNT protein expression in a variety of tissues in both male in female mice. Abbreviations: UCP,
uncoupling protein; H, heart; K, kidney; Br, brain; R, retina; BAT, brown adipose tissue; WAT, white
adipose tissue; L, liver.

8. Alterations in Mitochondrial Turnover

8.1. Mitochondrial Biogenesis and Mitophagy

The balance between mitochondrial formation and destruction regulates the cellular mitochondrial
mass. Mitochondrial biogenesis is the cellular process to increase total mitochondrial content. This process
relies on the coordinated action of cell signaling molecules, molecular chaperones, and transcription
factors, all of which working in tandem to replicate the mitochondrial genome and proteome. One of the
most upstream factors is the peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC-1α),
which has been referred to as the “master regulator” of mitochondrial biogenesis [183]. Among its
many downstream targets is mitochondrial transcription factor A (TFAM), which is translocated to the
mitochondrial matrix and initiates mitochondrial genome replication. In the past decade, a series of
studies conducted by Santos et al. [127,129,184] have shown that mitochondrial biogenesis is altered
in both experimental and human DR. Specifically, Santos et al. [129] found that nuclear-mitochondrial
translocation of TFAM is impaired within 12 months of STZ-induced diabetes. Subsequent experiments
by the same group determined that TFAM is ubiquitinated and targeted for proteasomal degradation,
and its translocation to the matrix is impaired [128]. Overexpression of MnSOD or administration of the
exogenous antioxidant lipoid acid had a positive impact on mitochondrial localization of TFAM and
mtDNA copy number [127,129], further supporting a role of oxidative stress as an upstream regulator
of mitochondrial biogenesis. An important limitation, however, is that most of these studies were
performed in retinal homogenate or endothelial cells. Thus, whether these specific findings translate to
specific cell populations within the neural retina is an important question that remains to be explored.

Mitophagy is a specialized form of macro-autophagy by which damaged or excessive mitochondria
are selectively targeted for lysosomal degradation. Several groups have reported that Müller cells
grown in high glucose exhibit enhanced mitophagy [119–121,124]. This phenomenon is thought
to occur in part as a consequence of hyperglycemia-induced expression of thioredoxin-interacting
protein (TXNIP), which binds to and inhibits the antioxidants thioredoxin 1 and thioredoxin 2.
Hyperglycemia-induced expression of TXNIP is observed in the vasculature, pericytes, and the
RPE [130,185], suggesting a conserved mechanism across cell types. Knockdown of TXNIP reduces
oxidative stress, improves ATP synthesis, and restores mitophagic flux [119]. Some of these findings
have since been validated in the db/db mouse model by Zhou et al. [124]. When considered together
with the work of Santos et al. [114,127–129,186], these findings suggest that DR is characterized by a
gradual decrease in mitochondrial content, both due to impaired biogenesis and enhanced mitophagy.
Recent work by Hombrebueno et al. [121] suggests that these processes have a temporal relationship.
Using the spontaneous Ins2Akita diabetic mouse model, Hombrebueno et al. [121] observed enhanced
PTEN-induced kinase (PINK1)-dependent mitophagy in both Müller cells and photoreceptors within
the first 2 months of diabetes. While increased mitochondrial biogenesis can compensate for enhanced
mitophagy, compensatory mechanisms begin to fail at 8 months of diabetes, resulting in decreased
mitochondrial mass.

8.2. Fusion–Fission Dynamics in the Retina

Mitochondria exist in a constant flux of fusion and fission, which is necessary to respond to the
energy requirements of the cell (for a review, see [187]). This process is regulated by mitofusin-2
(Mfn2) and dynamin-related protein 1 (Drp1), two antagonistic GTPases that regulate fusion and fission,
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respectively. In human DR, Mfn2 protein levels are reduced, while Drp1 is increased, suggesting an
imbalance between these two GTPases that favors mitochondrial fission, reduced mtDNA, and possibly
decreased ATP synthesis [188]. These findings have also been observed in Müller cells and photoreceptors
grown in high-glucose conditions [119]. Although the exact mechanism is largely unexplored, a shift
toward mitochondrial fission may also be due to oxidative damage. In support of this hypothesis,
administration of melatonin, which is well-known for its antioxidant properties, preserved mitochondrial
fusion in photoreceptors both in vitro and in vivo [118]. Alternatively, enhanced mitochondrial fission
may be due to increased methylation at the MFN2 promoter site, as shown in endothelial cells [136].
However, this finding alone does not explain the reported increase in Drp1, which independently favors
mitochondrial fission. This area of research is still in its preliminary stages, and subsequent studies will be
necessary to confirm its significance in DR.

9. Consequences of Increased Oxidative Stress in the Neural Retina

9.1. Diabetic Milieu Alters Ion Channel Homeostasis in the Retina

Early in its course, diabetes causes a paradoxical closure of the L-type calcium ion channels
(LTCCs) in the dark, as suggested by manganese-enhanced magnetic resonance imaging (MEMRI)
studies that have shown that photoreceptor uptake of manganese (a calcium surrogate) is significantly
reduced in the dark-adapted rodents [189]. Because these ion channels are essential for the regulated
release of neurotransmitters at the photoreceptor synapses, paradoxically closed photoreceptor LTCCs
in the dark have significant functional consequences. Alterations in ion channel homeostasis have also
been reported at the level of the mitochondria. The expression of the mitochondrial calcium uniporter
(MCU), which plays important roles in calcium buffering and ion channel homeostasis, is decreased in
photoreceptors grown in high glucose conditions [190]. Retinal neurons cultured in high glucose exhibit
increased mitochondrial calcium load, associated with depolarization of mitochondrial membrane and
ROS generation. Similar observations were made in retinas from 9-week-old diabetic rats [191].

Long-term diabetes causes mitochondrial ETC defects and decreases mitochondrial respiration
efficiency in the retina, with both being canonical causes of energy deficit. However, available data
do not support the hypothesis that ATP deficit is responsible for the dysfunction in ion channels as
retinal [ATP] is unchanged in diabetes [192]. Decreasing oxidative stress in diabetic rodents with
copper/zinc superoxide dismutase (Cu/Zn SOD) overexpression or lipoic acid administration corrected
the diabetes-induced ion flux abnormalities in photoreceptors in the dark [145,193], suggesting that
abnormalities in ion homeostasis are induced by increased oxidative stress. Studies showing that
diabetes elevates oxidative stress in the retina by both promoting ROS production and suppressing the
antioxidant defense [117] also provide strong support for this hypothesis.

9.2. Apoptosis

The intrinsic (mitochondrial) pathway of apoptosis is initiated by increased permeabilization of the
mitochondrial outer membrane and activation of the apoptotic signaling cascade. Notably, the intrinsic
pathway is induced by increased oxidative stress [194], making this pathway highly relevant in DR,
as virtually all cell types in the retina experience hyperglycemia-induced oxidative stress [116,123,164,195].
RGCs [133] and the retinal microvasculature in particular have been shown to undergo oxidative
stress-induced apoptosis [114,160]. Several groups have reported that administration of exogenous
antioxidants preserved mitochondrial integrity and prevent cell death in the diabetic retina [116,133].
These findings reiterate the concept that oxidative stress is an early event in the pathogenesis of DR,
whereas cell death generally occurs as a later and secondary event.
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10. Therapeutic Implications

10.1. Therapies Focused on Maintaining the Integrity of Retinal Mitochondria

The Diabetes Control and Complications Trial showed that intensive insulin replacement therapy
reduces the incidence and slows the progression of DR [5]. However, the incidence of DR remains high,
and many patients still progress to PDR despite advances in diabetes care. Accordingly, second-line
treatments are frequently necessary to manage the later complications of DR. These therapies are
highly effective in managing the sight-threatening complications of DR. Thus, it is critical to better
understand the early stages of DR and develop new therapies to prevent its progression. The need for
new therapies in early stages of DR is further highlighted by the “metabolic memory” phenomenon
(for a review, see [2]), which may be a consequence of persistent mitochondrial damage and oxidative
stress [142]. This hypothesis is consistent with the benefit of mitochondrial targeted therapy to preserve
mitochondrial integrity and vision in experimental DR.

An important antioxidant therapy is the Szeto–Schiller (SS) tetra-peptide, SS-31 (elamipretide),
which is concentrated in the inner mitochondrial membrane and selectively stabilizes cardiolipin [196],
a phospholipid critical for mitochondrial integrity and function, which is prone to oxidative damage in
diabetes [197]. SS-31 enhances the interaction between cytochrome c and cardiolipin to facilitate better
electron transfer from complex III to complex IV, and reduces mitochondrial oxidative stress [198,199].
Evidence from animal studies suggests that SS-31 could reduce the risk of vascular disease in diabetes,
as administration of SS-31 alleviated the microvascular retinal disease in rodent models of DR [200,201],
and increased SIRT1 while ameliorating retinal inflammation in rodent and human subjects with
T2D [202]. However, human studies have shown limited efficacy to date, and no studies have been
performed in patients with DR.

Numerous studies have suggested that oxidative stress may be modulated by uncoupling proteins
(UCPs), a family of proteins named for their ability to uncouple electron transport from ATP synthesis.
These proteins decrease mitochondrial ROS production by decreasing the electrochemical gradient [203],
a process called “mild uncoupling”. The theory is based on the observation of Korshunov et al. [204] that
ROS generation increases in an exponential manner when mitochondrial membrane potential exceeds a
threshold that is higher than that corresponding to the mitochondrial energetic state in in vivo settings.
The hypothesis is also based on the assumption that the diabetic milieu increases the availability
of energetic substrates (glucose, FAs) to the retina, which are oxidized to increase mitochondrial
membrane potential (“hyperpolarization”). This hypothesis is supported by the observation that
UCP2-deficient mice exhibit increased ROS generation [205], whereas overexpression of the UCP2 gene
preserves mitochondrial function in human umbilical endothelial cells [206]. In the retina, UCP2 protein
levels and activity are increased in retinal endothelial cells grown in high-glucose conditions [207],
which may indicate a compensatory response to oxidative stress. However, administration of the
uncoupling agent niclosamide ethanolamine has shown no benefit in the treatment of diabetes or
its complications in db/db mice [208] indicating the lack of benefit of uncouplers in in vivo settings.
A potential explanation is that Oxphos is a process regulated by energy demand rather than substrate
availability. In diabetes, increased substrate availability does not increase oxidative metabolism that
exceeds ATP synthesis [109], a mechanism that would lead to “hyperpolarization”. While UCPs may
be an important endogenous defense mechanism in the setting of oxidative stress, their therapeutic
utility is unclear.

Improving the efficiency of electron flow within the defective mitochondrial ETC may be an
optimal approach to relieve the increased electron density at specific ETC sites and eliminate the
risk of oxygen univalent reduction and superoxide formation. Methylene blue, a redox compound
that provides an alternative electron route between mitochondrial complex I and cytochrome c [209],
preserves mitochondrial and photoreceptor integrity by preventing oxidative stress in a model of
complex I defect [153] and experimental diabetes [34].
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Idebenone, a synthetic benzoquinone that mediates electron transfer to complex III by bypassing
complex I [210], is a free radical scavenger [211], reduces intracellular ROS and increases ATP production
in complex I-defective cells [212–214], and promotes an increase in mitochondrial mass by regulating
mitophagy [215]. Its mitochondrial protective effects have recently been investigated as a drug therapy
for Leber’s hereditary optic neuropathy, a rare genetic mitochondrial disease that causes rapid and
progressive bilateral vision loss in young adults. A 24-week multi-center double-blind, randomized,
placebo-controlled trial in patients with Leber’s hereditary optic neuropathy show a mild benefit
in visual acuity [216] that was confirmed when treatment started 5 years after the diagnosis [217].
The benefic outcomes are considered a result of idebenone to restore the bioenergetics in the remaining
dysfunctional RGC. Evidence for efficacy of idebenone in human patients with primary or acquired
mitochondrial defects are still limited, and restrict its use in DR.

10.2. Clinical Trials and the Role of Antioxidants in the Management of DR

Despite the evidence that antioxidants can slow the progression of DR, clinical trials have had
mixed results. This topic was very recently reviewed by Garcia-Medina et al. [218], but is summarized
here for completeness. The most successful interventions have been those that use combined antioxidant
therapy (CAT). The Diabetes Visual Function Supplement Study showed that CAT may improve visual
acuity and contrast sensitivity among participants with T1D and T2D without clinically detectable
retinopathy or with mild non-proliferative diabetic retinopathy (NPDR) [219]. This finding is supported
by the prior work of Hu et al. [220], who showed that patients with NPDR have lower levels of lutein
and zeaxanthin, and further demonstrated that supplementation with these antioxidants reduces
oxidative stress and may improve visual function. Although the previous two studies suggest a role of
CAT in the management of DR, the conclusions are limited by the short study duration (6 and 3 months,
respectively) relative to the chronicity of DR. To date, the longest trial that has been conducted was a
5-year follow-up of patients taking a commercially available multi-vitamin showing that antioxidants
may slow the progression of DR as detected by ophthalmic examination [221]. However, in contrast
to the above studies, the investigators did not observe a significant improvement in visual acuity.
These discrepancies highlight the need for additional studies to find better therapeutic strategies
that decrease the mitochondrial ROS generation by preserving mitochondrial function rather than
scavenging the already generated ROS.

11. Conclusions

The pathogenesis of DR is complex and likely involves the simultaneous dysregulation of
multiple metabolic and signaling pathways throughout the retinal neurovascular unit. Alterations in
mitochondrial function has broader consequences than changes in ATP content. Increased oxidative
stress and alterations in the redox balance are interrelated mechanisms that are altered by diabetes,
and their effect on retinal structure and function in diabetes is yet to be explored. The benefit
of maintaining retinal energetic flexibility and optimal fuel selection between plentiful competing
substrates (glucose versus FA) in diabetes remains largely unexplored, and may represent a promising
area of research. Although the present review focuses on the roles of mitochondrial dysfunction and
oxidative stress, cellular dysfunction in the retina can take many forms, including neuroinflammation
and blood–retinal barrier breakdown. These processes likely occur in parallel and thus future studies
should adopt a comprehensive approach that appreciates the interconnectedness of the retina.
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Abstract: Hyperglycemia, a defining characteristic of diabetes, combined with oxidative stress, results
in the formation of advanced glycation end products (AGEs). AGEs are toxic compounds that have
adverse effects on many tissues including the retina and lens. AGEs promote the formation of reactive
oxygen species (ROS), which, in turn, boost the production of AGEs, resulting in positive feedback
loops, a vicious cycle that compromises tissue fitness. Oxidative stress and the accumulation of AGEs
are etiologically associated with the pathogenesis of multiple diseases including diabetic retinopathy
(DR). DR is a devastating microvascular complication of diabetes mellitus and the leading cause of
blindness in working-age adults. The onset and development of DR is multifactorial. Lowering AGEs
accumulation may represent a potential therapeutic approach to slow this sight-threatening diabetic
complication. To set DR in a physiological context, in this review we first describe relations between
oxidative stress, formation of AGEs, and aging in several tissues of the eye, each of which is associated
with a major age-related eye pathology. We summarize mechanisms of AGEs generation and
anti-AGEs detoxifying systems. We specifically feature the potential of the glyoxalase system in
the retina in the prevention of AGEs-associated damage linked to DR. We provide a comparative
analysis of glyoxalase activity in different tissues from wild-type mice, supporting a major role for
the glyoxalase system in the detoxification of AGEs in the retina, and present the manipulation of this
system as a therapeutic strategy to prevent the onset of DR.

Keywords: diabetic retinopathy; oxidative stress; glycation; aging; glyoxalase

1. Oxidative Stress is Related to Many Age-Related Eye Diseases

Age-related eye diseases such as cataract, age-related macular degeneration (AMD), glaucoma, and
diabetic retinopathy (DR) are the main causes of progressive and irreversible vision loss worldwide [1].
Loss of vision caused by these diseases diminishes quality of life [2–4]. The World Health Organization
(WHO) reported that in 2010, there were 285 million people visually impaired, of which 39 million
were blind, and that by 2050 it is estimated that the number will triple, exacerbating the enormous
personal and public health burdens [5,6].

The pathogenesis of age-related eye diseases is complex and depends on many factors, some of
which remain to be identified. However, it is clear that oxidative stress and the resultant dysfunctional
cellular moieties are pathoetiologic for the development of age-related eye diseases [7–10].
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Oxidative stress is defined as the generation of excess reactive oxygen species (ROS) beyond
the capacity of the biological systems that detoxify these reactive free radicals [11]. Examples of
ROS include hydrogen peroxide (H2O2), superoxide (O2

•−), and nitric oxide (NO). These imbalances
lead to oxidative alterations of cellular macromolecular targets such as DNA, RNA, lipids, proteins,
and carbohydrates, and eventually to dysfunction and degeneration of tissues [12–14]. In proteins,
carbonyls are formed by the Fenton reaction of oxidants with lysine, arginine, proline, and threonine
residues of the protein side chains [15]. Typical sequelae of oxidation are the formation of protein
aggregates and impaired activity of many proteins, both structural and catalytic [16–19].

Although not the focus of this review, additional biological oxidation processes involve the
formation of oxidized lipid metabolites such as hydroxynonenal, and the oxidation of lipids such as
low-density lipoproteins in which both the protein and the lipids undergo oxidative changes that
can cause cholesterol accumulation [20]. There is also oxidative damage to DNA resulting in several
mutagenic lesions including 2-hydroxy adenine, 8-oxoadenine, 5-hydroxycytosine, cytosine glycol,
thymine, and glycol [21].

A significant literature indicates that several eye tissues are particularly vulnerable to oxidative
stress. Retinal photoreceptor cells and retinal ganglion cells have a large number of mitochondria,
sustain high exposure to light and have a high rate of metabolism. As might be anticipated for a tissue
in which light energy is transformed to chemical and then electrical impulses, which are chemically
transmitted to the brain, retinal photoreceptor cells and retinal ganglion cells are susceptible to oxidative
stress [8]. Outside the neurosensory retina, the retinal pigment epithelium (RPE) is also highly sensitive to
photo-oxidative stress. The RPE is a single layer of cells located between photoreceptors and the choroid
that plays key roles in the maintenance of photoreceptors. Oxidative stress is pathoetiologic in the RPE
degeneration associated with the onset of AMD [9].

Oxidative stress is also pathoetiologic in other ocular tissues: (1) Damage to cell membrane fibers,
lenticular proteins, photoreceptors, and DNA in most cells, (2) angiogenesis, endothelial dysfunction,
and cell apoptosis, (3) loss of lens transparency by disrupting electrolyte balance homeostasis,
and (4) increase of intraocular pressure and associated glaucoma [10]. Thus, it is not surprising that
multiple ocular diseases have been linked to oxidative stress. These include retinitis pigmentosa, AMD,
glaucoma, cataract, and others [12,22,23]. For example, intraocular pressure seems to increase with
oxidative stress and accumulation of ROS in retinal ganglion cells [24]. In addition, glaucoma patients
have diminished levels of antioxidant biomarkers such as vitamin E [23]. Crabb et al. using mass
spectrometry, observed several oxidized proteins in drusen, extracellular deposits accumulated below
the RPE on Bruch’s membrane, from human AMD samples [25]. The accumulation of drusen is
considered to be indicative of early AMD. Oxidative stress also plays a pathologic role in the onset
and progression of cataracts. Crystallins, the major gene products in the eye lens, see sulfhydryls
transformed to disulfides in cross-linked and aggregated cataractogenic moieties [26].

Based upon these associations between oxidative stress and the risk for cataract, AMD, glaucoma,
and DR, many studies have tried to elucidate whether the dietary intake of nutrients with anti-oxidative
properties could prevent different age-related eye diseases [27–30]. In the age-related eye diseases
double-blinded placebo controlled study (AREDS), it was demonstrated that consumers of fruit and
vegetable-rich diets, and people who consume supplements of vitamins C and E, as well as zinc and
lutein (all involved in antioxidant function) are protected against AMD [27,31].

2. Advanced Glycation End Products: A Special Case of Oxidative Stress Found in Aged Eye
Tissues and Throughout the Body

Advanced glycation end products (AGEs) are oxidation products of particular interest for this
review because they are associated with multiple diseases of aging, including DR [32–37].

Dietary sugars or dicarbonyls generated from carbohydrate metabolism can be highly reactive and
transform many biomolecules and structures through a process called glycation. This non-enzymatic
process is initiated with the Maillard reaction, in which a reversible Schiff base is formed between the
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carbonyl group of reducing sugars and free amino groups of proteins (Figure 1). These precursors undergo
additional oxidations and rearrangements, resulting in the biogenesis of Amadori products. Depending on
pH, Amadori products can rearrange to different types of dicarbonyls including 1,2-dicarbonyls such as
methylglyoxal (MG) or 3-deoxyglucosone (3-DG), or 2,3-dicarbonyls such as 1-deoxyglucosone. The major
glycating biologic reagent is MG, formed by the degradation of dihydroxyacetone phosphate and
glyceraldehyde 3-phosphate, both glycolytic metabolites, as well as by the metabolism of threonine,
the oxidation of ketone bodies, and upon degradation of glycated proteins [38]. Glyoxal and 3-DG are also
highly reactive dicarbonyls formed during sugar metabolism [32,33]. These dicarbonyls are maintained
at low levels under homeostatic conditions. Subsequent reactions result in methylglyoxal-derived
hydroimidazolone 1 (MG-H1), Nε-carboxy-methyl-lysine (CML), Nε-carboxy-ethyl-lysine (CEL),
pentosidine, glucosepane, and other types of AGEs [39] (Figure 1). As discussed later, AGE accumulation
boosts the formation of ROS, resulting in increased production of AGEs. This vicious cycle of the oxidative
formation of AGEs impacts cellular metabolism and contributes to hyperglycemia-induced tissue injury.

Figure 1. Production of advanced glycation end-products (AGEs) is accelerated under
oxidative stress. AGEs are derived from sugars or dicarbonyls generated from carbohydrate
metabolism through different chemical routes including the Maillard reaction. The excess of
reactive oxidative species (ROS) promotes the production of different AGEs from dicarbonyls
(methylglyoxal, glyoxal, or 3-deoxyglucosone (3-DG). AGEs are highlighted in orange. CML:
Nε-(carboxymethyl)-lysine; CMA: Nε-(carboxymethyl)-arginine; 3-DG: 3-deoxyglucosone; 3-DGH:
GH-1,2,3: Glyoxal-derived hydroimidazolone; MGH-1,2,3: Methylglyoxal-derived hydroimidazolone;
CEL: Nε-(carboxyethyl)-lysine; CEA: Nε-(carboxyethyl)-arginine; MOLD: Methylglyoxal-derived
lysine dimer.

AGEs are accumulated throughout the body upon aging and particularly in diabetic patients.
Three decades ago, different studies reported higher levels of different AGEs in diabetic tissues [40–43].
One of the best examples of glycation with aging is the extracellular matrix. Examination of interstitial
collagen shows a gradual increase in AGEs upon aging [44] (Figure 2A). Another example of the
relation between AGEs accumulation and aging occurs in eye tissues. Cataracts are perhaps the earliest
example of pathobiology of AGEs in aged tissues [45]. Human lens crystallins become progressively
yellow-brown pigmented with age as a result of the accumulation of Maillard products [46] (Figure 2B,C).
The extensive modification of crystallins by glycation alters the dynamic state of crystallins, promotes
their aggregation, and disrupts their chaperone function, contributing to cataractogenesis.
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Figure 2. Aging promotes the accumulation of AGEs throughout the body. (A) Age-dependent changes
in costal cartilage isolated at autopsy from donors of various ages (reprinted with permission of
Dr. Baynes) [44]. (B) Level of pentosidine (left) and Nε-(carboxymethyl)-lysine (CML) (right) in lens
crystallins from diabetic (�) and non-diabetic (�) subjects as a function of age (reprinted with permission
of Dr. Monnier) [46]. (C) Transillumination of isolated lenses: Normal lens from young donor (left) and
cataractous lens from older donor (right). Lenses were placed in a culture dish that had a grid etched
in its bottom surface. The dish was placed on the stage of a dissecting microscope and viewed with
transmitted light. Note the degree of yellowing and opacity in the cataractous lens.

The deleterious effect of glycative damage is cell-type dependent and the molecular consequences
of AGEs accumulation occur at different levels in eye tissues [47]. Regarding DR, the involvement
of AGEs in the pathogenesis of the disease is complex. Glycation of the extracellular matrix results
in decreased elasticity and increased vascular stiffness, leading to abnormal vascular function due
to rigidity of the vessel wall. AGEs can also exert an indirect effect by binding to different cellular
receptors in the plasma membrane, triggering intracellular pathways such as NF-κB activation via
Ras-MAPK or RhoA/ROCK pathways [48]. As a result, changes in intracellular signaling cascades
and cytopathological responses are triggered that include releases of pro-inflammatory cytokines and
pro-angiogenic factors. This also leads to ROS generation, pericyte apoptosis, vascular inflammation,
angiogenesis, changes in vasopermeability, and compromised blood–retinal barrier [47] (Figure 3).
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Figure 3. Schematic overview of detoxifying pathways against AGEs-derived damage in diabetic
retinopathy (DR). Hyperglycemia-associated diabetes involves the abnormal formation of highly reactive
α-dicarbonyls such as methylglyoxal which leads to accelerated AGEs formation. The glyoxalase system
is a protective mechanism that slows down the synthesis of AGEs by limiting formation of dicarbonyls.
Once formed, AGEs can be cleared by two proteolytic pathways: The ubiquitin-proteasome (UPS)
system and autophagy. These protective mechanisms (highlighted in green) decline under diabetic
conditions and with age. AGEs are pathologic features in the early stages of DR, impacting the function
of neuroglial and vascular cells. AGEs-derived damage results in cellular and tissue dysfunction
contributing to the onset of DR. BRB: Blood–retina barrier; GLO1: Glyoxalase 1; GLO2: Glyoxalase 2;
GSH: Glutathione.

3. Role of Advanced Glycation End Products in the Pathogenesis of DR

Among the best studied pathologies related to oxidative stress are diabetes and DR, which occur in
about 15% of those with long-lasting diabetes mellitus. DR is characterized by high levels of circulating
sugars, high levels of oxidative stress, accumulation of AGEs, and microvascular damage [49]. DR is a
leading cause of blindness in adults. During the early stage of DR, there is a loss of pericytes from capillaries,
leading to the formation of acellular capillaries and retinal microaneurysms, along with thickening of
the capillary basement membrane. Oxidative stress enhances damage to tight-junction complexes,
causing vascular permeability, and blood–retinal barrier damage [50]. Together, these pathological changes
result in irreversible damage to the blood–retinal barrier. Once the disease progresses to a late stage,
neovascularization and bleeding can occur along with retinal detachment and macular edema, ultimately
resulting in vision loss [51].

Several lines of evidence point to a relationship between oxidative stress and glycation-derived
damage. Urinary 8-hydroxy-2’-deoxyguanosine, a marker for oxidative stress, was positively associated
with glycated albumin levels in patients with type 2 diabetes, whereas improved glycemic control was
associated with decreased levels of oxidative stress [52]. In vitro experiments showed that glycated
human serum albumin protein promoted sustained ROS production in human endothelial cells.
These findings support the hypotheses that there is a vicious cycle of oxidative stress, formation of
AGEs, and production of more ROS. Furthermore, long-term oxidative stress induced by AGEs results
in endothelial dysfunction which is associated with DR [53]. Indeed, oral administration of AGEs
through a diet highly enriched in AGEs promoted oxidative stress, increasing inflammation and insulin
resistance [54]. In addition, it has been shown that levels of H2O2 and O2

•− are increased in the retinas
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of diabetic rats, consistent with oxidative stress as a component of the pathobiology of DR [55,56].
Together, this experimental evidence indicates a relationship between elevated levels of ROS, AGEs,
and DR.

Glycation is a critical biological process in the retina given that this ocular tissue has high metabolic
activity whose activity depends on glucose demand. Such is the case in other neural tissues with the
same embryological origin such as the cerebral cortex. The retina and cerebral cortex are exposed to
comparable levels of blood glucose; however, the retina is more vulnerable to microvascular lesions
derived from hyperglycemia. For example, in diabetic rats, intracellular concentrations of glucose
increased significantly in the retina but not in the cerebral cortex, suggesting that a differential response
of glucose uptake might contribute to the higher susceptibility of the retina to diabetes-induced
microvascular complications [57].

The reasons for the high vulnerability of the retina to glycative stress remain unclear but some
evidence indicates that the regulation of glucose uptake could be key. In the retina, the glucose delivery
from systemic circulation occurs across retinal capillaries and the RPE. Glucose transport is mainly
mediated by the sodium-independent glucose transporters (GLUTs). There are fourteen GLUTs, of which
five are well characterized [58]. GLUT1 and GLUT3 are expressed in all cell types (including retina, lens,
brain, vascular endothelium). GLUT2 is mainly expressed in the liver, kidney, intestine, and in beta cells
of the pancreas. GLUT4 is found in the heart, adipose, and skeletal muscle. Transport of glucose via
GLUT1 is insulin independent, thus GLUT1 is always “open”, allowing unimpeded transport of glucose.
GLUT1 is expressed in retina and retinal capillaries, although the highest levels are found in the RPE.
Thus, the RPE appears to be the major route for glucose delivery from the choriocapillaris to the neural
retina [59]. Changes in the levels of this glucose transporter have been associated with the development
of DR [60]. Levels of GLUT1 decreased in the retina of diabetic-induced rats; however, the expression of
GLUT1 in the RPE was not affected by diabetes, suggesting that the trans-epithelial transport of glucose
was not compromised [61–63]. The limited capacity of retinal endothelial cells to modulate glucose uptake
makes them highly sensitive to the detrimental consequences of hyperglycemia in diabetes.

There are several plasma membrane proteins with the capacity to bind AGEs. The best studied
receptor for AGEs in the context of DR is the receptor for advanced glycation end products (RAGE),
also called AGER [64]. The binding of AGEs to RAGE is engaged in vital cellular processes such as
inflammation, apoptosis, or proliferation and associated with the development of different human
diseases. It is reported that RAGE-dependent signaling plays a major role in microvascular diabetic
complications. In the eye, RAGE is expressed in multiple cells including pericytes, endothelial cells,
microglia, Müller glia, and retinal pigmented epithelium cells, and expression of RAGE is increased
under diabetic conditions [65,66]. This would appear to exacerbate the influx of glucose. Consistent
with RAGE function, upon diabetes induction, RAGE knockout mice had reduced acellular capillary
formation and showed less retinal vasopermeability, microglial activation, and Müller cell gliosis [67].

A vast amount of literature associates glycation and AGEs with the progression of DR. AGEs found
in skin were shown to predict the risk of DR progression [68,69]. Intravenous administration of AGEs
increased retinal vascular leakage in vivo by stimulating the expression of vascular endothelial growth
factor (VEGF) and decreasing levels of the antiangiogenic pigment epithelium-derived factor (PEDF) [70].

Compounds that inhibit the formation of AGEs are reportedly effective against DR in preclinical
settings [71]. An inhibitor of AGEs formation, aminoguanidine, significantly reduced serum AGEs and
prevented the development of diabetes-induced basement membrane expansion in retinal capillaries
of diabetic rats [72]. Aminoguanidine also reportedly reduced the number of acellular capillaries and
abnormal microthrombus formations [73–75]. In addition, two different randomized, double-blind
placebo-controlled trials reported that two different AGEs inhibitors, aminoguanidine and pimagedine,
slow the progression of diabetic complications including DR [76,77]. Unfortunately, adverse side-effects
of these AGEs inhibitors preclude their use in humans, and clinical trials for most of AGEs inhibitors
have been discontinued. There is, therefore, a need to identify other means of lowering toxic AGEs.
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4. Protective Mechanisms against Glycation-Derived Damage

4.1. Antioxidant Enzymes, Antioxidants, and Signaling

Since the biogenesis of AGEs involves oxidative stress, it might be anticipated that an ability
to scavenge ROS would provide a first line of defense. Such enzymatic capacities are provided by
antioxidant enzymes such as catalases, H2O2-detoxifying enzymes, and superoxide dismutases, as well
as glutathione recycling enzymes, glutathione reductases, and glutathione peroxidases [78]. There are
also non-enzymatic antioxidants, the most prevalent and most potent of which are ascorbate and
glutathione (GSH). In the eye, these are present at mM concentrations, many times the levels in the
blood [79–82]. GSH provides a reducing cellular environment. However, it is also a critical component
of the glyoxalase system. It also regulates the ubiquitin proteolytic pathway (discussed later in the
review). The GSH/GSSG ratio establishes cellular redox status, with consequences for many metabolic
processes. Thus, scavenging ROS might be a useful strategy to diminish the production of AGEs in
our tissues.

In addition to ascorbate, other non-enzymatic ROS-scavengers, albeit less effective on a per molecule
basis, include vitamin E, carotenoids, and flavonoids. Several natural compounds with antioxidant
properties have attracted attention with regard to DR, including multiple polyphenols, some of which
have anti-glycating potential. For example, administration of curcumin to streptozotocin-induced diabetic
rats enhanced the antioxidant capacity in the retina [55] and there was a protective effect on the glycation
and crosslinking of collagen [83]. In addition, flavonols such as quercetin, catechin, or kaempferol were
shown to diminish AGEs formation [84–86]. Treatment of hepatic cells with a hydroxytyrosol-enriched
extract from olive leaves reduced protein carbonylation and the formation of AGEs [87]. Several studies
also showed attenuating effects for resveratrol on the production of AGEs or the RAGE receptor in cell
culture, animal models, and human studies (reviewed in [88]).

Among the pathobiological mechanisms by which AGEs enhance ROS production are perturbations
in cellular signaling associated with the interaction between AGEs and RAGE. The production of free
radicals by NADPH-oxidase and the mitochondrial electron transport system was shown to involve the
AGEs–RAGE axis. The stimulation of the AGEs–RAGE signaling generates ROS by activating NADPH
oxidases, augmenting the intracellular levels of H2O2, O2

•−, and NO [89–91]. Interestingly, AGEs-induced
upregulation of H2O2 production, along with mitochondrial dysfunction, resulted in apoptosis in ARPE-19,
an RPE-derived cell line from normal eyes [92].

Several studies found that the upregulation of AGE-Receptor 1 (AGER1) inhibited the activity of
NADPH oxidase, thereby weakening ROS production [93,94]. AGER1 is linked to sirtuin1 (SIRT1) [54,95].
In this context, deacetylation of NFκB by SIRT1 reduced the NFκB-mediated proinflammatory response [54].
However, long-term exposure to AGEs reduced AGER1 and SIRT1 expression, causing oxidative stress,
inflammation, and insulin resistance in several tissues [54]. Another study showed that the dietary
limitation of AGEs in type 2 diabetes mellitus patients diminished insulin resistance and increased
expression of SIRT1 and AGER1 [94].

In sum, glycative stress contributes to the pathogenesis of different human diseases, including DR,
through the interaction of oxidative stress and AGE accumulation.

4.2. Detoxifying Mechanisms against AGEs: Glyoxalase System, Aldehyde Dehydrogenases (ALDH),
Aldoketoreductases (AKR), DJ-1/Park7, and Aldol Condensations

There are also specific protective pathways with the capacity to detoxify reactive dicarbonyls
formed during sugar metabolism [96–98]. Once AGEs are formed, most are irreversible, so these
protective mechanisms diminish the accumulation of AGEs in our tissues through the clearance of
AGEs intermediates.

The primary mechanism for detoxifying these reactive dicarbonyls is the glyoxalase system.
This converts highly reactive MG into far less reactive D-lactate [99] (Figure 3). This process involves
the sequential activity of two enzymes, glyoxalase 1 (GLO1) and glyoxalase 2 (GLO2), and a catalytic
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amount of GSH. First, GSH reacts spontaneously with the aldehyde of the dicarbonyl to form a
hemithioacetal adduct. Then, GLO1 catalyzes the formation of S-D-lactoylglutathione. In the second
enzymatic step, GLO2 catalyzes the reaction of S-D-lactoylglutathione into D-lactate, regenerating GSH.
It is important to note that GLO1 activity is proportional to GSH levels, and that its activity decreases
if cellular cytosolic GSH is diminished, as upon oxidative stress [100]. Unfortunately, such diminution
of GSH also compromises the function of the ubiquitin proteasome system, diminishing the cellular
capacity to degrade AGEs and cope with glycation-derived damage [19]. There are additional substrates
metabolized via this pathway, including glyoxal, phenylglyoxal, and hydroxypyruvaldehyde [101].
Of note, GLO1 is the rate-limiting enzyme, catalyzing the first detoxification step in the glyoxalase
system, and its activity is required to prevent the accumulation of these reactive α-oxoaldehydes [102].
Thus, GLO1 has a key protective role against glycative stress-induced AGEs formation.

The structure of glyoxalase is informative. Briefly, the human GLO1 translation product contains
184 amino acids. It is a dimeric protein of molecular mass 42 kDa and contains one zinc ion per subunit.
Its structure has two domains per subunit and there are two active sites per protein formed by amino
acid residues from the apposed subunit such that the monomer is inactive. The human GLO1 gene
is diallelic (on 6p21.2) and encodes two similar subunits in heterozygotes that result in the dimeric
holoenzyme. The two alleles, GLO1 and GLO2, give two similar subunits and three dimers: allozymes
GLO 1-1, GLO 1-2, and GLO 2-2. The only amino acid difference between the expression products of
the two GLO1 alleles is at position 111 (Ala111 or Glu111). Some studies showed association of this
polymorphism with the variations of diabetes and its vascular complications [103]. In addition, in stage
5 renal failure patients on hemodialysis, the Glu111Glu homozygote was associated with increased
prevalence of cardiovascular disease and peripheral vascular disease [104].

Transcriptional regulation of GLO1 is only partially understood, but it is known that the
GLO1 sequence contains multiple regulatory elements. These include a metal-response element
(MRE), insulin-response element (IRE), and early gene 2 factor isoform (E2F4) and activating
enhancer-binding protein 2α (AP-2α) binding sites [98,105]. IRE and MRE functionalities were validated
in reporter assays where insulin and zinc chloride exposure produced a 2-fold increased transcriptional
response [105]. Similar functional activities were shown for E2F and AP-2α [106,107]. As discussed later,
an antioxidant-response element (ARE) in exon 1 of Glo1 enhances its transcription through the nuclear
factor erythroid 2-related factor 2 (NRF2) oxidative stress-responsive transcriptional system [108].

Several systems appear to operate in the absence of glyoxalase activity, albeit their biological
importance is largely unexplored. Other alternative routes for detoxification of dicarbonyls are
aldehyde dehydrogenases (ALDHs), aldo-keto reductases (AKRs), the Parkinson-associated protein
DJ-1, and scavenging by acetoacetate to form 3-hydroxyhexane-2,5-dione (3-HHD) [97,109].

AKRs are a large protein superfamily that is responsible for the reduction of aldehydes and
ketones into primary and secondary alcohols. AKRs metabolize MG to hydroxyacetone or lactaldehyde.
Transgenic expression of both human (AKR7A2) and mouse (Akr7a5) AKR in hamster fibroblasts cells
protected against MG-induced cytotoxicity, suggesting that AKRs are able to detoxify MG and decrease
AGE levels [110–112]. The role of AKR1B3 has also been studied in the hearts of induced diabetic
Akr1b3-null mice, and it was observed that these mice had increased levels of MG and AGEs [112].
Human studies showed that aldose reductase activity (AKR1B1) contributed to the detoxification of MG
in tissues where the protein was overexpressed and the levels of GSH were low [113]. An increase of
AKR1B3 activity was observed in Schwann cells lacking glyoxalase activity, suggesting a compensatory
relationship between these systems [114]. The theme of compensatory relationships between GLO1
activity and levels of various glycolytic metabolites will be noted in other systems, below.

ALDHs also metabolize MG, by oxidation to pyruvate. MG treatment induced ALDH expression
in wild-type mouse Schwann cells [114]. Additionally, in both zebrafish and mouse models lacking
glyoxalase activity, ALDH activity was induced, apparently as a compensatory mechanism [115,116].

3-deoxyglucosone (3-DG) is another highly reactive dicarbonyl formed during sugar metabolism.
Although the physiological relevance of 3-deoxyglucosone (3-DG) in DR remains to be established,
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the 3-DG metabolite formed by ALDH1A1, 2-keto-3-deoxygluconic acid, was elevated in plasma and
erythrocytes of diabetic patients [117]. High ALDH1A1 activity was also found in lung, testis and liver
but is negligible in other tissues [118]. Interestingly, aldehyde detoxifying capacity is found in retina,
however ALDHs were found to be downregulated in diabetic conditions [119].

Another protein with anti-glycation activity is DJ-1, also known as Parkinson’s disease protein
7 (PARK7) [120,121]. DJ-1 was shown to have glyoxalase activity in vitro, converting MG into lactic
acid, in the absence of GSH, and preventing MG-induced tissue damage in C. elegans [122]. In addition,
DJ-1 was shown to repair methylglyoxal- and glyoxal-glycated proteins in vitro. This deglycase activity
removes early-stage MG adducts from protein side chains and prevents the formation of irreversible
AGEs [123]. However, no contribution of DJ-1 to MG accumulation was observed in DJ-1 knockdown
Drosophila cells and DJ-1 knockout flies [124]. A recent finding shows that DJ-1 may function as a
relevant DNA deglycase [125] and recent studies observed a similar deglycase function for DJ-1 on
DNA-wrapped histone proteins [126,127].

It was also reported that the ketone body acetoacetate decreased MG via a non-enzymatic
conversion during diabetic and dietary ketosis [128]. Indeed, acetoacetate was able to scavenge
endogenous MG in a non-enzymatic aldol reaction [129]. This has great importance since physiological
ketosis produces high levels of acetoacetate and this condition may prevent diabetes progression [130].

4.3. Proteolytic Pathways: The Last Line of Defense against Glycation-Derived Damage

Which other mechanisms limit the accumulation of AGEs-modified proteins? Although AGEs are
irreversible adducts and cross-links in our tissues, these can be removed through different proteolytic
capacities. AGEs are substrates of intracellular protein degradation pathways and two major proteolytic
capacities are suggested to contribute to the clearance of AGEs: the ubiquitin proteasome system (UPS)
and autophagy [96,131–135] (Figure 3).

As for other cargos, AGEs-modified proteins were shown to be ubiquitinated [132]. Ubiquitin is a
76 amino acid protein that when conjugated to a protein substrate can facilitate degradation of that
substrate by the proteasome. Obsolete or damaged proteins are tagged with ubiquitin and these
ubiquitinated substrates are degraded by the proteasome. The ubiquitin proteolytic system operates
mainly on soluble substrates. Several lines of evidence point to a relevant role for the UPS in the
clearance of AGEs. Pharmacological proteasomal inhibition boosts the accumulation of AGEs in vitro
in RPE-derived cells [132]. However, excessive glycative stress decreases proteasomal capacity via
the formation of intermolecular crosslinks that, consequently, lead to accelerated accumulation of
AGEs [136–138].

Autophagy targets cargos for degradation and can operate on insoluble substrates, including
organelles such as mitochondria. Autophagy requires macromolecular assemblies and organelles
to identify, sequester, and eventually degrade substrates via the lysosome. Both proteolytic routes,
autophagy and UPS, are functionally cooperative and a deficiency of one of these pathways triggers the
upregulation of the other [139,140]. Several reports support a vital role for autophagy in the removal of
AGEs. Pharmacological blockade of autophagy in vitro induced higher accumulation of AGEs in RPE
cells [132]. Accumulation of AGEs was observed in kidney tubules of diabetic autophagy-deficient
mice [131]. Importantly, mice lacking autophagy in the RPE showed increased levels of oxidized and
glycated proteins and were predisposed to develop AMD-phenotypes and retinal degeneration [133].

In sum, a significant literature supports a critical role for the UPS and autophagy in maintaining
non-toxic, homeostatic levels of AGEs. Unfortunately, the function of both proteolytic pathways
declines with extensive glycative stress and upon aging in many tissues [141], resulting in intracellular
accumulation of protein aggregates (also glycated conjugates) and dysfunctional organelles in aged
tissues [132,142,143]. We propose that deficits of these pathways in diabetic conditions could contribute
to the accumulation and deposition of AGE-modified proteins in the retina, thereby contributing to DR.
To date, there is scarce information about how these proteolytic pathways remove AGEs. This thwarts
development of strategies to lower AGEs accumulation by boosting proteolytic capacities (Figure 4).
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Figure 4. Proteolytic pathways are the last line of defense against AGE-derived proteotoxicity.
Under homeostatic conditions (green box), different proteolytic pathways (UPS and autophagy) act to
avoid the accumulation of toxic AGEs. Under high levels of glycative and oxidative stress and/or
aging (orange box), the production of AGEs is boosted and tissue fitness is compromised as result of
glycation-derived protein aggregation and cytotoxicity. Proteolytic capacities are insufficient to lower
AGEs levels because of age-related changes in UPS and autophagy along with the inhibitory effect of
glycative stress on proteolytic function.

4.4. Protective Role of NRF2 against Glycation-Derived Damage and Modulation of GLO1

NRF2 is an essential transcription factor for genes encoding a number of detoxification enzymes that
contain one or more antioxidant response elements (AREs) in their regulatory regions. Examples of genes
with AREs include glutathione S-transferases, UDP-glucuronosyltransferases, aldo-keto reductases,
and NAD(P)H:quinone oxidoreductase 1. NRF2 acts indirectly by upregulating genes that metabolize
and excrete the causative agents and byproducts of oxidative stress [144].

NRF2 is highly conserved from mammalian species to chicken and zebrafish, particularly within
six regions designated the Neh1–6 domains [145]. The Neh1 domain contains the cnc-bZIP region,
which dictates dimerization partners and confers DNA binding specificity. The Neh4 and Neh5 domains
act cooperatively to bind the coactivator CREB-binding protein, thereby activating transcription [146].

Under physiological conditions, NRF2 is in the cytoplasm in a complex with KEAP1, a substrate
adaptor protein for the cullin-3-dependent E3 ubiquitin ligase complex. This directs NRF2 for degradation
by the 26S proteasome [147,148]. Under oxidative stress, the complex dissociates and NRF2 translocates
into the nucleus and upregulates several antioxidant genes, including those related to MG metabolism,
as well as genes required for glutathione synthesis [149–151].

Several studies investigated the effect of NRF2 activators on MG and AGEs formation and
deposition. Hepatic, brain, heart, kidney, and lung Glo1 mRNA and protein were decreased in
Nrf2-knockout mice [108]. Compounds that increase GLO1 expression and activity, such as sulforaphane
or trans-resveratrol, decreased cellular and extracellular concentrations of MG and MG-derived protein
adducts [152–156]. In addition, the binding of NRF2 to the Glo1-ARE increases expression of Glo1;
however, the inflammatory activation of NF-κB (nuclear factor κB) by NRF2 could diminish Glo1
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expression [157]. Of note, NF-kB directly can also downregulate GLO1 activity, and the inhibition thus
takes place at both functional and transcriptional levels [158].

Other transcription factors can modulate the expression of Glo1. Under hypoxia conditions,
Glo1 expression is inversely regulated by HIF1α (hypoxia-inducible factor 1α), an important
physiological driver of dicarbonyl stress [159]. In addition, Glo1 is acetylated and probably deacetylated
by cytosolic sirtuin-2 [160,161], and its expression may be decreased by activation of the RAGE [127,162].

Several additional observations regarding the above control pathways and GLO1 are noteworthy.
GLO1 downregulation is linked to activation of the RAGE receptor that is involved in pro-inflammatory
signaling and the development of vascular complications of diabetes [127,162]. Upon glycative
stress, there is increased GLO1 ubiquitination and degradation in high glucose concentration media
in vitro [163]. Downregulation of NRF2 signaling is linked to decreased expression of Glo1 and reduction
of NRF2-antioxidant pathway signaling is associated with inflammation [108,157]. Nevertheless, even in
Nrf2-knockout mice, GLO1 protein is still present in the retina and can even be moderately increased
through dietary treatment, suggesting that NRF2 is just one of many different regulatory nodes for
Glo1, at least in this specific ocular tissue [164]. The molecular mechanisms behind the increased retinal
GLO1 stability in mice lacking NRF2 remain unknown.

5. The Use of Glyoxalase 1 in Animal Models

As previously explained, AGEs precursors are mainly detoxified by the glyoxalase system
and, given the impact of AGEs on age-related pathologies, there is a need to develop strategies to
counteract the accumulation of these toxic compounds. In the last few years, the manipulation of
GLO1 activity in both animals and cell lines has demonstrated the causal involvement of MG and
AGEs in several diseases.

In Glo1 knockdown cell culture and animal models, an increase in free MG and toxic AGEs was
described, but compensatory mechanisms were also observed [165,166]. Giacco et al. showed that in
non-diabetic mice, knockdown of Glo1 increased MG modification of glomerular proteins and oxidative
stress to diabetic levels, causing alterations in kidney morphology indistinguishable from those caused
by diabetes [167]. Surprisingly, in cell culture and animal models where Glo1 was knocked out using
CRISPR-Cas9 technology, there was no observed increase in MG accumulation [114,116,126,168].
In addition, these healthy Glo1 knockout animal models did not present defects during development,
while genetic deletion of Glo1 was shown to be embryonically lethal in mice [169]. MGO treatment of
cells lacking Glo1 also revealed a decreased median lethal concentration for exogenous MG [114,126],
indicating compensatory mechanisms for the loss of Glo1. Indeed, the authors demonstrated in this
study that the deglycase protein DJ-1 may play a role in limiting the accumulation of MG-H1 on
chromatin in cells lacking Glo1. Conversely, Drosophila melanogaster and Danio rerio Glo1 knockout
models showed an increase in tissue MG [115,170]. Moraru et al. observed increased MG levels,
lipid accumulation in tissues, increased blood glucose, and decreased insulin sensitivity in Drosophila
melanogaster Glo1 knockout [170]. Consistent with these observations, Lodd et al. found under high
nutrient intake increased MG levels driving insulin resistance and hyperglycemia in Danio rerio Glo1
knockout [115].

Other studies have used the gene overexpression of Glo1 in order to evaluate the biological
impact of the glyoxalase system. The overexpression of Glo1 reduced basal MG concentration,
prevented mitochondrial protein modification, and enhanced lifespan in worms [171]. Similarly,
Glo1 overexpression reduced baseline MG concentration in the brain of mice [172]. In diabetic mice,
Glo1 overexpression also prevented diabetes-induced increases in MG modification of glomerular
proteins, reduced oxidative stress, and prevented the development of diabetic kidney pathology,
despite unchanged levels of hyperglycemia [165]. In agreement with mouse studies, rat models
overexpressing human GLO1 led decreased MG levels, less AGEs formation, and reduced renal and
endothelial dysfunction in response to induced diabetes compared with wild-type littermates [173–175].
Recently, GLO1 and aldose reductase were found to be upregulated in patients protected against
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diabetic nephropathy [176], suggesting that the manipulation of the glyoxalase system could be a
potential therapeutic strategy to prevent the onset of AGEs-related diseases.

In addition, diabetes and its microvascular complications (nephropathy, retinopathy, and neuropathy),
are associated with elevated levels of MG and reduced levels of GLO1 expression and activity. Some studies
showed that overexpression of Glo1 in transgenic rats and mice could prevent the development of
nephropathy, retinopathy, and neuropathy [167,174,175]. In vitro studies showed increased levels of
MG and decreased GLO1 activity in endothelial cells when cultured in high glucose concentration
media [102,177,178]. In contrast, overexpression of Glo1 in endothelial cells under the same conditions
prevented increased formation of AGEs [102]. Additionally, microvascular complications of diabetes
linked to high glucose concentration in retinal pericytes were prevented by overexpression of Glo1 [179].
In animal models, Glo1 expression was decreased in the kidney of obese (db/db) diabetic mice,
in the kidney and the sciatic nerve of streptozotocin-induced diabetic mice, in the kidney and liver
of streptozotocin-induced diabetic Sprague–Dawley rats, in streptozotocin-induced diabetic Wistar
rats, and in streptozotocin-induced rats overexpressing the renin-angiotensin system in extra-renal
tissues [180–184]. By contrast, GLO1 activity was increased in red blood cells of streptozotocin-induced
diabetic C57BL/6 mice, compared to non-diabetic controls [185] and GLO1 activity was increased in the red
blood cells of patients with type 1 diabetes and type 2 diabetes, compared to healthy control subjects [186].
Patients with diabetes and microvascular complications had significantly higher GLO1 activity in red
blood cells compared to patients without complications. These findings suggest a compensatory increase
in GLO1 activity in response to elevated MG concentration [186] and that the response of GLO1 under
diabetic conditions may be cell- and tissue-dependent.

5.1. The Decline of Glyoxalase 1 Activity with Age

Aging is characterized by a reduction in the functional properties of cells, tissues, and whole
organs, starting with the impairment of major cellular homeostatic processes, including mitochondrial
function, proteostasis, and stress-scavenging systems [166,187,188].

GLO1 expression and activity are modified upon aging and in age-related diseases including
diabetes and its microvascular complications such as DR. Dicarbonyl stress contributes to aging
through the age-related decline in GLO1 activity [171,186,189–196]. The first study that showed a
causal link between aging and GLO1 was presented by Morcos et al. [171]. They found a marked
decline of GLO1 expression and activity in C. elegans with age. Moreover, overexpression of Glo1 was
associated with prolonged lifespan, whereas Glo1 silencing decreased lifespan, demonstrating that a
decrease in GLO1 activity increases mitochondrial ROS production, thereby limiting lifespan [171].
In mice, Sharma–Luthra et al. found tissue specific differences. They showed that GLO1 activity
diminished in liver and spleen with age, but increased in kidneys to maximum levels at 24 months [191].
GLO1 activity in rat tissues was decreased with age, as well as by hypoxia in young rats [192].
In humans, several studies have been conducted to investigate the impact of aging on GLO1. Most of
them reported a decline of GLO1 activity in multiple tissues, such as arterial tissues, lens, brain, and red
blood cells, with age [186,193–196].

5.2. Glyoxalase 1 Activity in Ocular Tissues

In spite of the vast literature on non-ocular tissues, there is scarce information about the role
of the glyoxalase system in ocular tissues. However, increasing evidence points to a link between
alteration of the glyoxalase system and the development of DR. A polymorphism that alters GLO1
promoter activity has been linked to retinopathy in type 2 diabetic patients [197]. Expression of
GLO1 and GLO2 are downregulated in patients with DR, indicating that a failure of this detoxifying
system in humans may be involved in retinopathy [198,199]. Glyoxalase activity is reported in vitro to
promote pericyte survival under hyperglycemic conditions [179] and retinal extracts from a mouse
model protected from hyperglycemia-evoked vasoregression showed higher GLO1 activity [200].
Interestingly, a transgenic rat model overexpressing Glo1 inhibits retinal AGE formation and prevents
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DR lesions [174]. In sum, upregulation of GLO1 appears to reduce retinal AGEs in diabetic rats and
ameliorate AGEs-related pathologies.

In order to explore the role of the glyoxalase system in the eye, we dissected retina, RPE/choroid,
and lens, along with other non-ocular tissues from 2-month-old wild-type C57BL/6J mice. We quantified
the GLO1 activity in cytosolic extracts of tissues, as previously reported [201]. As expected, we found
activity in all tissues analyzed and the relative order of GLO1 activity was retina > liver > kidney >
brain > heart > RPE/choroid > lens (Figure 5A). These results are consistent with previous publications
in non-ocular tissues [116,184]. Regarding ocular tissues, we observed the highest activity of GLO1
in the retina of mice compared to the lens or RPE/choroid (Figure 5B). Glyoxalase activity is clearly
tissue-dependent and retinal activity was about 9-fold and 13-fold greater than in the RPE/choroid
and lens, respectively (Figure 5C,D). Clearly, there is even region-specific localization within tissues.
This finding is highly relevant because avoiding the formation and accumulation of AGEs is especially
important in highly differentiated tissues such as the retina or lens where the glycation damage cannot
be diluted by cellular division [96,132]. Of note, when compared to non-ocular tissues, the retinal
rate of detoxification was about 2-fold, 8.5-fold, 3.5-fold, and 4.5-fold greater than liver, heart, kidney,
and brain, respectively (Figure 5E–H). From a teleological perspective, the high level of retinal GLO1
activity suggests an important protective role against AGE-derived damage in retina.

A

B

C

D

E

F

G

H

Figure 5. Evaluation of glyoxalase system activity in ocular and non-ocular tissues. Glyoxalase I
activity was determined spectrophotometrically using 1 mL quartz cuvettes by following the initial rate
of formation of S-D-lactoylglutathione. The assay mixture containing the glycating reagent MG and
reduced GSH was equilibrated at room temperature for 10 min, to ensure hemithioacetal formation.
The reaction was initiated by the addition of 20 μg of cytosolic extract and the A240 was monitored
immediately and over the course of 5 min. The reaction rate was determined by following the increase
in absorbance at 240 nm for which Δε240 = 2.86 mM−1 cm−1. (A,B) Glyoxalase I activity was assayed in
(A) non-ocular tissues and (B) ocular tissues and activity was expressed as milliunits per milligram of
protein where one unit of GLO1 activity was the amount of enzyme which catalyzes the formation
of 1 μmol S-D-lactoylglutathione per min under assay conditions. (C–H) Retinal glyoxalase I activity
was compared to (C) RPE/choroid, (D) lens, (E) liver, (F) heart, (G) kidney, and (H) brain. Fold change
was calculated relative to each tissue and values represent the mean ± standard error of the mean of
4 independent experiments from the GLO1 activity assay.

Several cautions are appropriate with regard to expectations of GLO1 overexpression, particularly
in the lens. GLO1 may be found and function primarily in the epithelial layers where glucose is received
from the aqueous or vitreous humors that nurture the lens. The epithelial layers comprise a minority
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of lens tissue; thus, the concentration of GLO1 might be significantly higher in the lens epithelium.
This may explain glycation-related browning of lenses, particularly in the lens core, upon aging
(Figure 2C). Given that the glyoxalase system declines in efficacy with age [189], enhancement of
GLO1 activity might represent a therapeutic strategy to counteract the accumulation of these toxic
compounds in the lens and retina.

The use of transcriptional modulators of GLO1 has been proposed as a potential intervention
to support healthy aging and fight AGEs-related diseases. Metformin, an oral glucose-lowering
agent for type 2 diabetes, increases GLO1 activity and was shown to lower circulating MG levels
in patients with type 2 diabetes [202]. Candesartan, a synthetic drug that stimulates glyoxalase
activity, reduced retinal acellular capillaries and attenuated inflammation and diabetic retinal vascular
pathology [182]. In addition, dietary compounds including trans-resveratrol, fisetin, mangiferin, cyanidin,
hesperetin, or sulforaphane possess stimulating GLO1-properties and lower MG and MG-derived
adducts [152–156,203–208]. Proteomic analysis identified GLO1 as a protein differentially expressed in
cells treated with sulforaphane [209]. Sulforaphane inhibited AGEs-derived pericyte damage [210] and
delayed diabetes-induced retinal photoreceptor cell degeneration in streptozotocin-injected mice [211].
In addition, pyridoxamine, an MG scavenger that inhibits AGEs formation but also increases GLO1
activity [212], prevented the development of retinopathy in streptozotocin-induced diabetic rats [213].
There is a growing interest in drug discovery and high-throughput screening systems will identify novel
regulators and small molecules with GLO1-stimulating properties [214], opening a possibility to treat DR.
Clearly, further research is required to define nutritional and pharmacological approaches to overcome
the progression of DR associated with glycative stress.

6. Conclusions

Currently there is no cure for DR. Modern therapies include anti-angiogenic strategies or surgery
for retinal detachment, which cannot restore vision but only ameliorate further deterioration of the
retina. A vast amount of literature stresses the pathogenic role of glycation and AGEs in the molecular
basis of this eye-related disease. Based on this literature, lowering AGEs might be a potential therapeutic
strategy against DR. Despite enormous effort to date, no AGEs inhibitors have reached clinical use.
Exploiting the glyoxalase system and the discovery of compounds that enhance this detoxifying
activity represent a therapeutic alternative to fight glycation-derived damage, under diabetic and
non-diabetic conditions. As documented here, glyoxalase activity is highest in the retina, suggesting a
significant role in eye physiology. The capacity of this detoxifying route is thought to decline with age.
We propose that targeting the glyoxalase system through nutritional or pharmacological enhancers
might be an alternative to fight this sight-threatening diabetic complication, aiming to reduce the
economic burden caused by DR.
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Abstract: Oxidative stress is an important factor to cause the pathogenesis of diabetic retinopathy
(DR) because the retina has high vascularization and long-time light exposition. Cyclooxygenase
(COX), lipoxygenase (LOX), and cytochrome P450 (CYP) enzymes can convert arachidonic acid (AA)
into eicosanoids, which are important lipid mediators to regulate DR development. COX-derived
metabolites appear to be significant factors causative to oxidative stress and retinal microvascular
dysfunction. Several elegant studies have unraveled the importance of LOX-derived eicosanoids,
including LTs and HETEs, to oxidative stress and retinal microvascular dysfunction. The role of CYP
eicosanoids in DR is yet to be explored. There is clear evidence that CYP-derived epoxyeicosatrienoic
acids (EETs) have detrimental effects on the retina. Our recent study showed that the renin-angiotensin
system (RAS) activation augments retinal soluble epoxide hydrolase (sEH), a crucial enzyme degrading
EETs. Our findings suggest that EETs blockade can enhance the ability of RAS blockade to prevent or
mitigate microvascular damage in DR. This review will focus on the critical information related the
function of these eicosanoids in the retina, the interaction between eicosanoids and reactive oxygen
species (ROS), and the involvement of eicosanoids in DR. We also identify potential targets for the
treatment of DR.

Keywords: eicosanoids; oxidative stress; diabetic retinopathy; cyclooxygenase; lipoxygenase; Cytochrome P450

1. Introduction

Diabetes can be divided into type 1 (T1DM) and type 2 diabetes mellitus (T2DM). T1DM is mainly
due to the autoimmune destruction of β cells [1,2]. Eventually, circulating insulin levels are negligible
or completely absent in patients with T1DM [3]. T2DM is mainly associated with obesity, which affects
one in three Americans [4,5]. Diabetic retinopathy (DR), a severe microvascular complication of
T1DM and T2DM, is a disease that affects 7.7 million working-age adults in the U.S. DR-related
blindness costs approximately $500 million annually in the U.S. [6] By 2050 more than a third of the
U.S. population is expected to be diabetic; thus, the incidence of DR will increase dramatically [6].
The lack of productivity, high treatment costs, and diminished quality of life in patients with DR cause
a pronounced socioeconomic burden.

In the retina, microvessels are vulnerable to oxidative stress because of chronic hyperglycemia,
leading to increased reactive oxygen species (ROS) production. It has been observed that ROS imbalance

Antioxidants 2020, 9, 520; doi:10.3390/antiox9060520 www.mdpi.com/journal/antioxidants61



Antioxidants 2020, 9, 520

is involved in DR [7]. The primary ROS species includes superoxide anion, hydroxyl anion, hydrogen
peroxide (H2O2), and peroxynitrite [8]. Superoxide anion can be rapidly reduced to H2O2, which,
due to its lipid-soluble properties, can modify cellular proteins, RNA, and DNA [9]. Hydroxide anion
can oxidize DNA nucleotides and lipids. Superoxide anion may also react with NO to rapidly form
peroxynitrite, which influences the properties of a variety of proteins, including inducible NO synthase
(iNOS) and eNOS [10]. The endogenous antioxidant enzymes, including superoxide dismutase,
glutathione peroxidase, and catalase, are involved in reducing these ROS. Of note, ROS play an
essential role in the retinal pathological processes of DR, including inflammation and angiogenesis [11].

Since retinal microvascular dysfunction and damage are the key events in the onset and progression
of DR, this review will focus on how arachidonic acid (AA; 20:4 n-6)-derived eicosanoids affect retinal
microvascular function, and the role of these eicosanoids in DR. Our daily diets contain AA, which is
the polyunsaturated fatty acid (PUFA). For example, AA is found in meat, including both red and
white meat, organ meats, including kidney, liver, and brain, and eggs [12,13]. It is estimated that
our mean daily AA intakes are about 100 to 350 mg in developed countries [12,13]. Additionally,
humans can synthesize AA from linoleic acid (LA; 18:2 n-6), which is the principal PUFA in most
western diets, including many nuts and seeds, vegetable oils, and products made from vegetable
oils such as margarine [13]. AA is incorporated at the sn-2 position of the glycerol component
of membrane phospholipids or other compound lipids. When the cell membrane is subjected to
inflammatory stimuli, AA is released from the endogenous lipid pool by the action of phospholipase
A2 (PLA2) (Figure 1). It is well-established that AA is converted by COX, LOX, and CYP pathway
into eicosanoids (Figure 1) [14–17]. These lipid mediators can contribute considerably to oxidative
stress, inflammation [15,18], and vascular function [19,20]. These three eicosanoid pathways are
essential therapeutic targets for inflammatory and cardiovascular diseases because many receptors and
metabolites of these three pathways are well defined. This review will provide valuable information
related to the function of these lipid mediators in the retina and the involvement of these mediators
in DR.

Figure 1. Bioactive eicosanoids derived from arachidonic acid (AA) cascade. After trigging by
inflammatory conditions such as the presence of cytokines and growth factors, AA-containing
phospholipids are hydrolyzed by phospholipase A2 (PLA2), resulting in the release of free AA.
AA can be further metabolized by three pathways, i.e., the cyclooxygenase (COX), lipoxygenase
(LOX), and cytochrome P450 (CYP) pathways. AA cascade generates prostaglandins (PGs),
thromboxane A2 (TXA2), and a series of hydroxyeicosatetraenoic acids (HETEs), leukotrienes (LTs),
and epoxyeicosatrienoic acids (EETs).
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2. Functions of Eicosanoids in the Retina and Their Interaction with ROS

2.1. COX-Derived Eicosanoids

The major COX-derived eicosanoids include prostaglandins (PGs) and thromboxane (TX).
COX enzymes catalyze the first two steps of the enzymatic reaction, including cyclooxygenase
(dioxygenase) and peroxidase activity, to convert AA into PGH2 [21]. Of note, PGH2 is not stable, and it
is the precursor for the production of PGs and TX, which is depending on the differential expression of
isomerases and PG synthases in different tissues [22]. COX enzymes include two isozymes, COX-1 and
COX-2. COX-1 is the constitutive isoform, which is responsible for the low PGs synthesis required
for cell homeostasis, whereas COX-2 is inducible by many extracellular stimuli, including cytokines
and growth factors, during chronic inflammation [17,23]. The major PGs are PGD2, PGE2, PGI2,
and PGF2α, and the central TX is TXA2. The function of these PGs and TXA2 is mediated via the
binding of DP, EPs (EP1 to EP4), IP, FP, and TP receptors.

It is well established that PGs are produced in retinal and choroidal blood vessels [24–26].
Several studies [27,28] have demonstrated that PGs play a vital role in the regulation of retinal blood
flow (RBF) and choroidal blood flow (ChBF) [27,28]. Of note, RBF supplies the inner layers of the retina,
whereas ChBF nourishes the outer layers (retinal pigment epithelium (RPE) and the photoreceptors) of
the retina with nutrition and oxygen. During a rise in perfusion pressure, PGE2 and PGF2α are amply
released in retinal and choroidal blood vessels, and these PGs cause vasoconstriction [29]. On the
other hand, the release of PGI2 and PGD2 in retinal and choroidal blood vessels during perfusion
causes vasorelaxation [29]. Notably, several studies [27,30] have suggested that PGs are involved in
the inability of autoregulation of RBF and ChBF in newborn animals, which results in excess delivery
of oxygen to the retina, and causes retinal microvascular damage in retinopathy of prematurity (ROP).
Moreover, PGE2 has detrimental effects on the blood vessels, including increased oxidative stress,
increased vasodilation, increased vascular permeability, and increased production of proinflammatory
cytokines [16].

As mentioned above, PGs are produced from AA released from the phospholipids of the cell
membrane by COXs by generating PGG2 and PGH2. The reaction for the generation of PGG2 by COXs
needs peroxides as critical components in COX activation. Thus, several studies [31–33] have reported
that in the blood vessels, ROS can affect both the activity and expression of COXs. For example,
H2O2 increases COX-2 expression in endothelial or vascular smooth muscle cells (VSMCs) [31–33].
Moreover, there is some evidence that PGs can directly regulate the production of ROS in the blood
vessels. For example, TXA2 up-regulates the expression and activity of NADPH oxidase, a crucial
enzyme to produce ROS in all blood vessel wall cells [34]. PGE2 promotes ROS formation via the EP1
receptor, which is associated with hypertension and endothelial dysfunction [35,36].

2.2. LOX-Derived Eicosanoids

The major components in LOX-derived eicosanoids are hydroxyeicosatetraenoic acids (HETEs),
including 5-HETE, 8-HETE, 12-HETE, and 15-HETE, as well as leukotrienes (LTs), containing LTA4,
LTB4, LTC4, LTD4, LTE4, and LTF4 (Figure 1). Under the catalysis of lipoxygenases (5-LOX,
8-LOX, 12-LOX, and 15-LOX), which are non-heme iron-containing enzymes, AA is metabolized into
hydroperoxyeicosatetraenoic acid (HpETE). 12-HpETE and 15-HpETE are reduced into 12-HETE and
15-HETE. 5-HETE is generated from 5-LOX, and 8-HETE is generated from 8-LOX. 5-HETE induces the
degranulation of neutrophils, and 8-HETE is involved in skin inflammation. 5-LOX metabolizes AA
into 5-HpETE, which is the precursor for the synthesis of proinflammatory LTA4. LTA4 is metabolized
to LTB4 by leukotriene A4 hydrolase, and LTB4 binds to its receptors (BLT1 or BLT2) for its action [37].
LTA4 is unstable, and it can be merged with glutathione to form cysteinyl-LTs (cysLTs), which include
LTC4, LTD4, LTE4, and LTF4 [38,39]. The function of LTs is mediated through the binding of these LTs
to their receptors, including BLT, cysLT, and LTE4 receptors.

63



Antioxidants 2020, 9, 520

LOX-derived eicosanoids are implicated in several critical inflammatory conditions, and LTs (LTC4,
LTD4, and LTE4) are mostly synthesized by neutrophils, macrophages, and mast cells [38]. As LTs have
a relatively short half-life, these lipid mediators act as autacoids near their synthesizing sites [40]. LTC4,
LTD4, and LTE4 were named slow-reacting substances of anaphylaxis because these products cause
contractions in the smooth muscles of guinea pig ileum [41]. A substantial body of evidence indicates
that LTB4 promotes leukocyte chemotaxis, adhesion and degranulation, and enhances oxidative
stress, vascular permeability, and the production of proinflammatory cytokines [40,42]. 12-HETE
and 15-HETE are generated in the microvessels. Several studies [43,44] indicate that 12-HETE is a
potent vasodilator, whereas 15-HETE causes vasoconstriction. Notably, 5-LOX-derived products act as
potent chemotactic agents for the recruitment of several proinflammatory cells, namely neutrophils,
eosinophils, and monocytes in the blood vessels [40,45]. Accordingly, most investigators consider
5-LOX products to be detrimental factors in pathological conditions, including asthma [41], rheumatoid
arthritis [41], DR [46], and cardiovascular diseases [40,45]. Leukotriene antagonists are clinically
beneficial to treat asthma because leukotriene induces bronchoconstriction [41].

Although the mechanisms that LOX-derived metabolites promote ROS have not been well
established, these metabolites are reported to act as the upstream of NADPH oxidase (NOX) pathways
in cancer research [47]. For example, 12-HETE stimulates NOX1-mediated ROS production and
migration in colon adenocarcinoma cells [48]. Besides 12-HETE, some evidence suggests that 15-HETE
induces apoptosis in K-562 cells (myeloid leukemia) through NOX-mediated ROS production [49].
Of note, several studies have reported that BLT2, the LTB4 receptor, is involved in cancer cell growth
and proliferation via NOX-mediated ROS production [50,51].

2.3. CYP-Derived Eicosanoids

The CYP-derived eicosanoids contain epoxyeicosatrienoic acids (EETs) (5,6-EET, 8,9-EET, 11,12-EET,
and 14,15-EET) and 20-HETE (Figure 1). The CYP enzymes, about 45–55 kDa, are heme-containing
proteins [52]. In the presence of NADPH and oxygen, AA is oxidized by the CYP enzyme system into
EETs and HETEs. Among HETEs, 20-HETE, the ω-hydroxylation product of AA, is the major lipid
metabolite in blood vessels and the kidneys [53]. CYP4A and CYP4F isoforms are the major enzymes
for 20-HETE synthesis [16]. Production of EETs is less specific, and several CYP isoforms are involved,
including CYP1A, 2B, 2C, 2D, 2E, and 2J [16]. It is well established that the major CYP epoxygenases
for EETs synthesis in the kidneys and the microvasculature are CYP2C and CYP2J [15]. For example,
CYP2C11, a rat isoform, has the highest epoxygenase activity, whereas CYP2C24 has the lowest
activity [15]. Similarly, CYP2J isoforms are involved in EETs synthesis [54,55]. These CYP-derived
eicosanoids are essential to regulate cardiovascular and renal function [15,16]. 20-HETE and EETs
have been connected to regulate vascular function [15]. 20-HETE causes vasoconstriction in the
microvasculature, and it is a vital regulator of the myogenic tone [17]. Notably, EETs elicit relaxation
in the microvasculature, and they are the endothelium-derived hyperpolarizing factors [56,57].
Importantly, EETs can act as angiogenic factors [15,58]. EETs are readily hydrolyzed by soluble epoxide
hydrolase (sEH) to form 5,6-dihydroxyepoxyeicosatrienoic acids (DHETs), 8,9-DHET, 11,12-DHET,
and 14,15-DHET, which possess less biologically active than are EETs [15,58]. It is well established that
sEH is the crucial enzyme in the metabolism of EETs, and blockades and deletion of sEH can change
the level of EETs in vivo [15,58].

It has been demonstrated that EETs are generated in the retina [59], retinal endothelial cells [60],
and significant EETs levels are evident in vitreous samples from diabetic patients [61]. Although it
has been demonstrated that CYP2C and CYP2J isoforms are responsible for EET production in the
kidneys [62,63], the major CYP enzymes for retinal EETs production are still unclear. Our recent
study [64] has determined the expression of retinal CYP2C and CYP2J in mice compared with renal
tissues as a positive control. We showed that CYP2J expression is absent, and CYP2C isoforms are the
major epoxygenases in mouse retina [64]. Interestingly, these findings suggest that the blockade of
CYP2C could be a target to reduce ROS production in the diabetic retina because CYP2C generates
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detrimental ROS in the heart [65]. Notably, a recent study by Park et al. has demonstrated that GPR40 is
an EET receptor in vascular cells, and GPR40 plays a role in endothelial proliferation and tube formation
that can contribute to angiogenesis [66]. To address whether EET receptor (GPR40) is expressed in the
retina, we determined the expression of GPR40 in retinal samples isolated from mice and in human
retinal endothelial cells (HRECs). The animal protocol was approved by the Institutional Animal Care
and Use Committee. It was in accord with the requirements of the National Research Council Guide for
the Care and Use of Laboratory Animals. Using the pancreas as a positive control [66], the expression of
GPR40 is shown in the mouse retina and HRECs (Figure 2A). Notably, GPR40 is also highly expressed
in the retinal blood vessels (Figure 2B). These results suggest that GPR40 could be a target to modulate
the action of EETs in the retina. To determine the physiological function of 20-HETE and EETs in
the retina, Metea et al. [67] investigated the role of HET0016 (a 20-HETE-selective blocker [53]) and
MS-PPOH (an EETs-selective blocker [53]) in the function of retinal arterioles. This study [67] showed
that glial-evoked vasodilation was blocked by MS-PPOH, whereas HET0016 blocked vasoconstriction.
These results support the hypothesis that glial stimulation elicits vasodilation via EETs, whereas glial
stimulation results in vasoconstriction mediated by 20-HETE in the retina.

 
(A) (B) 

Figure 2. (A) EET receptor (GPR40) protein is expressed in the retina and human retinal endothelial
cells (HRECs). The samples from the pancreas were used as a positive control. (B) GPR40 (red) and
IB4 (green; a marker of the retinal blood vessel) in the retina. The retinal and pancreatic samples were
isolated from male mice.

As mentioned above, CYP enzymes are involved in the synthesis of EETs and 20-HETE.
Several studies [68,69] suggested that CYP catalytic cycle’s poor coupling results in the continuous
production of ROS, which affects different signaling pathways and other cellular functions.
Edin et al. [69] determined the effects of increased endothelial expression of CYP2C8 (Tie2-CYP2C8)
and CYP2J2 (Tie2-CYP2J2) transgenic mice to ischemia/reperfusion (I/R) injury in the isolated heart.
They showed that infarct size was unchanged in Tie2-CYP2J2 mice after I/R, whereas Tie2-CYP2C8
mouse hearts had significantly increased infarct size after I/R. The reason for increasing the infarct size
of Tie2-CYP2C8 hearts is because of increased ROS production. These results support the notion that
CYP2J2 generates cardioprotective EETs, whereas another isozyme in the heart, CYP2C, generates EETs
as well as detrimental ROS [65]. Some evidence suggests that hepatic fibrosis may be mediated in liver
disease is through CYP2E1-dependent release of ROS from hepatocytes, which then may stimulate
collagen production in stellate cells [70].

3. Diabetic Retinopathy

The retina is an extension of the central nervous system and highly metabolic active organ. It is
made of several layers, and the retinal layers from inside to outside are nerve fiber (NF), ganglion cell
(GC), inner plexiform (IPL), inner nuclear (INL), outer plexiform (OPL), outer nuclear (ONL), and RPE
(Figure 3A) [11]. The retina is related anteriorly to the vitreous, lens, and cornea, which are avascular
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transparent media. The development of abnormal blood vessels in the vitreous such as in DR causes
interruption of light and vision deterioration. Retinal vessels are localized in the inner neural retina,
where they are distributed in the nerve fiber, inner and outer plexiform layers (Figure 3B) [11]. However,
the photoreceptor layer lacks retinal vessels and receives its nutrition by diffusion from choroidal
blood vessels. The flow of nutrients materials, metabolites, ions, proteins, and water flux to and from
the retina is regulated by two blood-retinal barriers (BRB), inner and outer. The inner barrier is made
of endothelial cells, pericytes, and glial cells; however, the outer barrier is made of RPE and choroidal
endothelial cells. Disruption of inner and outer barriers is a characteristic feature of retinal diseases
such as DR and age-related macular degeneration.

(A) (B) 

Figure 3. (A) Retinal section, which was isolated from mice, stained with hematoxylin and eosin
showing different retinal layers as seen under the microscope from inside to outside are the ganglion
cell (GC), inner plexiform (IPL), inner nuclear (INL), outer plexiform (OPL), outer nuclear (ONL),
and retinal pigment epithelium (RPE). (B) Immunostaining of retinal section (mouse) with the vascular
marker (isolectin-B4, red) and nuclear marker (DAPI, blue), showing that retinal blood vessels (inside
the white box) are primarily localized in the inner retinal layers (the nerve fiber and ganglion cell layer
and plexiform layer). The arrow in B is pointing to inner retinal layers that contain blood vessels (red).

DR, a neurovascular complication, remains one of the most common causes of blindness worldwide.
World Health Organization (WHO) has placed DR on the top list of eye conditions that should be
treated [11,71]. The microvascular dysfunction in DR is characterized by apoptosis of retinal pericytes
and endothelial cells, leading to BRB breakdown, capillary degeneration, and development of retinal
ischemia. BRB breakdown causes retinal hyperpermeability and development of diabetic macular
edema (DME), which is a leading cause of vision loss in DR. Capillary degeneration leads to the
development of relative retinal ischemia and subsequently VEGF-dependent retinal neovascularization,
a cardinal sign of proliferative DR (PDR). Current methods for treating diabetic retinopathy (DR),
including laser photocoagulation and anti-vascular endothelial growth factor (VEGF), are limited by
significant side effects and do not eliminate the risk of blindness. Thus, there is a critical need to
identify new therapeutic targets for the treatment of DR [72,73].

The retina comprises a high content of PUFA, and it also has high oxygen and glucose uptake as
compared with other tissues. Thus, the retina is more prone to oxidative stress [11]. Chronic hyperglycemia
is related to the development of DR, although the underlying mechanisms of this association are still not
clear. Several biochemical pathways and molecular mechanisms have been implicated in the possible
links, including activation of the renin-angiotensin system (RAS), increased advanced glycation end
products, dysregulation of the polyol pathway, activation of PKC, and chronic inflammation [11].
Of note, many of these pathways are leading to ROS production and the burden of oxidative stress
in retinal tissues [11]. DR is mostly a disease of the retinal microvasculature, although damage to
neurons and glia also occurs [11]. This review will focus on the role of eicosanoids in oxidative stress,
retinal microvascular dysfunction, and neovascularization to DR. The following section will provide
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the reader with a clear summary of the role of eicosanoids and omega 3 (ω-3)-derived metabolites
in DR.

4. Eicosanoids and Diabetic Retinopathy

4.1. Role of COX-Eicosanoids in Diabetic Retinopathy

In DR, vascular leakiness and proliferation are two important factors to cause vision impairment [74,75].
Patients with diabetes are usually vulnerable to DR, and retinal neovascularization (NV) in the late
stage of DR could lead to blindness. Of note, in DR, ischemia is the common precursor to NV, and it
is well established that early proinflammatory genes are generally expressed in ischemic retina [76].
One of these genes expressed at high levels in the early stages of DR is COX-2, which is induced
by inflammatory cytokines [16,17]. Moreover, increased PGs in DR have been found in the vitreous
cavity in both animal and clinical studies [77,78]. Thus, a lot of research effort has focused on the
role of COX-2 and PGE2 in the pathogenesis of DR. VEGF is a proinflammatory molecule that plays
an essential role in the development of vascular leakage and retinal NV in DR [79]. A previous
study [80] has shown that PGE2 increases VEGF expression in cultured Müller cells. Interestingly,
Yanni et al. [81] have reported that in Müller cells, activation of the EP4 receptor, the receptor of PGE2,
increases VEGF production. In contrast, a blockade of EP4 receptors decreases VEGF production in
a concentration-dependent manner. An EP4 blockade by L-161982 significantly reduced pathologic
NV in oxygen-induced retinopathy (OIR). Noteworthy, earlier work by Ayalasomayajula et al. [82]
has demonstrated that celecoxib (a selective COX-2 inhibitor) inhibited VEGF expression without any
significant effect in COX-2 expression. Moreover, the COX-2 blockade significantly decreased vitreous
to plasma protein ratio, which is an index of the retinal vascular leakage in diabetic rats. These results
support the hypothesis that COX-2 and EP4 could be valuable therapeutic targets for the early stages
of DR and proliferative DR.

NF-κB is a family of highly conserved transcription factors that regulate many genes involved
in the inflammatory response [79]. Thus, NF-κB is a proinflammatory transcription factor. NF-κB is
composed of homodimers and heterodimers, and the most abundant forms are the p65 and p50
subunits [79]. The NF-κB proteins are typically sequestered in the cytoplasm by IκB. The primary
mechanism for NF-κB activation is the inducible degradation of IκB triggered through its site-specific
phosphorylation by the IκB kinase (IKK) complex, resulting in IκB degradation [79]. The degradation
of IκB releases the NF-κB heterodimers to translocate to the nucleus where they bind to nuclear DNA,
leading to activation of inflammatory mediators, including tumor necrosis factor α (TNFα), ICAM-1,
and interleukin-1β. Of note, NF-κB activation induces inflammatory mediators and increases oxidative
stress, which is involved in the pathogenesis of DR [83–86]. Notably, Zheng et al. [87] have reported
that treatment with aspirin (a COX inhibitor) not only inhibited NF-κB activation, but also inhibited
the expression of iNOS, ICAM-1, VCAM, and capillary degeneration and capillary cell death in the
diabetic retina. Moreover, NF-κB activation contributes to ROS generation [11]. These results provide
substantial evidence that aspirin-mediated inhibition of capillary degeneration in the early stage of DR
is mediated via inhibition of NF-κB and the subsequent oxidative stress and inflammatory response.

Several studies have determined the effects of COX blockade in clinical studies [88–91]. In the
Early Treatment Diabetic Retinopathy Study (ETDRS), researchers examined the effects of aspirin
(650 mg per day) or placebo in 3711 patients with mild-to-severe nonproliferative DR (NPDR) or early
proliferative DR (PDR) [88]. They found that aspirin did not prevent high-risk PDR development
and did not reduce the risk of visual loss in these DR patients. This study suggests that the COX
blockade does not have beneficial effects in advanced DR patients. The reason that aspirin did not
provide protective effects in advanced DR patients is still not clear. It could be due to the dose of
aspirin because, in a previous study, Zheng et al. [87] used the dose of 26 mg/kg/day, which is about
1820 mg per day based on the bodyweight of 70 kg of healthy persons, to inhibit the early lesion of DR
in diabetic rats. Thus, a higher dose of aspirin is needed to provide beneficial effects in DR patients.
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Interestingly, in the Dipyridamole Aspirin Microangiopathy Diabetes Study (DAMAD) trial,
a higher dose of aspirin (990 mg per day) has a significant protective effect of slowing the development
of retinal microaneurysms [89]. Moreover, a pilot study in Japan [90], researchers investigated the
effects of sulindac (a non-specific COX-2 inhibitor; 200 mg/day, 100 mg twice a day; n = 16) on DR
progression in patients with T2DM as compared to controls (24 patients) for three years. They found
that patients in the sulindac group did not develop DR, nor was there the progression of pathology
in those who began the study with mild NPDR. On the other hand, six patients progressed to mild
NPDR in the control group. Subsequently, a prospective randomized study [91] showed that treatment
with celecoxib caused the reduction of fluorescein leakage in patients with diabetic macular edema.
These clinical studies [88–91] support the notion that COX blockade might have beneficial effects in the
development of DR in patients with the early stages of DR.

4.2. Role of LOX-Eicosanoids in Diabetic Retinopathy

It is well established that inflammatory insults to the retina are essential factors in the development
of the early stages of DR. 5-LOX-derived metabolites, including LTB4 and cysteinyl leukotrienes (LTC4,
LTD4, and LTE4), play an important role in the inflammatory processes. To determine the role of
5-LOX in the pathogenesis of DR, a study by Gubitosi-Klug et al. [37] has evaluated the role of 5-LOX
knockout (KO) and wild-type (WT) mice in the development of DR. They found that diabetic WT
mice developed degeneration of retinal capillaries and pericyte at nine months post-streptozotocin
(STZ) treatment and increases in both leukostasis and superoxide production at three months post-STZ
treatment. Diabetic 5-LOX KO mice developed less capillary degeneration and loss of pericytes and
less leukostasis, less superoxide production, and less activation of NF-κB, which contributes to ROS
generation [11]. These results provide substantial evidence that 5-LOX-derived metabolites promote
proinflammatory mediators and oxidative stress, and play a role in DR’s pathogenesis. Moreover,
using STZ-induced diabetic mouse model and cultured retinal cells, Talahalli et al. [46] showed that
bone marrow-derived cells from diabetic mice synthesize more LTB4 than do those from WT mice;
the mouse retina, retinal glial cells, and retinal endothelial cells (mREC) need LTA4 for the synthesis of
LTB4 by transcellular metabolism; and high-glucose conditions increase BLT1 receptor expression in
retinal glial cells and mREC, which then cause retinal microvascular endothelial cell death. These results
support the notion that transcellular delivery of LTA4 from bone marrow-derived cells to retinal cells
results in the production of LTB4, which can contribute to chronic inflammation and the development
of DR. Retinal angiogenesis, the formation of new blood vessels in the retinal vasculature, is one
the most damaging pathological events occurring during advanced DR. Several studies [92–94] have
demonstrated that 5-LOX-derived leukotrienes promote retinal NF-κB expression and its subsequent
downstream target pathways, including ROS production, cytokine molecules, and adhesion molecules;
these lipid mediators cause leukostasis and degeneration of retinal capillaries; they increase retinal
microvascular permeability leading to retinal edema; they activate NADPH oxidase, thereby increasing
oxidative stress; and they promote retinal endothelial cell proliferation and migration. All of these
pathological actions can contribute to the retinal angiogenesis in advanced DR.

Extensive research activities have focused on the effect of 12/15-LOX products in the pathogenesis
of DM. 12/15-LOX is found in the retinal cells, including endothelial cells and glial cells [95].
The primary 12/15-LOX-derived products from AA are 12-HETE and 15-HETE. 12-HETE has a role
in various biological processes, including atherogenesis, cancer cell growth, and neuronal apoptosis.
Moreover, 12-HETE has proinflammatory effects [96,97] and has been implicated in diabetic vascular
complications [98]. To determine the role of 12/15-LOX in PDR, we showed that 12-HETE and 15-HETE
production were significantly increased in oxygen-induced ischemic retinopathy (OIR), a model
of PDR [95]. We then found that 12-HETE and 15-HEHE levels were elevated in the vitreous of
diabetic patients with PDR. Interestingly, the blockade or deletion of 12/15-LOX attenuated retinal NV.
Additionally, 12-HETE administration augmented VEGF expression in Müller cells and astrocytes.
These results support the hypothesis that 12-HETE and 15-HETE production by 12/15-LOX are essential
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regulators of retinal NV through modulation of VEGF expression and could provide a new therapeutic
target to prevent and treat ischemic retinopathy. Our research group then determined the effect of
12/15-LOX metabolites on endothelial cell barrier function in the presence or absence of NADPH
oxidase, an important enzyme to produce ROS, inhibitors. Our previous study [99] showed that
activation of 12/15-LOX is a contributing factor to the vascular hyperpermeability during DR and
that NADPH oxidase plays a role in this process via activating VEGF receptor 2 (VEGF-R2)-signal
pathway. Interestingly, our another study [100] showed that the products of the 12/15-LOX pathway
were significantly up-regulated under hyperglycemic conditions with 15-HETE exhibiting the most
significant increase; 15-HETE activates retinal endothelial cells through the NOX system leading to
increases in leukocyte adhesion, hyperpermeability, and finally NV, the cardinal signs of DR. Based on
these previous studies [95,99,100], we proposed a hypothesis that hyperglycemia activates PLA2 to
release AA from the retinal cell membrane. AA is then converted to 12-HETE or 15-HETE that generates
ROS through NOX, creating a status of oxidative stress. Oxidative stress leads to the activation of retinal
endothelial cells through various inflammatory signaling pathways, leading to leukocyte adhesion,
hyperpermeability, and ultimately NV, which is the pathogenesis of advanced DR (Figure 4).

Figure 4. Cascade events involved in the pathogenesis of DR: Hyperglycemia activates the PLA2 to
release AA from the retinal cell membrane. AA is converted to 12- or 15-HETE that generates ROS
through NOX, creating a status of oxidative stress. This oxidative stress leads to the activation of retinal
endothelial cells through various inflammatory signaling pathways, leading to leukocyte adhesion,
hyperpermeability, and ultimately NV (the cardinal signs of DR).
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To study the biological effects of 12/15-LOX in DR, our previous study [99] determined the
effects of baicalein, 12/15-LOX inhibitor, in diabetic mice. Treatment of diabetic mice with baicalein
significantly decreased retinal HETE, intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion
molecule 1 (VCAM-1), interleukin 6 (IL-6), ROS generation, and NOX2 expression. Baicalein also
reduced VEGF-R2 levels in the diabetic retina. Our findings suggest that 12/15-LOX contributes to
vascular hyperpermeability during DR via the NADPH oxidase-dependent mechanism, which involves
the suppression of protein tyrosine phosphatase and activation of VEGF-R2 signal pathway [99].
Besides baicalein, several pharmacological inhibitors, including nordihydroguaiaretic acid (NDGA),
cinnamyl-3,4-dihydroxy-cyanocinnamate (CDC), have been developed. However, these 12/15-LOX
inhibitors did not show a clear isoform specificity [101,102]. Moreover, these inhibitors display a
species-specificity, and they have off-target effects. For example, these inhibitors have anti-oxidative
properties, and they affect the cellular redox homeostasis. Thus, it is hard to determine which of the
two functions, LOX inhibition or redox homeostasis, is the main reason for the detected biological
result [103]. Consequently, results obtained from these inhibitors must be interpreted with caution.
To address this issue, the inhibitor studies should always be confirmed by another approach, for example,
12/15-LOX KO [11].

4.3. Role of CYP-Eicosanoids in Diabetic Retinopathy

As compared to COX and LOX pathways, the role of the CYP pathway in retinopathy and
DR is less documented. Although it has been reported that EETs are involved in neurovascular
coupling [67], little is known about retinal angiogenesis. A previous publication by Michaelis et
al. [60] is the first to determine the role of CYP2C-derived EETs in hypoxia-induced cell migration
and angiogenesis. They showed that CYP2C isoforms are expressed, and EETs are generated in
cultured retinal endothelial cells. Additionally, hypoxia-induced CYP2C protein expression and EET
formation. Moreover, the CYP2C blockade attenuated the effects of EETs on endothelial cell migration
and endothelial tube formation. These results support the notion that endothelial EETs are implicated
in retinal angiogenesis, especially under hypoxia conditions. Future study is needed to investigate
whether CYP2C-induced ROS production [65] contributes to retinal angiogenesis under hypoxia.
Importantly, another previous study showed that 11,12-EET has a proangiogenic activity in the retina
following hypoxia [104], which supports the notion that EETs blockade could be a therapeutic target
for retinal NV. EETs have been shown to promote retinal NV in OIR [105], and the CYP2C blockade
provides the protective effects on pathological retinal NV in OIR [106]. To determine lipidomic profiles
of various PUFA, which including LA, AA, eicosapentaenoic acid (EPA, 20:5 n-3), and docosahexaenoic
acid (DHA, 22:6 n-3), we used LC/MS/MS to measure the levels of 12/15-LOX-, COX-, and CYP-derived
metabolites in diabetic (STZ model) and control mice. Among the 107 lipid metabolites screened,
only a few lipids were significantly increased in diabetic mice. Notably, we found that 5,6-DHET,
11,12-DHET, and 14,15-DHET levels are significantly elevated in diabetic mice [107]. These results
suggest that retinal sEH levels and activity are elevated in diabetes.

A robust body of literature has established the role of RAS in DR [108–115]. In RAS, prorenin is
activated to form renin [108–112], which converts angiotensinogen to Angiotensin I (Ang I) [108,109,116].
Ang I is then hydrolyzed by angiotensin-converting enzyme (ACE) to produce Angiotensin II
(Ang II) [108,109]. Ang II is the major bioactive product of RAS, and Ang II receptor type 1 (AT1
receptor) is the primary receptor to mediate the function of Ang II [117–120]. Several clinical studies are
designed to determine the effects of RAS blockade in the development of DR because RAS activation
is implicated in DR development in animal studies [108–112]. EUCLID trial demonstrates that ACE
blockade by lisinopril attenuated the progress of DR to proliferative DR [121]. The DIRECT trial was
divided into the DIRECT-Prevent group (n > 1400) and the DIRECT-Protect group (n > 1900) [108,122].
While AT1 blockade by candesartan decreased the incidence of DR, AT1 blockade did not attenuate the
progression of established DR [122]. Thus, a lack of understanding of the molecular mechanism of
retinal microvascular damage induced by RAS is a critical barrier to the use of RAS blockade to prevent
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or treat DR. To address the disappointing results of the DIRECT trial, our recent study [64] shows that
Ang II increases retinal sEH expression, which is blunted by an AT1 blocker; 11,12-EET exacerbates Ang
II-retinal vascular leakage; diabetes (STZ model) induces retinal angiotensinogen and AT1 expression
(RAS activation), which is associated with increased retinal sEH expression; and sEH KO (increasing
EETs) exacerbates diabetes-induced retinal vascular leakage. Based on these results, we propose a
hypothesis that during diabetes, RAS activation augments retinal sEH, via AT1, which decreases
EETs (pro-permeability and pro-angiogenesis factors) to counterbalance the effects of RAS on retinal
microvascular damage (Figure 5).

 
Figure 5. The hypothesis about the interaction of sEH/EETs and RAS in DR. During diabetes, RAS activation
augments retinal sEH, via AT1, which decreases EETs (pro-permeability and pro-angiogenesis factors)
to counterbalance the effects of RAS on retinal microvascular damage.

4.4. Role of Omega 3-Derived Metabolites in Diabetic Retinopathy

Besides generating from omega 6 (ω-6) PUFAs, such as AA, eicosanoids can also be produced from
ω-3 PUFA, such as EPA and DHA. Several studies have reported that COX- and LOX-derived products
generated from ω-3 PUFAs inhibit inflammation and angiogenesis, and may possess protective effects
in the development of retinopathy and DR [105,123]. To determine the role of ω-3 PUFA COX-derived
PGs on angiogenesis, Szymczak et al. investigated the modulation of proangiogenic activation of
human endothelial cells (ECs) by ω-3 PUFA [123]. They showed that ω-6 PUFAs stimulate, but ω-3
PUFAs inhibit major proangiogenic processes in human ECs, including the induction of angiopoietin-2
(Ang2), endothelial invasion, and tube formation, that are usually activated by the major ω-6 PUFA
AA [123]. Importantly, they found that PGE3 (ω-3 PUFA-derived PG) suppressed the induction of
Ang2, a vital factor in the angiogenic differentiation of ECs, by growth factors in human ECs, which is
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the opposite to the effects of PGE2. These results support the notion that ω-3 PUFA-derived PG protects
against NV as compared with the detrimental effects of ω-6 PUFA-derived PG. Furthermore, resolvins,
produced from ω-3 PUFAs via COX-2, have potent anti-inflammatory properties by blocking the
production of pro-inflammatory factors [124]. To determine the role of ω-3 PUFA-derived metabolites
in NV, Sapieha et al. [125] fed ω-3 PUFA diets into COX-1 KO, COX-2 KO, 5-LOX KO, 12/15-LOX KO,
and WT mice, and then retinopathy was induced by oxygen exposure (OIR). They showed that only
5-LOX KO mice, but not COX-1 KO, COX-2 KO, or 12/15-LOX KO, abrogated the protection against OIR
by dietary ω-3 PUFAs. This study identified 4-hydroxydocosahexaenoic acid (4-HDHA), a product of
ω-3 PUFA via 5-LOX, which regulates NV in OIR modeling ROP and advanced DR [125].

To determine the role of ω-3 and ω-6 PUFA-derived metabolites via CYP in NV, Shao et al. [126]
fed ω-3 or ω-6 PUFA diets into Tie2-CYP2C8, Tie2-sEH, and WT mice in the OIR model. They found
that in OIR, there is increased NV in Tie2-CYP2C8 mice fed a diet with either ω-3 or ω-6 PUFAs,
whereas there is reduced NV in Tie2-sEH mice. These results support the hypothesis that both of
ω-3 and ω-6 PUFA lipid products of CYP2C promote NV in the retina and advanced DR. Recently,
an exciting study by Fleming and colleagues [59] has demonstrated that sEH is involved in the
metabolism of 19, 20-epoxydocosapentaenoic acid (19, 20-EDP; DHA-CYP-derived product) to
19,20-dihydroxydocosapentaenoic acid (19, 20-DHDP). They also showed that the accumulation
of 19, 20-DHDP, and overexpression of sEH in the retinal Müller glial cells causes retinopathy [59].
Although these findings support the importance of sEH and 19, 20-DHDP in the Müller glial cells,
the same research group (Fleming and colleagues) [127,128] has shown that increasing EETs levels in
the retinal endothelial cells causes retinopathy, which supports our hypothesis indicating in Figure 5.
These studies [59,105] suggest that regarding CYP-mediated ω-3 PUFA products in angiogenesis could
be cell- or tissue-dependent.

5. Conclusions and Perspectives

It is well established that PGs play a vital role in the regulation of retinal blood flow and choroidal
blood flow. Overproduction of TXA2 and PGE2 promotes ROS formation, which is associated
with cardiovascular diseases. COX blockade decreases retinal VEGF and inhibits NF-κB activation,
which regulates the production of inflammatory mediators and ROS production in the retina. Clinical
studies suggest that high dose of aspirin might have beneficial effects in the development of DR in
patients with early stages of DR. Since PGE2 promotes the production of retinal VEGF via EP4 receptor,
the development of novel pharmacological agents targeting EP4 receptors could be an important area
for clinical studies in patients with DR.

12-HETE, one of the LOX-derived eicosanoids, is a potent vasodilator, whereas 15-HETE causes
vasoconstriction. Deletion of the 5-LOX gene decreases capillary degeneration, leukostasis, and activation
of NF-κB in diabetic animals, suggesting that 5-LOX-derived proinflammatory metabolites play a
role in the pathogenesis of DR. There is a significant elevation of 12-HETE and 15-HETE levels in the
vitreous of diabetic patients with PDR. There is some evidence that 12-HETE or 15-HETE generates ROS
through NOX, creating a status of oxidative stress, which is an important factor in the development of
DR. More research is needed to determine whether 12/15-LOX blockade can prevent the development
of DR in clinical studies.

EETs and 20-HETE, the CYP-derived eicosanoids, are produced in the retinal circulation. There is
some evidence that glial stimulation elicited vasodilation via EETs, whereas glial stimulation results in
vasoconstriction mediated by 20-HETE in the retina. Less research is known about the role of EETs
in the development of DR. Several studies indicate that EETs are implicated in retinal angiogenesis,
especially under hypoxia conditions. RAS activation contributes to retinal hyperpermeability and
retinal neovascularization in DR. Although the blockade of RAS with an AT1 receptor blocker has
reduced the incidence of DR in clinical studies, the AT1 blockade did not reduce the progression of DR
in diabetic patients. Our recent publication [64] shows that in DR, RAS activation augments retinal
levels of sEH, degrading EETs to compensate RAS-induced retinal microvascular damage. In the future
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study, it is needed to test whether EETs or EET receptor (Figure 2) blockade can optimize RAS blockade
to prevent or reduce DR-induced microvascular damage.

Growing evidence support that ω-3 PUFA metabolites via COX- and LOX-pathway inhibit
inflammation and retinal angiogenesis. On the other hand, the ω-3 and ω-6 PUFA metabolites
via CYP2C promote neovascularization in the retina. Thus, more research is needed to determine
whether ω-3 PUFA supplementation along with the CYP2C blockade can prevent the development of
advanced DR.

In conclusion, although anti-VEGF and photocoagulation therapy have improved care in DR
patients, these therapies still cause significant side effects. Thus, there is a critical need to identify new
therapeutic targets to treat or prevent DR progression. COX-derived, LOX-derived, and CYP-derived
eicosanoids regulate oxidative stress, retinal VEGF levels, and inflammatory cytokines, as well as being
involved in the pathophysiology of DR. There are many available approaches, including selective
blockers, transgenic mice, and knockout mice, to permit researchers to study the functions of these lipid
mediators in the retina as well as their role in the pathophysiology of DR. These lipid mediators are
essential therapeutic targets for DR because many receptors and these three eicosanoid pathways are
well defined. Thus, we propose that COX blockers (aspirin and celecoxib), EET blockers (montelukast (a
selective CYP2C inhibitor [129,130]) and DC260126(an EET receptor antagonist [131,132])), and 12/15-LOX
blockers (baicalein, NDGA, and CDC) could be the potential therapeutic methods to prevent the
development of early-stage DR (Figure 6). We also propose that EP4 receptor blocker (L-161982),
ω-3 PUFA diet + EET blockers (montelukast and DC260126), AT1 blockers + EET blockers (montelukast
and DC260126), and 12/15-LOX blockers (baicalein, NDGA, and CDC) could be the potential therapeutic
methods to prevent the development of proliferative DR (Figure 6). Finally, since oxidative stress
represents a vital regulator of eicosanoids-mediated microvascular dysfunction in DR and other
diseases, antioxidants could be a therapeutic approach to interrupt eicosanoid signaling and in turn
improving visual outcome in DR.

Figure 6. General mechanisms for the development of the early stage of DR and proliferative DR. We also
indicate the potential therapeutic methods of the eicosanoid pathways to prevent the development of
the early stage of DR and proliferative DR.
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Abstract: High-mobility group box 1 (HMGB1) is a protein that is part of a larger family of
non-histone nuclear proteins. HMGB1 is a ubiquitary protein with different isoforms, linked
to numerous physiological and pathological pathways. HMGB1 is involved in cytokine and
chemokine release, leukocyte activation and migration, tumorigenesis, neoangiogenesis, and the
activation of several inflammatory pathways. HMGB1 is, in fact, responsible for the trigger, among
others, of nuclear factor-κB (NF-κB), tumor necrosis factor-α (TNF-α), toll-like receptor-4 (TLR-4),
and vascular endothelial growth factor (VEGF) pathways. Diabetic retinopathy (DR) is a common
complication of diabetes mellitus (DM) that is rapidly growing in number. DR is an inflammatory
disease caused by hyperglycemia, which determines the accumulation of oxidative stress and cell
damage, which ultimately leads to hypoxia and neovascularization. Recent evidence has shown that
hyperglycemia is responsible for the hyperexpression of HMGB1. This protein activates numerous
pathways that cause the development of DR, and HMGB1 levels are constantly increased in diabetic
retinas in both proliferative and non-proliferative stages of the disease. Several molecules, such as
glycyrrhizin (GA), have proven effective in reducing diabetic damage to the retina through the
inhibition of HMGB1. The main focus of this review is the growing amount of evidence linking
HMGB1 and DR as well as the new therapeutic strategies involving this protein.

Keywords: antioxidants; diabetes mellitus; diabetic retinopathy; free radicals; high-mobility group
box 1 (HMGB1); inflammatory pathways; novel therapies; oxidative stress

1. Introduction to Diabetic Retinopathy (DR)

Diabetes mellitus (DM) is a well-known metabolic disease that causes numerous chronic
complications. To this day, the number of patients affected by type one and type two DM is estimated to
be 463 million. This number will rise to 700 million by 2045 (around 10.9% of the global population) [1].
The most common complications, such as diabetic retinopathy (DR), are caused by microvascular
damages. Nowadays, the number of patients affected by DR is calculated as around 93 million [2].
These numbers place DR as the fifth most common cause of severe visual impairment in the world [3].
From a clinical point of view, DR is characterized by typical vascular and macular abnormalities.
In non-proliferative DR (N-PDR), the most common findings are microaneurysms, cotton wool spots,
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hemorrhages, hard exudates, and venous dilatation. The progression toward the stage of PDR is
defined by the development of neovascularization that may lead to retinal and vitreous hemorrhages,
fibrovascular proliferation, and tractive retinal detachment. Other complications of DR are neovascular
glaucoma, steaming from iris neovascularization, and macular edema (Figures 1 and 2) [4,5].

 

Figure 1. Spectral-domain optical coherence tomography exam of two patients. Patient (A). Initial
diabetic retinopathy (DR) characterized by typical vascular and retinal abnormalities: microaneurysms,
hemorrhages (hyperreflective dots), hard exudates (hyperreflective dots), and venous dilatation (blue
arrow). Patient (B). Preproliferating ischemic-exudative DR to the posterior pole with epiretinal
membrane (green arrows), retina spongy (white arrow), and altered layers of photoreceptors and retinal
pigment epithelium (external retina).

The pathogenesis of DR is an extremely complex mechanism that involves numerous biochemical
and inflammatory pathways triggered by long exposition to hyperglycemia. The development
of DR is characterized by the concomitant participation of vascular endothelial dysfunction,
pericyte loss, and neurodegeneration, which ultimately leads to hypoxia and neovascularization [6].
Interestingly, neuronal degeneration appears to precede vascular disease and develop as an independent
mechanism [7].
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The persistence of high levels of blood glucose is determinant for the activation of inflammatory
mechanisms, the enhancement of oxidative stress, and, consequently, the production of advanced
glycation end-products (AGEs) [4]. The inflammation determines the local accumulation of cytokines,
such as vascular endothelial growth factor (VEGF), tumor necrosis factor-alpha (TNF-α), and inducible
nitric oxide synthase (iNOS), that favor the establishment of hypoxia in the diabetic retina [8].
Inflammation leads also to the accumulation of chemokines and adhesion molecules such as intercellular
adhesion molecule-1 (ICAM-1). This mechanism causes the migration of leukocytes towards the retinal
endothelium, increased vascular permeability, and the breakdown of the blood–retinal barrier (BRB)
that ultimately leads to edema [9].

Hyperglycemia determines the production of AGEs. The binding of AGEs to their receptors
(RAGE) allows for the activation of nuclear factor-κB (NF-κB) pathways, which ultimately leads to the
production of reactive oxygen species (ROS) and the reduction of antioxidant defense systems [10].
Oxidative stress conducts to the metabolic memory phenomenon in mitochondria. This phenomenon
is deemed responsible for the persistence of vascular damage, even when glycemic control is perfectly
achieved [11]. Moreover, hyperglycemia determines the production of sorbitol through the activation
of the polyol pathway. High volumes of sorbitol lead to the depletion of reduced glutathione (GSH)
and the accumulation of ROS [12].

Hyperglycemia is also able to activate different isoforms of protein kinase C (PKC). This enzyme
participates in the retinal vascular damage through its efficiency in the induction of nicotinamide
adenine dinucleotide phosphate oxidase (NOX). The resulting O2

− contributes to the worsening
of endothelial dysfunction [13,14]. PKC is also involved in the increase of endothelial cell death
and pericyte loss via the accumulation of oxidative and nitrosative products, contributing to the
development of microaneurysms and the recruitment of leukocytes [15].

Another pathway heavily affected by chronic exposition to hyperglycemia is the hexosamine
pathway. The alternative cycle to glycolysis is needed to convert the excess of fructose 6-phosphate that
cannot be metabolized by classic glycolysis. This leads to the production of N-acetyl glucosamine and
the overexpression of transforming growth factor-β1 (TGF-β1) and plasminogen activator inhibitor-1
(PAI-1), increasing the apoptotic rate of endothelial cells (EC) and pericytes [16,17]. Moreover,
AGE accumulation activates the hexosamine pathway, determining the production of angiopoietin-2
and the development of neovascularization [18,19]. Lastly, it has been recently demonstrated
that the activation of the innate immune response facilitates the development of inflammation
and therefore DR. Specifically, concentrations of toll-like receptor (TLR)−4 and −2 as well as their
downstream inflammatory cytokines TNF-α, interleukin (IL)-1β, and interferon (IFN)-β were found to
be significantly increased in murine models of DM [20,21].

Current therapeutic approaches, such as anti-angiogenic agents or corticosteroids intravitreal
injections and laser therapy, only target the manifestations of DR. The complexity of the metabolic
pathways activated during DR shows how single-target therapies have limited success [22–24]. The lack
of preventive treatments and the increasing number of patients show the need for the development of
new specific agents targeting the metabolic pathways that lead to DR (Scheme 1).
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Scheme 1. Predominant biochemical alterations in diabetes mellitus (DM) patients and related
dysfunctions caused by hyperglycemia. HMGB1: high-mobility group box 1; DR: diabetic retinopathy;
BRB: blood–retinal barrier; AGEs: advanced glycation end-products; RAGE: receptors for AGEs;
PKC: protein kinase C; NF-κB: nuclear factor-κB; TGF-β1: transforming growth factor-β1; PAI-1:
plasminogen activator inhibitor-1; NOX: nicotinamide adenine dinucleotide phosphate oxidase; VEGF:
vascular endothelial growth factor; TLR: toll-like receptor; iNOS: inducible nitric oxide synthase; TNF-α:
tumor necrosis factor-α; IL-1β: interleukin-1β; IFN-β: interferon-β; ICAM-1: intercellular adhesion
molecule-1; ROS: reactive oxygen species; GSH: reduced glutathione.

2. Introduction to High-Mobility Group Box 1 (HMGB1)

High-mobility group (HMG) proteins are a group of non-histone nuclear proteins discovered in
1973 in the calf thymus, including three families, named HMGB, HMGN, and HMGA [25]. This group
of proteins owes their name to their high electrophoretic mobility [26]. The high-mobility group
box (HMGB) family contains several different proteins unified by the constant presence of at least
one HMGB. The most studied and ubiquitary protein of this family is HMGB1 [27]. HMGB1 is an
evolutionary conserved chromatin-binding protein composed of 215 amino acids and characterized by
two DNA binding domains named Box-A and Box-B and a C-terminal acidic domain [28]. Initially
considered a nuclear protein, HMGB1 has subsequently shown a cytosolic location inside several cell
organelles and structures, such as mitochondria and the cellular membrane as well as extracellular
space [29].

HMGB1 may be present in a reduced, oxidized, or disulfide form. Its actions appear to be largely
dependent on the redox state [30]. The reduced form is characterized by the reduction of specific
cysteine residues. In this configuration, HMGB1 can recruit leukocyte independently from the release
of cytokines or chemokines [31]. The oxidized configuration determines the loss of the immunogenic
properties of HMGB1 [32]. Lastly, the disulfide form activates the NF-κB inflammatory pathway,
determining the production of IL- 6, -8, and TNF-α [31].

HMGB1, due to its ubiquitous location in the cell, performs numerous activities (Figure 3).
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Figure 3. Structure of high-mobility group box 1 (HMGB1) protein. HMGB1 is a protein consisting
of 216 residues, 30 kD, highly conserved among mammals. The protein contains three alpha-helices,
connected together by loops. It consists of two homologous DNA-binding domains of the HMG-box
type: Box A (and Box B) and segment C-terminal, a negatively charged “tail”. There are two nuclear
localization sequences. Green marks the linker and terminal regions of HMGB1. Box A (P9–79) is
colored in green and Box B (P89–162) in red.

Inside the nucleus, HMGB1 controls chromatin stability and replication, nucleosome release from
damaged cells, gene recombination, and transcription, DNA repair, and replication [27,33].

Cytosolic HMGB1 is usually secondary to the shuttling of nuclear HMGB1 in response to hypoxia,
chemokines, cytokines, and ROS. In the cytosol, HMGB1 acts as a positive regulator of autophagia [34].
HMGB1 expression on the surface of cellular membranes is responsible for the activation of innate
immunity and mediates cellular adhesion [35,36].

Extracellular HMGB1 is involved in numerous activities such as the regulation of T-cells [37],
stem cells [38], and neoplastic cell differentiation [39]. This protein is also involved in the management
of the inflammatory response, through the activation of numerous different immune cells [40,41],
and the promotion of cytokine release [42,43]. HMGB1’s extracellular functions consist of cellular
proliferation [44] and migration [45], including vascular growth during inflammatory or neoplastic
diseases and tissue repair [46,47]. During the inflammatory response, HMGB1 is secreted by
macrophages, platelets, EC, and monocytes, as well as necrotic or damaged cells [48]. Disulfide
HMGB1 binds together with myeloid differentiation factor-2 and TLR-4, determining the formation of
a complex that triggers the inflammatory response [49,50]. In addition, HMGB1 deficient cellular lines
show a reduced capacity to induce cytokines [51]. The binding of HMGB1 to RAGEs determines the
formation of a complex responsible for the activation, among others, of NF-κB, phosphatidylinositol
3-kinase (PI3K)/PKB, mitogen-activated protein kinase (MAPK), and TNF-α pathways [52–54]. Thus,
HMGB1 is involved in myriad diseases, such as hypoxia-induced injury [55], microglial damage
and neuroinflammation [56], vascular barrier damage [57], and inflammatory heart diseases [58].
Moreover, ROS, through the activation of the NF-κB pathway, are responsible for the passive and
active secretion of HMGB1 in monocytes and macrophages [59]. HMGB1 is recognized to be a direct
angiogenic molecule as it induces a pro-angiogenic phenotype in EC [60,61]. It can, moreover, stimulate
angiogenesis through the activation of the MAPK/extracellular signal-regulated kinase (ERK) 1/2
pathway. The bond between HMGB1 and RAGE results in the stimulation of NF-κB signaling in
leukocytes, which leads to the production of proinflammatory and angiogenic molecules [62]. HMGB1
in conjunction with TLR-4 can influence the development of neovasis in proliferative and metabolic
diseases [63,64]. Moreover, it has been demonstrated that HMGB1 can mediate angiogenesis through
the activation of hypoxia-induced factor-1α (HIF-1α) [65].

In conclusion, HMGB1 shows a wide range of interactions in both physiological and pathological
mechanisms. The next section of the review will focus on the growing amount of evidence linking
HMGB1 expression and the development of DR. The main focus of this review is the growing amount
of evidence linking HMGB1 and DR as well as the new therapeutic strategies involving this protein.
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3. HMGB1 and DR

At the moment, information regarding the function of HMGB1 in DR is mostly limited to
murine models and in vitro studies. DM upregulates the expression of HMGB1, leading to the
activation of inflammatory signaling pathways such as the RAGE-mediated activation of ERK1/2-NF-κB.
Intravitreal injection of HMGB1 mimics the effects of diabetes and increases RAGE, ERK1/2, NF-κB,
and proinflammatory biomarkers such as ICAM-1 and soluble ICAM-1 (Scheme 2). These mechanisms
decrease TLR-2 and occludin expression, increasing retinal vascular permeability and disrupting the
stability of tight junction complex between adjacent retinal microvascular EC [66].

Scheme 2. High-mobility group box 1 (HMGB1) levels increased in diabetic retinopathy (DR). HMGB1
promotes angiogenesis directly and indirectly. Multiple functions of HMGB1 in DR are limited to
murine models and in vitro studies. HIF-1α: hypoxia induced factor-1α; Egr-1: early growth response
protein 1; TYK2: tyrosine kinase 2; CXCL12/CXCR4: chemokine; NOX2: nicotinamide adenine
dinucleotide phosphate oxidase; RAGE: receptors for advanced glycation end-products; TLR-1/2/9/4:
toll like receptor-1/2/9/4; ERK: extracellular signal-regulated kinase; NF-kB: nuclear factor-κB; ICAM-1:
intercellular adhesion molecule-1; IL-1β/8: interleukin-1β/8; PLA-2: phospholipases A2; TNF-α: tumor
necrosis factor-α; VEGF: vascular endothelial growth factor; SIRT1: sirtuin; PARP-1: poly ADP-ribose
polymerase; ROS: reactive oxygen species; 8-OHdG: 8-hydroxydeoxyguanosine; VAP-1: vascular
adhesion protein-1; HO-1: heme oxygenase-1; OPN: osteopontin.
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High glucose stimulates the translocation of HMGB1 into the cytoplasm of retinal pericytes.
RAGEs act as receptors for HMGB1 and, in diabetes, their expression is enhanced. HMGB1 is involved
in the induction of DR through the activation of this receptor. HMGB1, through the binding of
RAGEs, enhances the transcriptional activity of NF-κB in retinal pericytes in in vitro and in vivo
models. Hyperglycemia also increases the binding of NF-κB to the RAGE promoter, inducing the
overexpression of RAGEs and therefore establishing a vicious cycle [67].

HMGB1 is strictly related to the signal transducer and activator of transcription-3 (STAT-3).
Constant intake of HMGB1 inhibitor glycyrrhizin (GA) attenuates the upregulation of phosphorylated
STAT-3 (pSTAT-3). The inhibition of STAT-3 blocks HMGB1-induced VEGF upregulation and human
retinal microvascular endothelial cell (HRMECs) migration, suggesting the role of STAT-3 in mediating
HMGB1-induced angiogenesis in DR [68].

HMGB1 induces the significant upregulation of IL-1β and ROS and the expression of NOX2,
caspase-3, and poly ADP-ribose polymerase-1 (PARP-1) in HRMECs [69].

HMGB1 may have a role in the alteration of BRB HMGB1 expression, which is enhanced in the
retinas of diabetic rats, and BRB permeability is significantly increased [70].

Sirtuin 1 (SIRT1) is a member of the SIRT family of proteins with deacetylase activity. Many studies
report its role in DNA repair, oxidative stress, angiogenesis, inflammation, and senescence. There is a
strong link between SIRT1 expression and the development of DR and PDR. In particular, hyperglycemia
and diabetes cause the downregulation of SIRT1, thus resulting in inflammation, angiogenesis, an
increase in oxidative stress, and vascular permeability, all of which are hallmarks of diabetic damage [71].
There is a functional link between HMGB1 and SIRT1 in the regulation of the diabetes-induced
breakdown of the BRB. Intravitreal injection of HMGB1 in normal rats results in the downregulation
of SIRT1. The HMGB1 inhibitor GA attenuates the downregulation of and normalizes retinal SIRT1
expression. Moreover, treatment with the SIRT1 activator resveratrol attenuates the diabetes-induced
downregulation of SIRT1, accompanied by reduced expression of HMGB1 and RAGEs. Resveratrol
may confer protection against the diabetes-induced breakdown of BRB through SIRT1 upregulation
and HMGB1 downregulation [72]. HMGB1, insulin-like growth factor-binding protein 3 (IGFBP-3),
SIRT1, and protein kinase A (PKA) are strictly related. IGFBP-3 increases SIRT1 and decreases HMGB1.
PKA mediates the reduction in cytoplasmic HMGB1 by increasing IGFBP-3 and SIRT1 activities [73].

Chen et al. found increased expression of HMGB1 and its receptor RAGEs TLR-2 and TLR-4 in
the retinas of type 2 diabetic rats and human retinal pigment epithelial cell line-19 (ARPE-19) exposed
to high glucose. The NF-κB activity was found to be increased as well. The blockage of HMGB1
downregulated NF-κB hyperactivation and VEGF production in high glucose cultured ARPE-19
cells [74].

High levels of HMGB1 expression are due to both gene transcription and protein synthesis.
The specific mechanism by which HMGB1 leads to DR is unclear. It may exert its function via the
TLR-9 pathway. The expression of TLR-9 was increased and positively related to the expression of
HMGB1 [75].

A high glucose environment could promote HMGB1 expression and activate TLR-4 and NF-κB
overexpression in retinal ganglion cells (RGC), thus leading to the inhibition of cell survival and
growth. TLR-4 is an important receptor for HGMB-1 that is largely expressed in the nervous system
and can regulate neuron growth and proliferation. When HMGB1 binds to TLR-4, it activates
several signaling pathways such as NF-κB with the release of inflammatory cytokines, chemokines,
and colony-stimulating factors, leading to leukocyte adhesion and inflammation [76]. Yu et al. showed
a higher expression of HMGB1 in diabetic rats associated with the upregulation of phospholipases A2
(PLA-2), TNF-κ, VEGF, and ICAM-1. Regarding HMGB1 receptors, RAGEs protein was increased,
whereas TLR-1 was reduced, suggesting that HMGB1 effects are RAGE-mediated [77].

Injury and death of the retinal pericytes and EC in DR might be due to the HMGB1/PLA2 induced
cytotoxic activity of glial cells as well as the direct effect of HMGB1 on EC. HMGB1 could mediate EC
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death directly and pericyte death indirectly through the HMGB1-induced cytotoxic activity of glial
cells. Regarding PLA2 it seems to be a positive regulator of VEGF-induced angiogenesis [78].

HMGB1 has an important role in angiogenesis. It can act directly through RAGEs and TLR-4 with
EC activation, proliferation, and migration. HMGB1 also promotes angiogenesis indirectly through
the production of proangiogenic cytokines, such as VEGF, TNF-κ, and IL-8 from EC and activated
macrophages [79]. The same role of HMGB1 was also demonstrated by Santos et al. The authors
suggest that HMGB1 is not able to mediate angiogenesis in the retina by itself [80].

According to Lee et al., AGEs cause a rise in intracellular ROS, inducing the release of HMGB1
into extracellular space. HMGB1 augments the signal via RAGEs or TLR and mediates the secretion
of VEGF-A through the c-Jun N-terminal kinases signaling pathway that was blocked by HMGB1
inhibitor GA. This could be a possible way through which HMGB1 upregulates VEGF [81].

HMGB1 and VEGF-A expression are upregulated in serum samples of DR patients and are
positively associated. The in vitro up-regulation of HMGB1 inhibits the retinal pigmented epithelium
(RPE) cell viability and induces apoptosis. HMGB1 administration to RPE cells in high glucose
conditions up-regulates the expression of VEGF-A [82].

The silencing of HMGB1 inhibits the activation of MAPK and NF-κB signaling pathway; modulates
the levels of VEGF, ICAM-1 and vascular cell adhesion molecule-1 (VCAM-1), therefore influencing
endothelial permeability; attenuates cell apoptosis, BRB damage, and the inflammatory response
induced by high concentration of glucose [83].

HMGB1 may inhibit the expression of NF-κB light polypeptide gene enhancer in B-cell inhibitor-α,
a protein capable of inhibiting NF-κB by binding to its promoter region. This determines the activation
of the NF-κB pathway, influencing inflammation and angiogenic processes, thus leading to DR. High
levels of HMGB1 stimulate apoptosis and inhibit the proliferation of human retinal endothelial cells
(HRECs). HMGB1 may determine apoptosis through the NF-κB pathway thanks to an alternate
mechanism of non-perfusion and neovascularization [84].

There is a potential link among HMGB1, vascular adhesion protein-1 (VAP-1), oxidative stress,
and heme oxygenase-1 (HO-1) in the pathogenesis of inflammation and angiogenesis associated with
PDR. HMGB1 levels are consistently increased in the vitreous of patients with PDR, particularly
higher in patients with active PDR. Exogenous HMGB1 activates HRMECs to upregulate the adhesion
molecule ICAM-1.

Increased levels of the oxidative marker 8-hydroxydeoxyguanosine (8-OHdG) in the vitreous of
PDR patients, particularly in active PDR, have been found. The positive correlation between vitreous
levels of HMGB1 and 8-OHdG in HRMECs suggests that HMGB1 is associated with oxidative stress.

Regarding VAP-1, there was a significant correlation between the levels of sVAP-1, HMGB1
concentration, and 8-OHdG in vitreous. Expression of VAP-1 was higher in diabetic patients compared
to controls in the RPE, whereas no significant difference was found in the neuroretina.

Stimulation with HMGB1 caused the upregulation of HO-1 in HRMECs. HO-1 levels were
significantly higher in eyes with active neovascularization compared with eyes with involuted PDR.
These findings suggest that HO-1 might contribute to PDR angiogenesis and progression. Moreover,
VEGF can induce the expression of HO-1 that stimulates the synthesis of VEGF in a positive feedback
loop [85].

Vascular EC and stromal cells in diabetic epiretinal membranes express HMGB1, RAGE,
osteopontin (OPN), and early growth response protein-1 (Egr-1). In diabetic epiretinal membranes,
these proteins and receptors are specifically localized in myofibroblasts. This suggests that
HMGB1/RAGE/OPN/Egr-1 signaling pathway is involved in the inflammatory, angiogenic, and fibrotic
responses in proliferative vitreoretinopathy (PVR) and may contribute to the instauration of PDR and
its most dangerous complications [86].

OPN, HMGB1, and connective tissue growth factor (CTGF) were upregulated in the vitreous
of patients with PVR, particularly in their active form, whereas increased levels of pigment
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epithelium-derived factor (PEDF) may be a response designed to counteract the activity of the
angiogenic and fibrogenic factors during the progression of PDR and PVR [87].

There is a relationship between the activity of PDR, the presence of vitreous hemorrhages,
and levels of HMGB1. In fact, HMGB1 is higher in patients with active PDR compared with inactive
PDR and is higher in PDR patients with vitreous hemorrhages compared with patients without it [88].

Shen et al. found that HMGB1, VEGF, RAGE, and IL-1β levels were significantly elevated in the
vitreous and serum of patients with PDR, suggesting that the upregulation of HMGB1 might contribute
to the initiation and progression of angiogenesis in PDR and that the HMGB1/RAGE signaling axis has
a role in the progression of PDR [89].

The upregulation of HMGB1 can induce the downregulation of brain-derived neurotrophic factor
(BDNF), a neurotrophin with a neurogenetic function, and also of synaptophysin, an integral membrane
protein of synaptic vesicles involved in neurotransmission. HMGB1 upregulates cleaved caspase-3 in
vitreous fluid and serum from patients with PDR, as well as in the retinas of diabetic rats. HMGB1
inhibitor GA is able to revert the downregulation of BDNF.

RAGEs and ICAMs levels are upregulated in the serum of patients with PDR. RAGEs bind
its ligands, preventing their link to RAGE, therefore blocking the inflammatory cascade. Elevated
levels of RAGEs in the serum of patients with PDR could negatively regulate inflammation and limit
diabetes-induced retinal vascular and neuronal dysfunction [90].

HMGB1 and VEGF levels were higher in vitreous from PDR patients. Moreover, there were
increased levels of soluble vascular endothelial-cadherin that could be a marker of EC activation
or injury associated with angiogenesis, inflammation, and the breakdown of the inner BRB. Finally,
there was lower angiogenic activity in patients with higher levels of soluble endoglin, suggesting that
it could be protective against pathological angiogenesis [91].

The intravitreal injection of HMGB1 in normal rats mimics the effect of DM, with increased
expression of HMGB1 protein and mRNA, caspase 3, and levels of glutamate (responsible for excitotoxic
neuronal death). HMGB1 inhibitor glycyrrhizic acid attenuates all of these effects. The early retinal
neuropathy induced by diabetes is, at least in part, attributable to the diabetes-induced upregulation of
HMGB1. Inhibiting the release of HMGB1 with a constant intake of GA results in the reduction of
diabetes-induced retinal neuropathy. This could be a novel therapeutic approach to DR. [92].

The induction of DM and intravitreal injection of HMGB1 in normal rats resulted in the significant
upregulation of HIF-1α, Egr-1, tyrosine kinase 2 (TYK2), and the CXCL12/CXCR4 chemokine axis.
HIF-1α is associated with retinal inflammation induced by diabetes, Egr-1 may play a role in the
development of vascular complications of DM, and the CXCL12/CXCR4 chemokine axis contributes to
neovascularization. All these upregulations are mediated by the interaction of HMGB1 with RAGE.
Inhibition of the release of HMGB1, for example with GA, attenuates the upregulation of all these
molecules [93].

Exposure to hypoxia is able to release HMGB1 from RPE cells. HMGB1 may stimulate the
overproduction of angiogenic and fibrogenic factors such as VEGF and CTGF in RPE cells. HMGB1 is
involved in DR pathogenesis through binding to TLR-4, RAGE, and their signaling cascades such as
PI3K, p38/MAPK, and NF-κB [94,95].

4. Future Therapeutic Approaches

Numerous molecules have been studied as inhibitors of HMGB1 in recent years for the treatment
and prevention of DR and its complications (Table 1).

4.1. Glycyrrhizin (GA)

GA is a triterpene glycoconjugate naturally extracted from licorice root (Glycyrrhiza glabra). It is
composed of two molecules of glucuronic acid and glycyrrhetinic acid aglycone [96]. This molecule
inhibits the chemotactic and pathogenic functions of HMGB1 by binding directly the A and B boxes [97].
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GA shows a wide range of effects such as antibacterial, hepatoprotective, antiproliferative, antiallergic,
and antiviral [98].

As a result of recent studies on ARPE cells, it has been demonstrated that HMGB1 is connected
to the increase in angiogenesis and fibrosis during the course of DR [94]. Oral administration of GA
in diabetic mice strongly inhibited HMGB1 concentration in retinas. This result led to a reduction in
vascular and neuronal damage related to DR. The anti-inflammatory effects of GA were mediated by
the inhibition of TNF-κ, IL-1β, and the cleavage of caspase-3 in retinal EC. GA, through the inhibition of
HMGB1, reduces ROS concentrations and blood circulating glucose [99]. In another work, GA reduced
TLR-4 concentrations and ischemia-reperfusion damage as well as increasing the expression of insulin
receptors, partially preserving the anatomical integrity of the retina [100]. In a recent study, Liu et al.
demonstrated that exchange protein for cAMP1, an inflammatory molecule involved in leukostasis,
acts in synergy with GA. The combination of these two proteins strongly inhibits HMGB1 through the
activation of SIRT1. SIRT1 deacetylates HMGB1, exerting a protective role in the diabetic retina [101].
GA also suppresses the proangiogenic effects of HMGB1 as it blocks AGE-induced upregulation of
VEGF [81]. Abu El-Asrar and Mohammad’s workgroup demonstrated, in a diabetic murine model,
that GA can inhibit HMGB1’s cytokine-like activities. Specifically, oral GA determines a reduction
in HIF-1α, transcription factor Egr-1, TYK2, CXCL12, and CXCR4 [93]. Moreover, the same authors
demonstrated that GA can inhibit the upregulation of STAT-3 induced by HMGB1 and its translocation
in retinal Müller cells [68], upregulate BDNF expression in experimental mice [90], attenuate the
expression of NOX2, caspase-3, and PARP-1 in the retinas as well as lowering the concentrations
of ROS [69] and cleave caspase-3 glutamate and downregulating neurodegeneration mediators and
markers in murine retinas [92] and attenuating the expression of retinal ICAM-1 [84]; lastly, it inhibits
HMGB1 mediated activation of NF-κB. [66]. GA in association with resveratrol shows the ability to
replenish retinal SIRT1 expression [72].

All this evidence points in the direction of the potential use of GA in the prevention of DR and
its complications. It is worth mentioning that, in human studies on male patients affected by chronic
hepatitis and type 2 diabetes, the administration of GA reduced serum testosterone aggravating
insulin resistance, atherosclerosis, and sexual dysfunctions [102]. Further studies, especially on human
subjects, are needed in order to confirm the pathways and molecules involved and their efficacy
and safety.

4.2. Small Interfering RNAs/Short Hairpin RNA (siRNA/shRNA)

Small interfering RNAs (siRNAs) are a class of double-strand RNA usually constituted by 21–25
nucleotides that are gaining importance as therapeutic tools in numerous diseases. SiRNAs are capable
of selectively binding specific genomic sequences, silencing them and therefore inhibiting the protein
expression [103,104].

SiRNA HMGB1 transfection can repress HMGB1 RNA overexpression, determining the
suppression of TLR-4 and NF-κB mRNA in RGCs. The downregulation of these inflammatory
pathways can promote the survival and growth rates of RGCs [76]. A similar study conducted by Jiang
and Chen confirmed these results in both in vivo and in vitro models. HMGB1 suppression, mediated
by intravitreal injections of siRNA, is capable, in diabetic rats, of reducing retinal apoptosis rates as
well as improving retinal function. In HRECs exposed to high glucose concentrations, siRNA HMGB1
improved cell viability and reduced the oxidative damage lowering ROS production [105]. The same
study group demonstrated the protective role of HMGB1 inhibition in murine DR models. Retinal cells
isolated from 8-year-old rats were incubated with a recombinant lentivirus containing short hairpin
RNA (shRNA) for HMGB1. Through this mechanism, the authors obtained the silencing of HMGB1
gene expression. The results showed the downregulation of both MAPK and NF-κB, contributing to
the reduction of inflammation, cell death, and BRB breakdown [83].
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4.3. Polygonum Cuspidatum (PCE)

P. cuspidatum, also known as “Hojang-geun” in Korea, is a commonly employed herbal medicine
in East Asia. The plant shows anti-inflammatory and anti-diabetic effects [106]. Recent works
have explored the potential role, as a preventive treatment, of P. cuspidatum extract in diabetic
nephropathy [107]. PCE is rich in resveratrol, polidatyn, and emodin compounds, with strong
anti-inflammatory properties [108]. Sohn et al. suggested a beneficial effect of the ethanol extract of the
root in a DR murine model. It prevents diabetic-induced retinal vascular hyperpermeability, attenuating
the HMGB1 signaling pathway through the downregulation of the RAGE-mediated activation of NF-κB.
It directly blocks the binding of HMGB1 to RAGE, thus preventing retinal vascular inflammation.
Moreover, fluorescein angiography demonstrated that PCE markedly inhibits fluorescein leakage,
suggesting that it may prevent the breakdown of the BRB. PCE reduces the expression of HMGB1 in
diabetic rat retinal tissue and inhibits the binding of NF-κB to the RAGE promoter, with considerable
anti-inflammatory activity. It is worth mentioning that the oral administration of PCE showed no
positive effects on glycemic and body weight control in the murine model [109].

4.4. Paeoniflorin

Paeoniflorin is a monoterpene glucoside extracted from the root of the Paeonia Lactiflora.
Paeoniflorin shows anti-inflammatory properties and it is already used in traditional Chinese medicine
for a wide range of pathologies [110,111]. Moreover, paeoniflorin shows immunomodulatory effects
on microglial cells through the enhancement of the suppressor of cytokine signaling 3 (SOCS3)
pathways [112]. Zhu et al. demonstrated, in an in vitro study on BV2 microglial cells exposed
to high concentrations of glucose, that treatment with paeoniflorin reduces the expression of
metalloproteinases-9 (MMP-9) through the inhibition of p38/NF-κB. In addition, paeoniflorin activates
SOCS3, which blocks the TLR-4 pathway [112,113]. The repression of TLR-4 determines the reduction
of HMGB1 mediated inflammation in retinal microglial cells [114].

4.5. Salicin

Salicin is the main component of the willow bark extract, commonly used in traditional medicine
for its anti-inflammatory and antipyretic effects [115]. Salicin is metabolized to salicylic acid in vivo;
therefore, it is also known as “nature’s aspirin”. Previous studies showed that salicin exerts protective
effects on EC, both inhibiting angiogenesis [116] and reducing ROS production [117]. Song et al.
demonstrated that the treatment of HRECs with salicin led to a reduction in HMGB1 release and the
prevention of cellular apoptosis. Moreover, the authors demonstrated that salicin can suppress the
production of IL-1β and its related cytokines, such as TNF-κ and IL-6, responsible for retinal toxicity.
Salicin is also able to block the release of the adhesion molecules ICAM-1 and VCAM-1 and the NF-κB
inflammatory pathway [118].

4.6. Ethyl Pyruvate (EP)

Ethyl pyruvate is a pyruvate derivative with the addition of an aliphatic ester group. EP is
considered to be safer and more effective than pyruvate in inhibiting ROS and inflammation [119].
EP is a strong HMGB1 inhibitor. Treatment with EP promotes stable vascular growth and blocks retinal
pathological neovascularization by preventing the overexpression of HMGB1. Moreover, EP can inhibit
the expression of IL-6, TNF-κ, and NF-kB, exerting a protective role in chronic inflammatory diseases
such as DR [120].
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4.7. Bradykinin (BK)

BK is a vasoactive peptide part of the kinins family. BK participates in several processes such as
inflammation, pain, and cell proliferation [121]. Zhu et al. studied the effects of BK in HRECs exposed
to high concentrations of glucose. Results show that BK can suppress oxidative stress and the release
of inflammatory mediators. It can also control the process of neovascularization, downregulating the
expression of VEGF. Lastly, BK inhibits the HMGB1/NF-κB signaling pathway, therefore controlling
the growth and proliferation of HRECs [122].

4.8. Kallistatin

Kallistatin is an endogenous serine proteinase that plays numerous physiological and pathological
roles like tumorigenesis, vasodilation, inhibition of neovascularization, inflammation, oxidative stress,
cellular death, and fibrosis [123]. It stimulates the expression of eNOS, SIRT1, and SOCS3, while it
inhibits VEGF, HMGB1, TNF-κ, and NF-κB [124]. It has been demonstrated that vitreous humor levels
of kallistatin in patients with PDR are lower when compared to healthy controls [125]. Xing et al.
established that kallistatin is a strong inhibitor of angiogenesis and therefore may act as a potent drug
in the prevention of PDR [126].

4.9. Compound 49b

Compound 49b is a recently discovered β-adrenergic receptor agonist that has already
demonstrated efficacy in preventing apoptosis in in vitro models of EC and Müller cells exposed to
high glucose [127,128]. Recent evidence shows that compound 49b can inhibit HMGB1 expression,
TLR-4 downstream signaling, and, therefore, NF-κB in both EC and Müller cells. This leads to the idea
that this agonist may preserve vascular and neuronal integrity in the diabetic retina [126,129].

4.10. Cyclosporine A (CyA)

Cyclosporine A is a polypeptide derived from the fungi Beauveria nevus and Tolypocladium inflatum,
and it is well known for its anti-inflammatory and immunosuppressive effects [130]. Wang et al.
demonstrated that CyA attenuates the enhanced expression of IL-1β and TNF-κ in the retinas of
diabetic rats, probably via the suppression of HMGB1. The intravitreal injection of CyA may represent
a novel therapeutic strategy to treat DR [131].

CyA is also involved in the reduction of BRB permeability in diabetic rats. In particular, it
reduces the levels of IL-1β, nitric oxide (through a decreased expression of iNOS), and IL-1β-induced
cyclooxygenase-2 (COX-2) expression. Moreover, CyA decreases vitreous protein concentration in
diabetic rats. The authors suggest that this reduction in vitreous protein concentration can be linked to
the reduction of BRB permeability [132].
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5. Conclusions

The purpose of this review is to show the role of HMGB1 in DR. Many studies have demonstrated
that DM, and then hyperglycemia, upregulate the expression of and increase in the levels of HMGB1.
This situation activates several pathways and involves a large number of molecules, such as ERK,
NF-κB, ICAM, RAGE, VEGF, and TLR. The final result is the activation and increase of inflammation,
angiogenesis, oxidative stress, and, ultimately, retinal damage to the patients. At the same time,
the involvement of this great number of molecules can provide a hint of new therapeutic approaches
to be developed and studied.
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Abbreviations

8-OHdG 8-hydroxydeoxyguanosine
AGE advanced glycation end-products
ARPE-19 adult retinal pigment epithelial cell line-19
BDNF brain-derived neurotrophic factor
BK bradykinin
BRB blood–retinal barrier
COX-2 cyclooxygenase
CTGF connective tissue growth factor
CyA cyclosporine A
DM diabetes mellitus
DR diabetic retinopathy
EC endothelial cells
Egr-1 early growth response protein 1
eNOS endothelial nitric oxide synthase
EP ethyl pyruvate
ERK extracellular signal-regulated kinase
GA glycyrrhizin
GSH reduced glutathione
HIF-1α hypoxia induced factor-1α
HMGB high-mobility group box
HO-1 heme oxygenase-1
HRECs human retinal endothelial cells
HRMEC human retinal microvascular endothelial cells
ICAM-1 intercellular adhesion molecule-1
IFN interferon
IGFBP-3 insulin-like growth factor-binding protein-3
IL interleukin
iNOS inducible nitric oxide synthase
MAPK mitogen-activated protein kinase
MMP-9 metalloproteinases-9
NF-κB nuclear factor-κB
NOX nicotinamide adenine dinucleotide phosphate oxidase
NPDR non proliferative diabetic retinopathy
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OPN osteopontin
PAI-1 plasminogen activator inhibitor-1
PARP poly ADP-ribose polymerase
PCE polygonum cuspidatum
PDR proliferative diabetic retinopathy
PEDF pigment epithelium-derived factor
PI3K phosphatidylinositol 3-kinase
PK protein kinase
PLA-2 phospholipases A2
PVR proliferative vitreoretinopathy
RAGE receptors for AGEs
RGC retinal ganglion cells
ROP retinopathy of prematurity
ROS reactive oxygen species
RPE retinal pigmented epithelium
shRNA short hairpin RNA
siRNA small interfering RNAs
SIRT sirtuin
SOCS3 suppressor of cytokine signaling 3
SOD superoxide dismutase
STAT-3 signal transducer and activator of transcription-3
pSTAT-3 phosphorylated STAT-3
STZ streptozotocin
TGF-β1 transforming growth factor-β1
TLR toll like receptor
TNF-α tumor necrosis factor-α
TYK2 tyrosine kinase 2
VAP-1 vascular adhesion protein-1
VCAM-1 vascular cell adhesion molecule-1
VEGF vascular endothelial growth factor
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Abstract: Diabetic retinopathy is one of the leading causes of visual impairment and morbidity
worldwide, being the number one cause of blindness in people between 27 and 75 years old. It is
estimated that ~191 million people will be diagnosed with this microvascular complication by
2030. Its pathogenesis is due to alterations in the retinal microvasculature as a result of a high
concentration of glucose in the blood for a long time which generates numerous molecular changes
like oxidative stress. Therefore, this narrative review aims to approach various biomarkers associated
with the development of diabetic retinopathy. Focusing on the molecules showing promise as
detection tools, among them we consider markers of oxidative stress (TAC, LPO, MDA, 4-HNE, SOD,
GPx, and catalase), inflammation (IL-6, IL-1ß, IL-8, IL-10, IL-17A, TNF-α, and MMPs), apoptosis
(NF-kB, cyt-c, and caspases), and recently those that have to do with epigenetic modifications,
their measurement in different biological matrices obtained from the eye, including importance,
obtaining process, handling, and storage of these matrices in order to have the ability to detect the
disease in its early stages.

Keywords: diabetic retinopathy; oxidative stress; antioxidants; biomarkers of diabetic retinopathy;
metabolic memory; tear film; aqueous humor; vitreous humor

1. Introduction

The retina is a transparent tissue of the eye which has an intricate arrangement of neurons and
also requires a highly complex circulation to meet metabolic requirements and the proper functioning
of neurotransmission, phototransduction, and complex interaction of metabolites, vasoactive agents,
and growth factors [1,2]. The central retinal artery passes through the optic nerve to ensure blood flow,
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and gas and nutrient exchange, while the central retinal vein is involved in the elimination of waste
products [3]. The retinal vasculature is of great importance and within its physiological functions;
the most important is to maintain the internal blood–retinal barrier (iBRB), which prevents nonspecific
penetration of macromolecules into the retinal neuropile. The outer blood–retinal barrier (oBRB),
formed between the tight junctions of retinal pigment cells, maintains ionic concentrations in the
avascular region of the retina and the interstitial space for neurotransmission [3]. Retinal vascular
dysfunction occurs shortly after the onset of diabetes and is characterized by impaired microvasculature
and transport across the blood–retinal barrier playing an important role in the onset and progression of
vascular lesions in diabetic retinopathy (DR) [2,4]. There is currently a wide range of treatments available
for diabetes mellitus (DM) which has dramatically increased the lifespan of diabetic patients, but in
turn gives time for clinically significant microvascular complications to develop [5]. Currently, there is
a wide variety of effective treatments for DR, diagnosing the disease in its early stages helps prevent
progression to blindness [5,6].

In this narrative review, we aim to approach various biomarkers associated with the development
of diabetic retinopathy. In particular, our objective is to focus on the importance of molecules that are
promising as detection tools and their measurement in different biological matrices obtained from
the eye, in order to achieve an early disease detection or, ideally, even before the actual start of the
DR. Articles in English were included that showed relevance both in preclinical and clinical stages of
the DR. We take into account the articles that contribute to the discussion of the use of biomarkers
of different nature to identify and estimate the stage of the disease in which patients with DR are,
in addition to the use of different biological matrices obtained directly from the eyeball such as the tear,
aqueous humor, and vitreous humor.

2. Diabetic Retinopathy

Among the 468 million people with diabetes mellitus worldwide, approximately 90 million suffer
from some form of DR [7]. It is the number one cause of blindness in people between the ages of
27 and 75. The prevalence of DR is approximately 25% and 90% at 5 and 20 years, respectively,
from its diagnosis. Furthermore, it is estimated that ~191 million people will be diagnosed with this
microvascular complication by 2030 [8,9], and the number of DR patients whose vision is threatened
will increase from 37.3 to 56.3 million. This disturbing prospect makes the DR a significant global
public health and economic problem [10].

Chronic hyperglycemia is the main risk factor affecting DR, as part of its pathophysiology it has
been shown to induce vascular endothelial dysfunction in the retina [11]. When this state persist,
activation of other pathways occurs in addition to glycolysis (such as polyol, hexosamine, and advanced
glycation), which are known to induce apoptosis and pericyte degeneration, eventually damaging the
retina [12].

DR is classified into nonproliferative diabetic retinopathy (NPDR) and proliferative diabetic
retinopathy (PDR) stages according to the presence of visible ophthalmological changes and the
manifestation of retinal neovascularization [13,14]. NPDR is usually asymptomatic except when
associated with macular edema; however, cases with uncontrolled DM or where retinopathy’s
progression is not monitored tend to progress to PDR, which is generally linked to complications that
could lead to impaired visual acuity [15]. The first clinical sign of DR is the presence of microaneurysms
in the retina during the mild version of the disease. In moderate diabetic retinopathy, exudates,
hemorrhages, and minimal intraretinal microvascular abnormalities appear and may increase their
proportion in severe stages [8]. Retinal detachment, neovascularization, along with fibrovascular tissue
proliferation are features of PDR where newly formed vessels are leaky, fragile, misdirected, and the
contraction of the aging vitreous cause them to rupture or if a greater force is created, it can lead to
tractional retinal detachment resulting in acute or gradual loss of vision [2,9].
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3. Role of Oxidants and Antioxidants in the Eye with Diabetic Retinopathy

The eye is an organ exposed to multiple exogenous factors, which are potentially precipitants of
injury, including visible light, ultraviolet light, environmental toxins, and ionizing radiation, as well as
the endogenous stress induced by the mitochondria within the eye tissues during the physiological
functions of the eye [16]. This endogenous and exogenous stress produces an imbalance between
oxidants and antioxidants, generating unstable reactive oxygen species (ROS) characterized by one
or two unpaired electrons within their outer orbit [17]. ROS generation is normally correlated with
cellular metabolic rate. The ocular surface produces lipids, aqueous, and mucin, all together form the
tear film, which serves to protect and maintain the health of the ocular surface when it spreads over the
eyelids [18]. The aqueous layer is produced by the tear and accessory glands. Mucins are secreted by
corneal epithelial cells and conjunctival goblet cells. The lipids are secreted by the Meibomian glands
located in the eyelids [18]. The ocular surface is further compromised in those patients with more severe
and longer duration of diabetes disease, including those with higher A1c values, or retinopathy [19,20].
That is why the eyeball, as well as being exposed to attacks by ROS, is also provided with different
antioxidants in its different segments, especially in the tear film, aqueous humor and vitreous humor.

3.1. Oxidative Stress and the Damage It Causes to the Eye

Oxidative stress (OS) is known as the interruption in free radical production homeostasis during
various vital processes, such as the electron transport chain reaction and the sweeping of the oxidant
products, or defense mechanisms designed to neutralize these harmful molecules. This imbalance is
closely related to the pathophysiology of DR [21]. The addition of an electron to the dioxygen molecule
creates the superoxide anion radical, which is generated mainly during the mitochondrial respiration
process. Subsequently, the dismutation of this free radical by superoxide dismutase enzymes forms
hydrogen peroxide (H2O2) [22]; decomposition of this molecule by various transition metals through
the Fenton reaction can generate a high reactive hydroxyl radical [23,24]. Moreover, the reaction of
the superoxide or hydroxyl radical with polyunsaturated fatty acids can generate the peroxyl radical
(Figure 1). The human eye is constantly subject to OS, due to frequent exposure to light, in addition
to high metabolic activity and oxygen tension. Solar ultraviolet radiation (UVR) turns out to be the
main inducer in the external environment for ROS formation in the eye [24]. Other mechanisms like
increased vascular endothelial growth factor (VEGF) production, alteration of the extracellular matrix
architecture, genetic factors, and redox signaling are also present along with angiogenesis, collateral
vessel formation, and increased permeability in PDR [25–27]. Stress induced by oxygen-derived free
radicals such as hydroxyl radical, superoxide anion, and hydrogen peroxide can be harmful to cells [28],
due to its ability to diffuse across hydrophobic membranes and their participation in the production of
more reactive species, being H2O2 the most extensively studied oxygen metabolite [29].

In the anterior segment of the eye, H2O2 is present in the uvea and in the aqueous humor of
mammals at concentrations between 30 and 70 μM [30]. H2O2 is a product of many antioxidant
reactions of ascorbate such as those with oxygen and superoxide. High concentrations of this oxidant
have been shown to be toxic to the lens [29,31]. Elevated levels up to seven times the normal range
of H2O2 have been demonstrated in the aqueous humor and the lens of some human patients with
cataracts [32]. H2O2 injected into the anterior chamber of the eye caused significant morphological
changes in the iris and ciliary body and decreased intraocular pressure (IOP) [29].

In the posterior segment, H2O2 has been associated with tissue damage in the retina due to
light and oxygen [33]. One of the main causes of DR is the development of glycosylated proteins,
which generate free radicals, resulting in oxidative tissue damage and subsequent glutathione (GSH)
depletion [34]. Glycosylated proteins can even combine with lipids and be further damaged by free
radicals, forming advanced glycated end products (AGE), which can then deposit in blood vessels of the
retina and promote neovascularization [35]. Diabetics with retinopathy have higher levels of oxidative
damage markers in subretinal fluid when compared to diabetics without retinopathy and healthy
controls [36]. The retina responds to OS with reactive gliosis: the activation of astrocytes, microglial,
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and macroglial cells. Microglial cells are resident retinal macrophages that confer neuroprotection
against ROS damage and other injuries. OS promotes the degradation of sialic acid residues in membrane
proteins, leaving photoreceptors and other cells with a damaged glycocalyx, this leads to greater
phagocytosis by microglial cells, and increases neuronal cells death, worsening the pathology [37,38].

 

Figure 1. Reactive oxygen species and antioxidants in the eye. In the eye, chronic hyperglycemic state,
atmospheric O2, and inflammation processes alter different metabolic pathways which stimulates the
formation of reactive oxygen species (ROS) in the anterior and posterior segment, starting with oxygen
(O2) to which the addition of one electron forms the superoxide anion radical (O2-•), the dismutation of
this molecule by superoxide dismutases (SOD) forms hydrogen peroxide (H2O2), and the breakdown
of this molecule can generate hydroxyl radical (OH•) which is highly reactive. In addition the reaction
of O2- • or OH• radical with polyunsaturated fatty acids generates the peroxyl radical (LOO•).
The formation of this radicals can be countered by enzymatic and non-enzymatic antioxidants like
vitamin C, vitamin E, glutathione (GSH), glutathione peroxidase (GPx), superoxide dismutase (SOD),
catalase (CAT), and glutathione reductase (GR), among others. (Modified from ref. [24]).

Free radicals have also been reported to cause lipid peroxidation and a decrease in
potassium-evoked dopamine release in vitro. OS induced by H2O2 has shown to enhance basal
release of [3H] d-aspartate but decreased potassium (K+)—evoked release of this amino acid [39].
In one study, H2O2 caused a decrease in concentrations of glutamate and glycine in the retina. While low
concentrations of H2O2 also produced decrease in glycine concentration in the vitreous humor, but had
no significant action on glutamate levels [40]. The catalase 3-AT inhibitor caused reduction in both
the retina and vitreous humor of the glutamate and glycine concentrations, indicating an important
role of endogenously produced peroxides in the regulation of retinal amino acid neurotransmission.
The observed inhibitory action of H2O2 on glutamate concentrations in ex vivo experiments emulate
the effects observed in in vitro assays [40]. Nitric oxide synthase—the enzyme that catalyzes the
formation of nitric oxide (NO)—is located in retinal neurons and the pigment epithelium. NO can
participate in reactions with superoxide radicals to form the more potent and long-lived oxidant,
peroxynitrite, from which there is evidence that can inhibit the absorption of glutamate in the rat’s
brain [41]. H2O2 interacts with the COX pathway that leads to the formation of prostanoids both
in vitro and in vivo as well as simulating the biosynthesis of PGE2 and PGI2 and the production of
thromboxane B2. Isoprostanes are compounds derived from the free radical catalyzed peroxidation of
arachidonic acid independent of COX. Then products such as PGE2 and 8-iso-PGF2α, regulate H2O2

and its inhibitory action on glutaminergic transmission in the isolated bovine retina [42]. It can be
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concluded that in the posterior segment H2O2 has the ability to alter the availability of amino acids in
bovine eyes [29].

3.2. Antioxidants Present in the Tear Film, Aqueous Humor, and Vitreous Humor

The eye is packed with a variety of antioxidants, which mitigates the damaging effects of ROS.
An antioxidant is frequently defined as the substance that, when present in low concentration compared
to that of an oxidizable substrate, significantly delays or inhibits the oxidation of the substrate [43].
Overproduction or inadequate elimination of ROS beyond the ability to counteract the antioxidant
system can cause OS and overload the eye tissues [44]. Tear film and aqueous humor are important
components of defense mechanisms on the ocular surface.

The tear film covers the anterior surface of the cornea and is the first line of defense against
external aggressions [24]; it contains both non-enzymatic and enzymatic antioxidants. In human
tears, ascorbic acid (665 μM) and uric acid (328 μM) represent ~50% of the total antioxidant activity,
with ascorbic acid being the most abundant followed by uric acid; some other small molecules found
are GSH (107 μM), L-cysteine (48 μM), and L-tyrosine (45 μM). The only antioxidant enzyme reported
in the tear film is superoxide dismutase (SOD), which has an activity at 1–32 U/mg protein [24,45].

Aqueous humor is a clear, slightly alkaline liquid that occupies the space between the cornea
and the lens, formed and secreted by the ciliary bodies. It plays a crucial role in the nutrition and
protection of the corneal endothelium and in the anterior epithelial lining of the lens. Another of its
functions is to eliminate metabolic waste and biochemical products generated by the cornea and the
lens. ROS can be continuously generated in the aqueous humor in the form of hydrogen peroxide,
superoxide anion, singlet oxygen, and peroxyl radicals [46]. The antioxidants found in the aqueous
humor are almost the same as in the tear film, among the non-enzymatic antioxidants there is ascorbic
acid (530 μM), L-tyrosine (78 μM), uric acid (43 μM), L-cysteine (14.3 μM), and glutathione (5.5 μM) [45].
Ascorbic acid has three different protective mechanisms in the aqueous humor: quenching or blocking
the fluorescence of biomolecules, control of the biotransformation generated by the same fluorescence,
and the direct absorption of UVR. The amino acid L-tyrosine is electrochemically active and removes
hydroxyl radicals and singlet oxygen species. Uric acid (UA), a water-soluble molecule with high
reactivity towards singlet oxygen and hydroxyl radicals, serves as a powerful scavenger of ROS [24,47].
In summary, the tear film and aqueous humor are packed with low-molecular weight, water-soluble
antioxidants, which support the cornea’s defense mechanisms against OS [24].

The vitreous humor is the structure that fills the space within the posterior segment of the eye;
it is surrounded by the surface of the posterior lens and by the internal limiting membrane (ILM) of
the retina. The vitreous body has a total volume of approximately 4 mL, mainly composed of water
(98–99%), collagen fibers, glycosaminoglycans, non-collagen proteins, and small amounts of trace
elements [48]. The nature of the vitreous gel is attributed to the interaction between its two main
components: collagen and hyaluronan (HA) [44]. The concentration of HA within the vitreous gel
varies between 0.02 and 1 mg/cm3 and plays a synergistic role with collagen and other proteoglycans
for the regulation of vitreous stiffness [44,49]. The vitreous cortex is a lamellar structure attached to
the ILM of the retina posterior to the peripheral vitreous base by an extracellular matrix “adhesive”
consisting of laminin, opticin, fibronectin, chondroitin sulfate, and heparan sulfate. It can be said that
the vitreous is acellular since it only presents a monolayer of mononuclear phagocytes, hyalocytes,
located within the posterior vitreous cortex [50]. Among its functions, the vitreous contributes to the
clarity of the intraocular media, the maintenance of IOP, and the regulation of intraocular oxygen
tension [51]. In addition, the vitreous body provides protection by acting as a shock absorber, due to
the collagen fibers that reduce the compressive forces of HA when the globe is exposed to external
pressure [52].

The vitreous accumulates a high amount of water-soluble antioxidants, which could protect the eye
from OS. These antioxidants can also be classified into enzymatic and non-enzymatic antioxidants [29].
Non-enzymatic antioxidants have the ability to quickly inactivate radicals and oxidants. Considering the
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source of non-enzymatic vitreous antioxidants, these can be classified into nutrient non-enzymatic and
metabolic antioxidants [53]. Nutrient non-enzymatic antioxidants include those obtained exogenously
through food and supplements, such as vitamin C, vitamin B2, and trace metals like zinc and selenium.
Metabolic antioxidants are endogenous antioxidants produced by the body itself, such as GSH,
metal-chelating proteins like transferrin, and uric acid [44,54].

Vitamin C, also known as ascorbic acid, is a water-soluble molecule present in most tissues in its
anionic state but cannot be synthesized by humans: they can only obtain it exogenously. The vitreous
gel receives its vitamin C supply from the plasma through active transport from the ciliary body.
The ascorbic acid found inside the vitreous body reaches concentrations of approximately 2 mmol/L;
this is 33 times more than the plasma concentration. As an antioxidant, ascorbic acid is oxidized to
convert superoxide anions and lipid hydroperoxidases into stable forms, thereby preventing lipid
peroxidation [55]. Vitamin B2 (riboflavin) has been detected in the human vitreous (0.8 μg/100 mL)
and animal (8.0 μg/L). Riboflavin protects against lipid peroxidation and plays an essential role
in the glutathione redox cycle [56]. Zinc is the most abundant trace element within the eye that
exerts antioxidant effects by protecting sulfhydryl groups from oxidation; its concentration is close to
1.95 μMol/L. Zinc works as a scavenger of free oxygen radicals like hydroxyl as it acts as a stimulus for
metallothionein synthesis, it also protects tissues from various forms of oxidative damage, including
lipid peroxidation and glycoxidation [57,58]. Selenium is an essential trace element, it has an average
concentration of 0.1035 μMol/L. Selenium works indirectly as an antioxidant being incorporated into
antioxidant enzymes, such as selenoenzymes [59].

The GSH peptide has cysteine and a thiol antioxidant in its constitution, and is found in an
average concentration of 0.26 mmol/L [60]. As an antioxidant, glutathione can directly remove selected
oxygen radicals and indirectly aid in the recycling of vitamins C and E [61], it also functions as a
cofactor for glutathione peroxidase (GPx) activity allowing the reduction of lipid hydroperoxides [62].
Transferrin (molecular weight ~80 kDa), is found in an average concentration in the vitreous of
0.0878 g/L [44]. As an antioxidant, transferrin is an iron chelator that keeps ionic iron sequestered at
physiological pH, and thus minimizes the participation of iron in radical iron-dependent reactions;
its activity helps reduce the toxicity of intravitreal iron during vitreous hemorrhage [63]. Uric acid is
a breakdown product of purine nucleotides and works as an antioxidant at normal concentrations.
However, in the presence of oxidative stress, there is an upregulation of UA concentrations and a
change related to redox balance, causing UA to become oxidative [64].

The enzymatic antioxidants detected in the vitreous are GPx, SOD, and catalase. From the
glutathione peroxidase family, extracellular GPx3 and phospholipid GPx4 are found within the vitreous
body [65]. As a homotetrameric protein, GPx3 catalyzes the reduction of organic hydroperoxides and
H2O2 until alcohol and water are obtained by using GSH as an electron donor. GPx4 is a monomeric
protein capable of directly reducing phospholipid and cholesterol hydroperoxides [66]. SOD is a
metalloprotein enzyme that is responsible for catalyzing superoxide radicals into hydrogen peroxide
and molecular oxygen. SOD is made up of three isoforms: cytosolic SOD (SOD1), mitochondrial
SOD (SOD2), and extracellular SOD (SOD3). SOD1 and SOD3 contain copper and zinc (Cu/Zn-SOD),
while SOD2 contains manganese (Mn-SOD) [44,67]. In the vitreous base and cortex we find the
concentrated SOD3 isoenzyme where it interacts with proteoglycans and regulates the response to
OS in the vitreous preventing local oxidative damage [67]. Catalase is a tetrahedral hemoprotein that
also protects tissues from the toxic effects of peroxide by converting peroxides to water and oxygen.
The vitreous body in humans has an average concentration of 58 μL O2 per mg of soluble catalase
protein. It has been detected in the vitreous of patients with PDR; this suggests that catalase may be
a potential target for the treatment of acute ischemic diseases of the retina [68]. Besides, along with
GPx are found in other ocular tissues, including the iris and the ciliary body [30]. Fluorometric and
postmortem toxicological analysis studies have shown that the passage of molecules from the
systemic circulation to the vitreous through the blood–aqueous and blood–retina barriers is mediated
by diffusion, hydrostatic and osmotic pressure gradients, convection, and active transport [69,70].
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Repeated long-term administration of these agents may be necessary to achieve sufficient therapeutic
doses of exogenous nutrients within the vitreous [71].

4. Ocular Matrices: Tears, Aqueous Humor, and Vitreous Humor

There are many different microenvironments in the body; each organ and tissue can have its
own microenvironment, including blood and cells. For example, a given biomarker can be present at
multiple sites, and its relationship to the state of retinopathy can vary according to the site where it is
measured [72]. The eye is a complex sensory organ that has the ability to receive light and convert it
into electrical impulses, which are transmitted to the brain through the optic nerve, resulting in visual
perception. In the case of animal models with ocular disorders, the variety of ocular matrices that
can be collected and analyzed for biomarker measurement is wide, but the implementation of this
biomarker measurement in the clinic together with the type of ocular matrix to be sampled is a key
consideration. In humans, the most easily obtained eye matrices are tears and tissues of the ocular
surface, such as the cornea and conjunctiva, they provide exact information regarding disorders in the
anterior segment. Aqueous humor (AH) and vitreous are the most suitable matrices for evaluating
relevant biomarkers for posterior segment disorders, such as DR. They are difficult to access matrices,
requiring an invasive procedure performed in the clinic to facilitate specimen collection, leading to
significant ocular complications [73]. Evaluation of ocular biomarkers provides valuable information
regarding disease progression and this makes it a critical component of the discovery and development
of ophthalmic drugs.

4.1. Tears

The tear film is composed by three layers: mucin, aqueous, and lipid that provides functional,
nutritional, and protective characteristics for the ocular surface. These layers interact with the
meibomian gland, lacrimal gland, conjunctiva, and cornea, which facilitate and regulate the normal
production, distribution, and elimination of tears. The tear film creates a refractive surface on the cornea
and protects it from environmental damage, each layer contents glycoproteins, amino acids, electrolytes,
enzymes and proteins like lipocalin, lysozymes, lactoferrin, and albumin, as well phosphatidylcholine
and phosphatidylethanolamine. Particular immunological components include sIgA e IgG, cytokines
mainly Tumor necrosis factor-α (TNF-α), IL-α, IL-1ß, IL-6, matrix metalloproteinases (MMP),
and chemokines, which are immunological mediators in the ocular surface diseases (Figure 2).
Although, they are expressed in other diseases, for example, in autoimmune diseases, diabetic
retinopathy, dry eye syndrome, ocular allergies, neurological disorders like Parkinson’s disease, and
Multiple Sclerosis [74]. Obtaining the tear film requires minimally invasive procedures, making it an
accessible matrix that needs to be further studied and used as a starting point for the study of a variety
of eye diseases. The determination of a wide variety of cytokines, enzymes and metabolic residues in
tears could be useful for the establishment of therapeutics targets, contributing to the improvement of
treatments and facilitating their diagnosis.

The number of components in tear samples varies according to the technique used for their
collection. Due to the small volume of tear sample (5–10 μL), two techniques are commonly used for
their collection:

1. Direct or aspiration: the collection is through microcapillary tubes (MCT) or micropipettes, the tip
of the tube is placed in the cul-de-sac for 5 min, in non-stimulated tears (NST), until it forms
a lake of tear, then for capillarity tears are absorbed and the sample (5.5–6.5 μL) is transferred
immediately into a sterile tube with storage solution or buffer assay to produce a dilution 1:10
and storage at −80 ◦C. The main advantage is the amount of proteins and biomarkers obtained
directly of ocular surface. A disadvantage is the loss of proteins may occur due to incomplete
pouring into microvials [75,76].

2. Indirect methods: These methods collect the samples of tears through absorbing papers like
cellulose sponges or Schirmer test strips (STS), both are invasive techniques. The cellulose sponges
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are used frequently to analyze inflammatory markers like interleukins and MMP-9 and they
are measured by enzyme-linked immunosorbent assay (ELISA) or Luminex technology using
tears that were collected with Merocel, Pro-ophta, or Weck-Cel sponges. However, comparative
studies with simultaneous measurements of cytokines have shown that Merocel is useful for
clinical assess for cytokines/chemokines levels but have the limitation with measures of IL-7 and
IL-4 due to protein stability problems with the extraction buffer [75–77]. In the case of STS, it may
also be used for cytokine analysis assays. For collection of tears, the strip is placed on the inferior
fornix of the eye and the patient should close their eyes for 5 min. After completed the time,
the patient should open their eyes for remove carefully the strip and then it is collocated into
a sterile 1.5 mL tube. Immediately transfer the tube to the laboratory to process later in a bead
based multiplex assay or store at −80 ◦C. With this method the sample contains higher amounts
of cellular proteins, lipids, and mucous compared with MCT and the analysis with multiplex
provide high sensitivity for analyzing cytokines and other proteins [78].

Figure 2. Main components in tear film. The wide variety of components in each layer of the tear
film provides function, nutrition, and protection to the ocular surface. However, it is susceptible to
change their composition due to oxidative stress and inflammatory processes that involve the eye
structures, which makes it an easy access ocular matrix to identify these changes measuring levels of
components as biomarkers. SOD1: superoxide dismutase-1, Ser: serine, Thr: Threonine, Pro: Proline,
IL: Interleukin, sIgA: surface Immunoglobuline A, MMP-9: matrix metalloproteinase-9, TNF-α: Tumor
necrosis factor-α. Image created with BioRender.com.

4.2. Aqueous Humor

AH is primarily composed of water (99.9%) and small amounts of carbohydrates, vitamins,
proteins, and other nutrients, as well as growth factors and cytokines. It is responsible for maintaining
eye pressure among other things for the support of ocular health. It is important to know that AH is
drain from the eye through one of two passive pathways: the traditional trabecular meshwork (TM)
pathway and the unconventional one, which is the uveoscleral pathway [79,80].

The samples of AH are collected by aqueous route through a paracenthesis in patients undergoing
cataract surgery, trabeculectomy, phacoemulsification, or post-mortem eyes. Collection volumes are
small and range from 100 to 150 μL [81,82]. After aqueous humor samples are obtained they are
usually stored undiluted directly at −80 ◦C; they can be aliquoted according to the volume obtained
and no more than one freeze–thaw cycle is recommended prior to analysis [83]. Potentially valuable
information can be obtained from the analysis of these samples, however, there are potential risks
associated with their collection. The methods are highly invasive and can create a risk of additional
damage to the cornea and lens [73]. Post-mortem eye samples will have different profiles than those
collected from living patients due to the accumulation of metabolic waste and other uncontrolled
post-mortem processes. This is why samples collected from living patients are considered more useful.
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4.3. Vitreous Humor

The vitreous is located in the posterior segment between the lens and the retina. As stated earlier,
it is mainly composed of water and a mesh of fine collagen fibrils embedded with dissolved hyaluronan
molecules, inorganic salts and lipids [84]. In addition, the vitreous contains other proteins such as
albumin, globulins, clotting proteins, and complement factors that have accumulated from blood
filtration or the spread of surrounding tissue and vasculature [85]. The anatomical position of this
matrix in contact and close with the retina makes it an ideal compartment for taking samples that
reflect biochemical and pathophysiological changes when there are states of retinal or vitreoretinal
disease, including PDR [73,86].

Vitreous samples in vivo are generally collected through vitreous taps from vitrectomy patients [87].
Samples obtained from vitreous humor (900–920 uL) are generally stored undiluted at −80 ◦C as
well as aqueous humor, it is recommended to separate them in aliquots to avoid freeze–thaw cycles.
For its analysis, the samples can be centrifuged to eliminate cellular components and debris [88].
Given the invasiveness of vitreous sampling, recently has been evaluated the possibility of collecting
vitreous reflux after intravitreal injections, being the appropriate time and without the need to enter
the operating room, however, the possible risks should be better assessed [89]. In a study by Srividya
and colleagues, they used Schirmer’s tear strips to collect vitreous reflux from patients with diabetic
macular edema (DME) and PDR, where they compared their total protein concentration with undiluted
vitrectomy specimens. The results showed similar total protein concentrations between the vitreous
reflux and the vitrectomy samples (P < 0.05) [89]. The most common method of analysis for biomarkers
in this samples are enzyme-linked immunosorbent assays (ELISAs) and enzyme-colorimetric assays.
Recently, multiplex bead array assays are now commonly used to maximize the usefulness of the
vitreous sample, like in AH because they have the advantage that they can measure multiple analytes
simultaneously in small volumes [90]. Proteomic and genomic analysis techniques are also used to
analyze biomarkers of different nature in vitreous samples.

5. Measurement of Biomarkers

A biomarker provide a powerful and dynamic approach to improve our understanding of the
mechanisms underlying eye disease, supporting information for diagnosis, disease control, or to
predict clinical response to treatment [73]. Biomarkers can help to understand DR and contribute to
the development of new treatments or new clinical strategies to prevent vision loss [91]. The FDA-NIH
Joint Leadership Council updated the BEST Resource (Biomarkers, Endpoints, and Other Tools),
modify the original definition of biomarker to “a defined characteristic that is measured as an indicator
of normal biological processes, pathogenic processes, or responses to an exposure or intervention,
including therapeutic interventions” [92]. New biomarkers are generally considered of interest, as they
are associated to predict the disease or its response to treatments, however they are not proven, nor are
they widely accepted or used in clinical practice as a decision-making tool [91]. The development of
new biomarkers is a complex process that requires high refinement, and depends on the etiological
disclosure that is presented. On the other hand, in clinical practice individual biomarkers but also a set
or panel of biomarkers can be used, these can include biomarkers of different types, such as exposure,
effect, and susceptibility biomarkers. Multiplex immunoassays are ideal for analyzing small volumes
of samples, such as tears and now also in AH where they have been shown to be effective in measuring
cytokine levels. With Next Generation Sequencing Techniques (NGS), small-sample miRNome analysis
can be performed that avoids some of the limitations of hybridization-based detection methods [93].
Genetic matrix analysis is an additional powerful technique for comparing gene expression profiles in
AH [94].
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5.1. Oxidative Stress: ROS and Relevance in DR

The ocular surface is always subjected to intense exposure to light and solar ultraviolet radiation,
also high metabolic activity increases the production of ROS and OS. This is a common adaptation
secondary to inflammation and diabetes that produce more mediators to ROS in ocular surface as
xanthine oxidase. It is hypothesized that the increase in antioxidant markers may reflect a local,
compensatory response in the eye against OS [73]. Therefore, adequate levels of antioxidant enzymes
responsible for free radical scavenging are essential for oxidation and reduction (redox) homeostasis [95].
Nezzar et al. analyzed the expression of glutathione peroxidase (GPx1–GPx8), catalase and SOD1 in
human tissues of meibomian glands and conjunctiva and they found that both tissues express GPx2,
GPx4, and GPx7 to control peroxide concentration in the lipid layer to protects the ocular surface
from OS damage. Moreover, SOD1 and catalase were found expressed in conjunctiva and meibomian
gland this might suggest their role in recycling ROS and their interaction with inflammation caused by
OS [96]. In addition, products such as GPx, SOD and malondialdehyde (MDA) have been observed
at irregular levels in the AH of patients with PDR. SOD is a key antioxidant enzyme involved in the
metabolism of oxygen free radicals and prevents the formation of other ROS [97].

GPXs are a family of selenium-dependent isoenzymes that catalyze the reduction of H2O2 or
organic hydroperoxides in water and alcohols through oxidation of GSH to GSSG. Its activity can be
measured using cumene hydroperoxide and GSH as substrates in a coupled reaction with glutathione
reductase (GR) [98,99]. GPx messenger RNA express mainly in the ocular ciliary epithelium suggests
that in AH glutathione peroxidase originates from these cells [100], its activity in the AH of glaucoma
patients has been reported to be three times higher than in cataract patients, the mean value of GPx
in AH of glaucoma patients was 18.4 ± 2.5 U/mL, and the mean value of the cataract group was
6.1 ± 0.6 U/mL (p< 0.001) [101] (see Table 1). Some antioxidant mechanisms, such as glutathione-related
enzymes, are likely to work in normal and vitreous lenses to keep proteins in a reduced state. Unstable
pro-oxidant molecules in the vitreous can play a role in cataract pathogenesis along with retinal
disease. They can spread damage to lens membranes and vitreous proteins [102,103]. The study
by Altomare et al. said specific activity of the GPx could not be detected in the vitreous humor; it is
probably due to the high dilution of the vitreous humor used for the extraction procedure [103].
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Table 1. Biomarker levels in tear, aqueous, and vitreous humor. Levels of the markers of oxidative
stress, inflammation, and apoptosis measured in tear, aqueous, and vitreous humor in different ocular
conditions, in addition to PDR, differentiating the different methodologies used. PDR: proliferative
diabetic retinopathy, DED: dry eye disease, TAC: total antioxidant capacity, LPO: lipoperoxides,
MDA: malondialdehyde, GSH: glutathione, GPx: glutathione peroxidase, SOD: superoxide dismutase,
8-OHdG: 8-hidroxi-2-deoxiguanosine, 8-IPGF: 8-isoprostaglandins, NO: nitric oxide, IL-6: interleukin-6,
IL-8: interleukin-8, IL-10: interleukin-10, TNF-α: Tumour necrosis factor alpha, VEGF: vascular
endothelial growth factor, EGF: epidermal grow factor, MMP-9: metalloproteinase-9, FN-kβ: Nuclear
factor kβ, T1DM: type 1 diabetes mellitus, T2DM: type 2 diabetes mellitus.

Profile Biomarker Matrix Pathology Levels Method References

Oxidative Stress TAC Aqueous PDR 0.55 ± 0.28 μmol Trolox/g * Radical absorbance capacity assay [104]
Vitreous PDR 0.19 ± 0.10 μmol Trolox/g * Radical absorbance capacity assay [104]

LPO Vitreous PDR Male: 145.8 ± 6.3 μM * Colorimetric assay [105]
Female: 135.6 ± 10.9 μM *

MDA Tears DR 95 μM Capillary electrophoresis [106]
Aqueous humor Cataract 0.1 ± 0.1 μmol/L * TBARS method [107]

Vitreous PDR
Male: 101.3 ± 7.6 nmol/mL * Colorimetric assay [105]

Female: 87.6 ± 18.4 nmol/mL *
GSH Tears DR 107 μM Chromatography electrochemical [24]
GPx Aqueous Glaucoma 18.4 ± 2.5 U/mL * - [101]

Aqueous Cataract 6.1 ± 0.6 U/mL * - [101]
SOD Tears DR 1–32 U/mg Spectrophotometry direct [45,108]

Vitreous PDR Male: 30.5 ± 2.5 U/mL * Colorimetric Enzyme assay [105]
Female: 28.5 ± 3.8 U/mL *

8-OHdG Aqueous Cataract 311.6 ± 127.7 μg/mL * ELISA [109]
Aqueous Myopic 212.5 ± 103.2 μg/mL * ELISA [109]

8-IPGF Aqueous Exfoliation syndrome 2429 ± 2940 pg/mL * Immunoassay [110]
Aqueous Cataract 529.1 ± 226.8 pg/mL * Immunoassay [110]
Aqueous Diabetic cataract 624 ± 95.7 pg/mL * ELISA [111]

ON Aqueous humor PDR 19.43 ± 8.75 μM * Colorimetric assay [95]
Vitreous humor PDR 0.524 ± 0.27 μM * spectrophotometric [112]

T1DM Griess reaction
Vitreous humor PDR 0.383 ± 0.17 μM * spectrophotometric [112]

T2DM Griess reaction
L-tyrosine Tears DR 45 μM Chromatography electrochemical [24]
L-cysteine Tears DR 48 μM Chromatography electrochemical [24]
Ascorbic

acid Tears DR 665 μM Chromatography electrochemical [24]

Uric acid Tears DR 328 μM Chromatography electrochemical [24]
Inflammatory IL-1β Tears DR 16.7 ± 3.2 pg/mL * Multiplex assay Bio-Plex system [113]

IL-6 Tears DR 63.3 ± 12.3 pg/mL * Multiplex assay [113]
Bio-Plex system

Tears DED 26.25 ± 5.20 pg/mL * Multiplex bead assay [114]
Aqueous humor DR 40.64 ± 16.52 pg/mL * Multiplex bead immunoassay [115]
Aqueous humor PDR 37.19 pg/mL (3.992–4577.38) ** Immunology Multiplex Assay [83]

Vitreous fluid PDR progression 347.2 pg/mL (26.2–758.6) ** ELISA [116]
Vitreous fluid DR 42.29 ± 10.94 pg/mL * ELISA [117]

Vitreous DR 64.2 ± 10.4 pg/mL * Immunoassay [118]
IL-8 Aqueous humor DR 42.20 ± 33.03 pg/mL * Multiplex bead immunoassay [115]

Aqueous humor PDR 25.28 pg/mL (13.21–184.62) ** Immunology Multiplex Assay [83]
Aqueous humor PDR 76.55 ± 10.88 pg/mL * ELISA [119]
Vitreous humor PDR 63.55 ± 10.74 pg/mL * ELISA [119]

IL-10 Aqueous humor DR 0.24 ± 0.16 pg/mL * Multiplex bead immunoassay [115]
Aqueous humor Fuchs’ uveitis 11.70 ± 6.60 pg/mL * ELISA [120]
Aqueous humor Behcet’s uveitis 7.23 ± 1.73 pg/mL * ELISA [120]
Vitreous humor PDR 224.789 ± 43.801 pg/mL * ELISA [121]

Vitreous DR 4.43 ± 0.4 pg/mL * Immunoassay [118]
IL-17A Tears DED 454.67 ± 37.70 pg/mL * Multiplex bead analysis [114]
TNF-α Tears NPDR 1.2–5.5 pg/mL ELISA [122]

Tears PDR 9.2–21.7 pg/mL ELISA [122]
Aqueous humor DR 4.04 ± 1.83 pg/mL * Multiplex bead immunoassay [115]
Aqueous humor PDR 84.35 ± 30.82 pg/mL * CBA technique [123]

Vitreous fluid DR 155.8 ± 82.0 pg/mL * ELISA [124]
IFN-y Tears DR 1957.50 ± 166.1 pg/mL * Multiplex assay Bio-Plex system [113]

VEGF-A Aqueous humor DR 357.02 ± 84.25 pg/mL * Multiplex bead immunoassay [115]
VEGF Tears DR 270.7 ± 40.2 pg/mL * Multiplex assay Bio-Plex system [113]

Aqueous humor PDR 211.62 pg/mL (48.10–1990.98) ** Immunology Multiplex Assay [83]
Vitreous fluid PDR progression 1789.2 pg/mL (198.5–3436.8) ** ELISA [116]

Vitreous DR 731.20 ± 222.72 pg/mL * ELISA [117]
Vitreous DR 1491.0 ± 183.1 pg/mL * ELISA [125]

EGF Tears DED 1318.9 ± 6 835.0 pg/mL * Milliplex bead assay [126]
Apoptosis MMP-9 Tears DED 40 ng/mL Immunoplex [74,127]

Aqueous PDR 160.3 ± 39.5 AU/mL * Zymographic analysis [128]
Vitreous Macular hole 113.9 ± 229.7 AU/mL * Zymographic analysis [129]

Cytochrome-C Tears/Cell
culture DED - Cell culture [130]

* Data are expressed as the mean ± SD. ** Median values and 5th and 95th percentile values in pg/mL.

SODs are a family of enzymes that catalyze the dismutation of superoxide into oxygen and
H2O2 [99,131]. The fluid in the anterior chamber has very low SOD activity, so there are no apparent
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differences between diabetic patients and controls. However, it should be noted that the humor of the
anterior chamber has a high content of ascorbate, which contributes significantly to protection against
superoxide [132]. Significantly lower SOD levels in the vitreous have been found in diabetic patients
with PDR than in non-diabetic controls examined post mortem [132]. There is a flow of fluid from
the vitreous to the choriocapillary that holds the retina together, this is where SOD can contribute to
protection against superoxide radicals in the extracellular space of the retina [132].

Determination of total antioxidant capacity (TAC) is a method for rapid quantification of
antioxidant efficacy in disease prevention [133,134], defined as the “cumulative action of all antioxidants
present in plasma and body fluids, providing an integrated parameter rather than the simple sum of
measurable antioxidant values” [135]. Reduced capacity has been observed in the AH of patients with
PDR [104] and there is a close correlation between OS and morphological changes in the TM [136],
in patients with PDR suggests that the involvement of the anterior chamber may be caused in part by
redox state imbalances [104]. Actually, the antioxidants of each system can exert their activity with
different mechanisms and different efficiency; therefore, the assessment of TAC could be much more
important than the concentration of antioxidants individually [104]. Izuta et al. reported that the TAC
scan of the vitreous actually increases in patients with PDR [137].

Oxidation of DNA components by ROS and reactive nitrogen species (RNS) is the main source of
DNA damage leading to various types of DNA modification, including chain breakage, nucleotide
oxidation, base loss, and adduct formation [138]. The radicals can react with all the purine and
pyrimidine bases, as well as with the deoxyribose skeleton, generating several products, one of them
8-hidroxi-2-deoxiguanosine (8-OHdG) [139]. It has been estimated that several thousand 8-OHdG
lesions can form daily in a mammalian cell, this represents 5% of all oxidative lesions, which is why
it is one of the most widely used DNA oxidation biomarkers to measure OS [140]. Their levels in
aqueous humor increases and the total antioxidant status decreases in the serum and aqueous humor of
glaucoma patients [141]. High myopia is a degenerative disease [142]. Therefore, 8-OHdG was found at
lower levels in it compared to the control group; their levels are positively correlated with central corneal
thickness (CCT) and negatively correlated with long axial length (AXL). Myopic patients presented
212.5 ± 103.2 μg/mL versus 311.6 ± 127.7 μg/mL in the control group with cataract patients [109]
(see Table 1).

In diabetic patients with PDR, lipid peroxidation is a very pronounced process in humoral parts of
the body, which is why it is responsible for the OS induced in diabetic patients [143]. Polyunsaturated
fatty acid (PUFA) molecules are present in cell membranes and are prone to oxidation due to the
presence of susceptible carbon double bonds [144,145]. The eye, in general, but particularly the macula,
is susceptible to OS due to its high metabolic activity and the large amount of PUFA in the photoreceptor
membranes [145]. The determination of the final product of lipid oxidation is widely used as a marker
of OS. MDA together with 4-hydroxy-2-nonenal (4-HNE) represent the most investigated final product
of lipid oxidation. 4-HNE is a stable and biologically very active molecule whose presence is not
restricted to the site of its origin, since it can diffuse through the membrane barrier [146]. The elevated
blood levels of MDA in patients with diabetes reflect similar increases in the level of AH, which
points to the involvement of OS and lipid peroxidation in the progression of DR to the proliferative
form [95]. Cell-free vitreous is the target of 4-HNE, although aging has been reported to increase
specific conjugates in retinal proteins [147]. After laser treatment, this biomarker accumulates in
this relatively separate compartment giving rise to conjugated humor proteins and deterioration of
the antioxidant activity by the lipoperoxidation product will make the vitreous more vulnerable to
pro-oxidative effect [148]. Besides, it could interfere with the expression of different collagen subtypes
effecting a change in the expression profile of the collagen subclasses, having consequences for the
functional integrity of the vitreous as seen in the aged eye [149]. On the other hand, the results on the
changes of MDA in the vitreous of diabetic patients with PDR obtained by Brzović-Šarić et al. agree
with what has been reported, which showed an increase in vitreous MDA in patients with PDR. So in
general, direct lipid peroxidation (LPO) method is more sensitive and provides a better picture of the
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status than MDA [105]. A significant correlation has been shown between the increase in LPO in the
vitreous and an increase in the expression of VEGF; therefore, it seems that the determination of LPO in
serum could be a good predictor of the onset of OS in the vitreous [105,150]. Because the retina is rich
in PUFAs and there is an increase in glucose oxidation and oxygen absorption, it is susceptible to an
increase in OS. The structural and functional changes observed in it may be due to lipid peroxidation of
the vascular endothelium [151]. Isoprostanes (F2-IsoPs) are stable products, whose formation increases
with exposure to OS, they have gained acceptance as a reliable marker of oxidative damage in both
in vivo and in vitro animal models and their use is becoming more frequent [32], as a chemically stable
prostaglandin-like isomers generated by the reaction of PUFAs in membrane phospholipids. They are
formed in lipid membranes and then released freely by the action of phospholipase. An important fact
is that they are not affected by lipid content in the diet and, therefore, its measurement in biological
fluids can provide an estimate of endogenous production [152].

NO is one of the most abundant free radicals in the human body, which can also react with other
ROS, this causes cellular dysfunction and apoptosis [153]. It is synthesized by endothelial cells and is
an important vasoactive agent that affects blood flow along with other vascular functions [154]. In the
eye, neuronal nitric oxide synthase is believed to be responsible for producing NO in photoreceptors
and bipolar cells, and as far as endothelial nitric oxide synthase is concerned, it is present in vascular
endothelial cells [155]. However, inducible nitric oxide synthase found in Muller’s cells and in
the retinal pigment epithelium could be involved in phagocytosis of the external segment of the
photoreceptor, in addition to infectious, inflammatory, and ischemic processes, and in the pathogenesis
of DR [156]. In a Kulaksızoglu’s study, the NO levels found by the measurement of nitrite and nitrate in
the aqueous humor were significantly higher in patients with PDR than in controls without diabetes [95].
Another study noted that improved NO production in the eyes of people with diabetes is consistent with
reports of it as a mediator of physiological and pathological processes in the retina [157]. NO is a highly
important intercellular signaling molecule that plays a role in vasodilatory responses. In addition, it is
involved in basal conditions and after retinal ischemia in the control of retinal blood flow [158]. The use
of aqueous humor as a biological sample is proposed to assess the course of different eye disorders
showing an increase in pro-oxidative molecules and reduction in antioxidants [159,160]. In the study
by Yilmaz et al. nitrite levels in vitreous humor of patients with PDR were higher than those of the
control group (patients undergoing vitrectomy for idiopathic macular hole). However, among patients
with PDR, there were no significant differences between the levels corresponding to type I and type
II diabetes (P = 0.56). On the other hand, patients with type I diabetes had a mean concentration of
0.524 ± 0.27 μM in vitreous, while those with type II diabetes had a mean of 0.383 ± 0.17 μM [112]
(see Table 1). Other possibility is that overproduction of NO can cause damage to the retina by
disrupting the rod outer segment membrane phagocytosis by retinal pigment epithelium (RPE) cells.
Then, an accumulation of ROS occurs between the photoreceptors and the RPE cells, resulting in the
degeneration of the photoreceptors [161].

5.2. Inflammation: Cytokines and Relevance in DR

DM patients with advanced diabetic retinopathy have more dry eye issues associated with
neurotrophic keratopathy which could cause severe vision loss due to cornea ulcer or neurotrophic
ulcer, this could lead an increased expression of proinflammatory cytokines, like inducible protein-10
(IP-10) and monocyte chemoattractant protein-1 (MCP-1), and decreased levels of antiangiogenic
cytokines which demonstrate that an inflammatory reaction occurs in the ocular surface of diabetic
patients [162]. The alterations in the ocular surface have been associated to inflammatory processes
and microvascular damage that involves mediators like Th1 and Th17 and IL-1ß, IL-17A, TNF-α,
and mainly Epidermal Growth Factor (EGF) found elevated in patients with diabetes mellitus [126].

TNF-α a cytokine strongly correlated with insulin resistance by changing phosphorylation
of insulin receptor substrate-1 and interfering with insulin signaling cascade and leading chronic
inflammation due to leukostasis induce by VEGF, IL-1α and platelet-activating factor in the retinal
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vasculature, but also it is a mediator of apoptosis in retinal neurons and endothelial cells. TNF-α in tears
was significantly higher in patients with PDR (13.5 pg/mL) compared with NPDR (2.8 pg/mL) [122].
In a recent cross-sectional study in Asian patients with DR, there was evaluated the differences in
Total Protein Concentrations (TPC) and TNF-α in tears correlated with the three stages of NPDR
(mild, moderate and severe), they found a decreased in TPC in moderate and severe NPDR compared
with higher concentrations of TNF-α in the same stages, but in mild NPDR and patients without
retinopathy the concentrations were similar. In this study, there was also higher levels of TNF-α
correlated with higher levels of HbA1c which are explained by AGEs that activate proinflammatory
pathways and promotes angiogenesis and microvascular changes in the retina [163]. TNF-α is one of
the cytokines that induces disruption of the BRB by loosening the tight junctions between individual
retinal endothelial cells and also between cells of the RPE, causing BRB breakdown. It promotes the
irreversible adhesion of leukocytes to the endothelium and increases the production of ROS [164].
It also plays an important role in neovascularization and vasomotor reactions [165]. Actually, increased
levels of TNF-α have been found in the vitreous body of patients with T2DM and PDR compared with
a control group [166]. There is a study where patients with PDR were divided into subgroups based on
disease progression and regression, the vitreous levels of VEGF and IL-6 were significantly higher
in the eyes of patients in the progression group with 1789.2 pg/mL (198.5–3436.8) and 347.2 pg/mL
(26.2–758.6), respectively (see Table 2), than they were in eyes with PDR regression [116].

Table 2. miRNA’s found in human eye fluids of patients. A comparison of some of the most commonly
found miRNAs in vitreous or aqueous humor from patients with and without proliferative diabetic
retinopathy. PDR: proliferative diabetic retinopathy, NDM: non-diabetic, PVD: proliferative vitreoretinal
disease, MH: macular hole without any other condition, DME: diabetic macular edema.

MiRNA Role Matrix Comparison Result Author(s)

miR-200b Angiogenesis promotion [167] Vitreous humor PDR vs. NDM Higher Gomaa A, 2017 [168]

miR-21 Fibrosis and inflammation
promotion [169] Vitreous humor PVD vs. MH Higher Usui-Ouchi A, 2016 [170]

miR-15a
Angiogenesis inhibition [171] Vitreous humor PDR vs. MH Higher Hirota K, 2015 [172]
Pro-inflammatory signaling

inhibition [173] Aqueous humor + DME + + Cho Heeyoon,2020 [174]

miR-320 Apoptosis regulation and
angiogenesis repression [175] Vitreous humor PVD vs. MH Higher Usui-Ouchi A, 2016 [170]

miR-320a
miR 320b Angiogenesis repression [176] Vitreous humor PDR vs. MH Higher Hirota K, 2015 [172]

miR-184 Apoptosis promotion [177] Aqueous humor PDR vs. Cataract Higher Chen S, 2019 [178]
miR-93
miR-93-5p

Proliferation and angiogenesis
promotion [179]

Vitreous humor PDR vs. NDM Higher Hirota K, 2015 [172]
Aqueous humor PDR vs. Cataract Chen S, 2019 [178]

miR-29a Angiogenesis inhibition [180] Vitreous humor PDR vs. MH Higher Hirota, K 2015 [172]
Aqueous humor + Cataract + +Wecker T, 2016 [93]

miR-16
miR-16-5p

Tumor suppression [181] Vitreous humor PVD vs. MH Higher Usui-Ouchi A, 2016 [170]
Aqueous humor + Cataract + Wecker T, 2016 [93]

miR-23a Senescence promotion [182] Vitreous humor PDR vs. MH Higher Hirota K, 2015 [172]

miR-126 HMGB1 and VCAM-1
regulation [173] Aqueous humor PDR vs. Cataract Lower Chen S, 2019 [178]

Let-7e Proliferation inhibition [183] Vitreous humor PVD vs. MH Lower Usui-Ouchi A, 2016 [170]

miR-204 Apoptosis promotion [184] Vitreous humor PVD vs. macular
hole Lower Usui-Ouchi A, 2016 [170]

+ Biomarker found but not compared to another matrix or group.

In the inflammatory pathway, IL-6 has a role with induction of multiple process like synthesis and
release of acute phase reactants and matrix metalloproteinase 9 (MMP-9), decreased tear production
and apoptosis, induced differentiation of Th17, and the release of other proinflammatory cytokines like
IL-1ß, the increased levels in this cytokine are particularly associated with increased metaplasia and
keratinization of the ocular surface. Additionally, the secretion of interferon gamma (IFN-y) plays
a multiple role with adaptive and innate response on the ocular surfaces inducing cell loss in the
conjunctival goblet cells that reduces mucin production and apoptosis on lacrimal acini, associating high
levels of this cytokine with severity of the tear film dysfunction [73,113,185]. Furthermore, decrease in
the concentrations of proteins lysozyme, lactoferrin and albumin is more frequent in patients with PDR
than NPDR [186], that could be associated with changes on ocular surface like tear film dysfunction,
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progressive loss of corneal epithelia and degeneration of nerve fibers [187], increasing the risk of
corneal ulcerations and deteriorate their visual quality. In other studies have been analyze tear samples
in different stages of diabetic retinopathy and found a decreased in the content of tears proteins in
the onset of DR as well, tear film dysfunction due to malfunctioning in the tear formation or more
diluted tears. Lactotransferrin (LTF) and Immunoglobulin λ are increased in PDR together with
another tear proteins expressed with frequency in PDR like lipocalin 1 (LCN1), lysozyme C (LYZ),
lipophilin A, lacritin (LACRT) lipidic carriers for retinoids required for tear production, their increase
are specifically associated as predictors for DR progression, some are linked to inflammation secondary
to neovascularization, bleeding or macular edema [188]. Interestingly, IL-6 levels were positively
correlated with the DR stage (PDR: 47.68 vs. NPDR: 29.68 pg/mL; p < 0.001) [115]. Elevated levels
of IL-6 have been reported to participate as a proinflammatory and angiogenic factor in PDR and
DM, is also involved in crossing both the blood–brain barrier and the blood–retinal barrier [189,190],
and their levels in DR patients increased significantly compared to those in a non-diabetic control
group. IL-6 levels were significantly correlated with PDR and it can act as one of the main drivers to
generate a change in the cytokine profile in the aqueous humor of DR patients [115,191].

AH analysis provides useful information to understand the pathogenesis and responses to
treatment of various eye conditions. The analysis of AH of DR patients has allow to identify some of the
mediators (cytokines, chemokines, among other factors) involved in the pathogenesis of DR. Like IL-8,
the concentration of VEGF is found to be increased in AH of diabetic patients [192]. Most studies have
worked on aqueous humor cytokines in patients with PDR. However, the dynamic changes between
the levels of cytokines in the different states of severity of DR must be analyzed in greater detail. Chen
et al. found that IL-6 had positive correlations with IL-8, IP-10, leukemia inhibitory factor (LIF) and
hepatocyte growth factor (HGF) in the DR group, while it presented negative correlations with IL-9,
IL-21, IL-23, IL-27, and IL-31.

IL-8 is an important chemoattractant that regulates chronic leukocytic inflammation in the
vascular walls and ultimately leads to capillary occlusion and retinal ischemia [193], its levels have
been reported in the AH of DR patients with 42.20 ± 33.03 pg/mL (mean ± SD) [115]. IL-8 expression
can be hypoxia-induced and mediated by nuclear factor kappa B (NF-kB). IL-8 can induce angiogenesis
in vitro and in vivo, and its elevated levels have been found in aqueous and vitreous of patients
with ocular vascular disease, including DR [194]. Other studies have reported that elevated levels of
vitreous IL-8 are associated with increasing levels of retinal ischemia and an increased degree of gliotic
obliteration of large vessels in patients with PDR (see Table 2) [119,193]. Sun et al. found that the level
of IL-8 in aqueous humor was significantly higher than that in the vitreous in PDR patients [119].

IL-10 is an anti-inflammatory cytokine and antiangiogenic mediator produced by monocytes
and macrophages its antitumor effects have been associated with its ability to prevent angiogenesis
associated with tumor growth [195]. In Mao C study, the median IL-10 concentration was higher in the
vitreous of the PDR patients (224.789 pg/mL) than in the control group (160.143 pg/mL) and it was
statistically significantly, which was different from Hernández C study [121,196]. A predominance of
macrophages (50%) has been determined in the vitreous samples of patients with PDR by cytological
examination, this could explain the greater production of IL-10 resistant to other proinflammatory
cytokines due to the increase in macrophages [125]. It suppresses the expression of the receptor for
proinflammatory cytokines such as IL-1 and tumor necrosis factor α (TNF-α) and inhibits the activation
of its receptors by reducing the synthesis of these cytokines it limits inflammation. Its antiangiogenic
effect has recently been shown to be associated with the downregulation of VEGF expression [197].
Dong et al. found that IL-10 levels in the AH decreased with increasing severity of DR.

TNF-α is one of the main inflammatory response cytokines with chemotactic action on monocytes
and neutrophils that activates them as macrophages, improving their cytotoxicity, while being one of
the mediators of this cytotoxicity [198], with levels in aqueous humor of 4.04 ± 1.83 pg/mL (mean ± SD)
in DR patients [115]. VEGF, also known as vascular permeability factor (VPF or vasculotropin),
considered today the main factor controlling angiogenesis and vascular permeability and causes much
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of the pathogenesis of PDR and diabetic macular edema [199]. It is produced by endothelial cells,
macrophages, CD4 lymphocytes, plasma cells, among others [200,201]. One study showed that the
VEGF level was significantly elevated in diabetic subjects compared to the non-diabetic control group.
However, there was no correlation between VEGF and DR severity (p = 0.357) [115].

The vitreous cavity contains different types of unique cells, such as retinal cells, RPE, choroid, and
retinal vessels. Although the AH and the vitreous fluid do not flow with each other, some proteins can
be exchanged between these two compartments. IL-6, IL-8, VEGF, and TNF-α have been observed to
be elevated in serum and vitreous fluid from patients with DR [202]. Murugeswari et al. found that
the levels of IL-6, IL-8, MCP-1, and VEGF present in the vitreous humor were significantly higher in
PDR patients than in patients with macular hole [203]. In another study, a comprehensive analysis
of mediators in the vitreous fluids of patients with PDR and in patients with other eye diseases was
performed and elevated levels of VEGF, MCP-1, IL-8 and IL-6 were found compared to the control
group [204]. IL-6 normally participates in acute phase reactions such as hematopoiesis, IL-2 induction,
and differentiation of keratinocytes and B and T lymphocytes. In vitro studies suggest that NO may be
acting as the intermediate molecule in IL-6-induced VEGF synthesis. Precisely, the synthesis of IL-6
can be induced in vitro by hypoxia and tissue hyperglycemia [205].

Interleukin 17 (IL-17) plays an important role in a wide variety of immunological diseases, but on
the ocular surface it promotes neutrophil infiltration in tissues that induce synthesis and secretion of
matrix metalloproteinases and ROS that generate disruption in the corneal epithelium, loss of epithelial
functionality and induction of apoptosis. This contributes to the induction of neovascularization
with stimulation of proangiogenic factor and modulation of cytoskeleton, which was examined in the
vitreous and plasma of patients with DR, with levels significantly increased in PDR [114,206,207].

5.3. Apoptosis

Apoptosis is the most studied type of cell death in diabetic retinopathy its characteristics are well
defined and it is easily detected with techniques such as TUNEL (Terminal dUTP Nick End Labeling).
Despite this, there are types of cell death that are difficult to detect due to the lack of defined markers
and available techniques [208]. The hyperosmolar state has a relevant change in various tissues, but
in tear film and cornea increases desquamation, loss of intercellular connections, disruption of cell
membranes and decreases cytoplasmic density, it was found that proinflammatory stimulus in the
corneal epithelium increases the expression of cytokines like IL-1ß, TNF-α, IL-8, MMP-9 activating the
MAPK signaling pathway then the expression of proapoptotic markers (Fas, Fas ligand, APO2, CD40
and CD40 ligand) and cytochrome-c, this mediates an apoptotic pathway reported in vitro with an
hyperosmotic state (≥450 mOsm) which converge on proteolytic activation of caspase-3 capable of
cleaving various cellular proteinases to finally cause apoptotic death [130]. An increase in pericyte
apoptosis in retinal tissue of diabetic patients compared to non-diabetic patients has been demonstrated
with the use of TUNEL staining [208,209].

Lipocalin is a tear endonuclease which plays a role in the catalytic activity of DNA and its effect in
the concentration of NaCl, Mg2+, Ca2+ and variation in pH facilitates lipocalin its role in prevention
of viral infections and anti-inflammatory activity by regelation of tear viscosity, capture and release
of lipids, inactivating endonucleases and pathogens binding sites on the ocular surface [210,211].
In diabetic patients with neurotrophic keratopathy, have been found increasing levels of AGE’s products
in cornea which activates a signal pathway mediated by NK-kB, generating an increase on oxidative
stress, and anormal accumulation of MMP-9, this is correlated with ocular surface inflammation and
induce a cycle of damage and apoptosis [212,213]. Cathepsins are a group of proteases key players in
extracellular space, they have collagenase and elastase activity and participate in extracellular matrix
(ECM) remodeling, but also are signaling molecules. Cathepsin C and B are present in tears, but its
role in the ocular surface is not well explained. Cathepsin S is involved in initiating inflammatory
responses by effecting degradation of lysosomal protein and ECM which is essential for homeostasis
and cellular differentiation [127].
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Matrix metalloproteinases (MMPs) are a family of calcium-activated zinc-containing enzymes
that are involved in turnover and remodeling of the ECM and collectively are capable of breaking
down most of their protein components, including collagens, laminin, fibronectin, elastin and other
components. MMPs can also degrade a number of non-ECM proteins, including growth factors,
chemokines, cytokines, and some surface receptors [214]. Metalloproteinases are involved in a number
of both physiological and pathological processes, the enzymes may participate in pathological processes
such as neovascularization [128]. MMP-2 and MMP-9 can degrade pigment epithelial derived factor
(PEDF), which is the main antiangiogenic protein of the eye, specifically it is a 50 kDa glycoprotein
highly expressed in the retinal pigment epithelium [215]. We know that one of the first characteristics
of DR is the rupture of the blood–retina barrier. This results in vascular permeability in the retina and
the development of retinal edema. These types of findings suggest that elevated MMP expression in
AH may facilitate an increase in vascular permeability [216]. MMP-9 belongs to the group of type IV
collagenases which plays an important role in new vessel formation and were previously found to be
upregulated by VEGF [217]. Increased levels of pro-MMP-9 and activated MMP-9 have previously
been found in the vitreous of patients with PDR associated with vitreous hemorrhage [218]. MMPs can
also act in the early stages of DR, in the breakdown of the BRB and in the destruction of the tight
junctions of endothelial cells [216]. Among the different MMPs examined in the vitreous samples,
only the levels of MMP-2 and MMP-9 levels are significantly increased in the PDR eyes. In another
study both metalloproteinases are present in the vitreous samples from PDR patients, being MMP-9
the only one elevated in PDR patients [128]. Noda et al. discovered that the vitreous proliferative
membranes in diabetic retinopathy, in addition to having elevated levels of MMP-9, contain high levels
of MMP-2. Furthermore, elevated levels of MMP-9 have been previously reported in the vitreous
humor and fibrovascular membranes of patients with PDR [219].

The release of cytochrome c (cyt c) from the mitochondria is a fundamental step for the beginning
of the apoptotic process [220]. Cyt c is a small globular protein that contains iron porphyrin cofactor
(heme c) that covalently binds to the unique polypeptide chain. Its main function is its participation in
the electron transport chain of the inner mitochondrial membrane (IMM). Cyt c is reversibly reduced
and oxidized as an electron is transferred from ubiquinol-cytochrome c reductase (complex III) to cyt c
oxidase (complex IV) in the mitochondrial respiratory chain [221]. Premature death of retinal cells
occurs prior to the development of other lesions characteristic of retinopathy, suggesting that it may
play a critical role in the development of DR [222]. The rate of apoptosis of vascular and nonvascular
retinal cells in diabetes is low, but statistically higher than normal, which is consistent with the slow
development of DR [223]. Cyt c has the ability to perform a variety of functions depending on the
site and conditions of the cell where it is located; These properties have allowed it to be identified as
an “extremely multifunctional” protein (EMF) [224]. So the structural and biological properties of
the complex (ferric) Cyt c-CL (cytochrome c—cardiolipin), promotes the transformation of proteins
into a peroxidase in the early stages of cellular apoptosis [225]. Besides, cyt c in mammalian cells can
activate caspases, a family of cysteine proteases that have within their functions that of cleaving crucial
substrates to induce cell dismantling [225].

Caspase-3 activation is a slower process compared to increased OS in diabetes, or from another
point of view, its activation may be occurring as a consequence of increased OS [226]. Caspases involved
in the activation of proinflammatory cytokines and the initiation and execution of apoptosis [223].
Because apoptosis of retinal capillary cells probably contributes to capillary “dropout” and retinal
ischemia in DR, there is an interest in caspases that may be involved in initiating and executing this
apoptotic process [223]. Caspase-3 is the executioner caspase that plays a central role in the proteolytic
cascade during apoptosis its immunoreactivity occurred in ganglion cells in diabetic retinas, following
their apoptotic death induced by ischemia, excitotoxicity, axotomy, and chronic ocular hypertension,
their inhibition reduces apoptotic cell death induced in retinal cells [227]. Nuclear factor-kβ (NF-kβ) is
an important polyphenic nuclear factor which participates in apoptosis and cellular neovascularization,
it can be activated by a variety of signals such as IL-1β, TNF-α, and OS. Several studies have shown
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that is closely related to inflammation, the appearance of tumors, cellular apoptosis, among other
pathological processes. However, the main pathological changes in the DR include retinal cell
apoptosis and neovascularization. This highlights that NF-kβ plays a role in DR [228,229]. In another
scenario when cells are stimulated by hypoxia, hyperglycemia, and some inflammatory cytokines,
the NF-kβ-specific inhibitor protein (IkB-α) is phosphorylated and degraded just to be released and
activated, entering the nucleus to regulate gene transcription [229].

The BRB function of endothelial cells is supported by surrounding cells, such as Müller
cells, pericytes, and astrocytes. As the blood–retinal barrier depends to a large extent on this
microenvironment where the function of a specific type of cell depends on the support of other types of
cells, any cellular injury or cellular loss will have great effects on the proper function of the retinal barrier
and, in fact, any retinal function [230,231]. The NF-kβ present in the subretinal membranes and micro
vessels is activated in response to increased ROS and AGE, which in turn further activate the apoptosis
process. The activated NF-kβ is then further bound to nuclear DNA and thereby overexpresses different
genes that lead to free radical production and further cell death [232]. Activated NF-kβ also increases
the expression of cytokines IL-1b, IL-6, and IL-8 and the proapoptotic molecule caspase-3 in vitreous
fluid and serum, leading to inflammation-mediated cellular apoptosis [233]. Together, the activation of
NF-kβ, TNF-α, and interleukins improve MMP-9 transcription leading to DNA alkylation and the
development of DR [234].

6. Metabolic Memory of Oxidative Stress in Diabetic Retinopathy

Several studies maintain that epigenetic modification is a significant factor in the development of
DR. The duration of hyperglycemia decides if better subsequent glycemic control would be effective
in the DR, which implies that the sustained state of hyperglycemia produces a metabolic memory
phenomenon and be attributed to epigenetics, which may be the reason for inter-individual differences
in drug response and variation in the progression of diabetes complications [235–237].

There have been several epigenetic modifications studied in DR: methylation directly to DNA
molecule, which can repress transcription of certain genes; chromatin remodeling and modifications
to the DNA condensing proteins, histones, which can also activate or suppress DNA on its own;
and non-coding RNA that post-transcriptionally regulates gene expression. Although there are more
epigenetics modifications known involved in DM or cancer, these alterations are the most studied in
DR functioning as potential prognostic, therapeutic, or diagnostic biomarkers.

6.1. DNA Methylation

The most primitive epigenetic modification is DNA methylation and, according to various
studies, it has a correlation with the progression of DR. In DNA methylation the methyl group is
transferred from S-adenosylmethionine (SAM) to DNA molecules, this reaction is catalyzed by DNA
methyltransferases. It was found that patients with DR have shown a significantly higher level of
DNA methylation compared to those without DR, indicating that increased DNA methylation is a
relevant component in the development of DR [237]. Another study revealed that methylation and
activation of the matrix metalloproteinase 9 (MMP-9) gene associated with DR has an important role in
accelerating apoptosis of retinal vascular endothelium [238]. This indicates that DNA methylation in
DR is a highly dynamic process, which involves various epigenetic changes targeting extracellular
matrix, manganese superoxide dismutase (MnSOD) also cross-linking with OS, and mitochondrial
homeostasis causing mitochondrial dysfunction with subsequent capillary damage [238–241].

ROS generated from mitochondrial oxidative phosphorylation is the most representative source
of OS in endothelial cells, which cause peroxidation of PUFAs, protein damage and consequently
mitochondrial DNA (mtDNA) damage [239,242,243]. Methylation of mtDNA has recently been
associated with the development of diseases and as a potential biomarker. Iacobazzi divided mtDNA
methylation into global mtDNA methylation biomarkers, such as 5-methylcytosine (5mc) derived from
the incorporation of a methyl group at position 5 of cytosine, and 5-hydroxymethylcytosine (5hmc),
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produced from 5mc through a hydroxymethylation reaction catalyzed by ten-eleven-translocation,
which are related to aging and neurodegenerative disorders; and specific methylation biomarkers
such as ND6 gene, which is suppressed under OS conditions by increased DNA methyltransferase
(DNMT) [244]. As a general methylation biomarker, 5hmc can be seen at rac family small GTPase 1,
which leads to increased binding of NF-kB linking this epigenetic modification with inflammation in
DR [245]. In the retina, there is a more specific area where methylation is occurring called D-loop where
transcription and replication of mtDNA is controlled [243,246] which has been used as a biomarker
in a clinical study that showed significantly higher methylation rates in the serum of patients with
PDR than patients without DR, these had higher methylation rates than non-diabetic patients [247]
functioning as a novel diagnostic tool. Another potential biomarker related with DNA methylation in
DR is homocysteine, of which high levels have been associated with increased risk of developing DR
in diabetic patients, and with higher global DNA methylation probably linking it to altered metabolic
memory phenomenon [248,249]. Interestingly, high homocysteine levels have been associated with
increased inflammatory cytokines and activation of NF-kB [250].

Several therapeutic approaches have been assessed targeting mitochondrial dysfunction despite the
low specificity of DNMT, synthetic DNA methylation inhibitors such as hydralazine and procainamide
are being evaluated in clinical trials, or polyphenols like resveratrol have shown to directly inhibit
DNMTs as well as being a powerful antioxidant which ultimately lead to epigenetic changes with
altered gene expression [251–254].

6.2. Modification of Histones

Other relevant epigenetic alteration is the modification of histones, which has also been a key
contributor to the pathophysiology of the DR. Histones are proteins in the nucleus related to DNA and
play a role in regulation of gene expression and can be post-translational modified by methylation,
acetylation, ubiquitination and phosphorylation regulating chromatin structure, and these histones
can have an active cross-talk with other histone modifications [235,255]. Relevant examples of these
epigenetic changes are histone acetyltransferase (HAT) and histone deacetylases are involved in
regulating gene expression in the complications of diabetes [256]. For example, H3 acetylated histone
expression was decreased in induced diabetic models. Furthermore, it was discovered that these
changes were irreversible once the blood glucose of these rats was restored to a normal level, indicating
that the development of DR is associated with the modification of histones and that it would also
be participating in the phenomenon of metabolic memory [241,257]. When there is a high-glucose
environment in the retina, histone acetylation is increased due to a decreased activity of histone
deacetylase (HDAC) inducing an increased expression of pro-inflammatory cytokines in Müller
cells [256].

During DR, an alteration of mitochondrial homeostasis and dynamics occurs, where a vicious
circle is created between the alteration of mitochondrial enzymes that induce the formation of
superoxide, which in turn alters the physiology of the organelles. Furthermore, dysfunction of the
repair pathways generates even more mitochondrial damage [239]. However, regulation of the mtDNA
replication/repair machinery has the ability to prevent mitochondrial dysfunction and the development
of DR to some extent [239,258]. Decreased mitochondrial SOD2 and inhibition of Nrf2 (nuclear
factor-(erythroid-derived 2-)like 2), a transcription factor affecting antioxidants, have been observed.
What happens is that during the state of OS, Nrf2 translocate to the nucleus where it binds to the
antioxidant response element (ARE). On the other hand, Keap1, an inhibitor of Nrf2, binds it in the
cytosol and leads it to proteomic degradation through cullin-3-dependent degradation [2,252,259].
Moreover, in vitro studies have shown metabolic memory phenomenon through exposure of retinal
capillary cells to high glucose concentrations, inducing epigenetic modification of SOD2; the gene
that encodes for MnSOD, by decreasing methylation of H3K4 at Sod2 promoter predisposing to
worsening of the oxidative stress damage cycle [255,260]. There have been different therapeutic
approaches regarding histone acetylation/deacetylation in diabetic nephropathy; histone deacetylase
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inhibitors like Vorinostat may have a protecting effect by decreasing OS, agents like sodium butyrate
inhibited HDAC activity and thus elevated the expression of Nrf2, both protecting against renal
injury [256]. These therapeutic approaches have yet to be assessed in DR, but HDAC inhibition may
have ameliorative effects in diabetic microvascular complications.

A study of the effects of diabetes on nuclear–mitochondrial communication in the retina revealed
that the mitochondrial biogenesis of the retina is weakened in diabetes and is under the control of
superoxide radicals. Therefore, this makes us think that the regulation of biogenesis by pharmaceutical
or molecular means could provide a way to prevent the development/progression of DR [261].
Examples of these are approaches with intravitreal adeno associated viral MnSOD which showed
to reduce retinal capillary basement membrane thickness, inhibit apoptosis of these capillaries,
by effectively overexpressing MnSOD, suggesting an ameliorative effect on the metabolic memory
phenomenon [254,262]. Moreover, different approaches have been made with different polyphenols,
the most promising one is resveratrol that is associated with decreased phosphorylation of 5’-adenosine
monophosphate activated protein kinase (AMPK) that regulates histone deacetylase Sirtuin 1 (Sirt1)
which may ultimately suppress NF-kB activation [252].

6.3. Chromatin Remodeling

Chromatin remodeling is the conjunction of various structural and/or molecular changes
that ultimately modify DNA functions as expression, replication and recombination of genes.
Therefore, without having genomic alterations the production of proteins will be affected and may be
inherited to offspring [258].

Histone modifiers (acetylation, deacetylation, methylation, and demethylation enzymes), histone
chaperons and ATP-dependent chromatin remodelers are responsible for chromatin restructuring [263].
Four families of chromatin remodelers have been described: SWI/SNF, NO80, CHD and ISWI.
This very last is associated to the Base Excision Repair (BER) and the Nucleotide Excision Repair
(NER) mechanisms to help repair DNA after an oxidative insult [264]. Chromatin remodeling
by its remodeler family SWI/SNF contributes to the response against stress and senescence,
at the same time mitochondrial dysfunction induces chromatin remodeling responses [265].
The thioredoxing-interacting protein (TXNIP) is a protein known to have an important impact over OS,
inflammation and apoptosis in the pancreas and the retina [266], in recent years it has been considered
that these modifications lead to chromatin remodeling in retinal cells. During hyperglycemia some
molecules such as Angiotensin II, transforming growth factor-β (TGF-β) and AGEs are overexpressed
leading to enhanced activation of their receptors causing augmented production or intracellular factors
that end up modifying chromatin structure [267].

The DNA binding proteins HMGBs (high mobility group B) can mediate nucleosome remodeling.
Such proteins lower their affinity to DNA and their function when oxidized [268]. OS promotes
alterations in chromatin by histone acetylation and increased activation of NF-kB resulting in major
inflammatory genes expression [269]. Second messengers are also able to modify chromatin structure
via chromatin-binding proteins. PI5P (phosphoinositide phosphatidylinositol-5-phosphate) is an
example, its production augments in OS environment, it binds to ING2 (inhibitor of growth family
member 2) to repress pro-proliferative genes and promote apoptosis [270,271].

6.4. Non-Coding RNA

Non-Coding RNAs are RNAs that are not translated into proteins, and instead they play a
role as gene expression modulators. There are two types of non-coding RNAs classified by their
length, small RNAs formed by 20–30 nucleotides and LncRNAs (long non-coding RNAs) having up
to 200 nucleotides [272]. Small non-coding RNAs (20–30 nucleotides) are categorized as microRNAs
(miRNAs), short interfering RNAs (siRNAs), and piwi-interacting RNAs (piRNAs). The first two are
more similar between each other as they both have double-stranded precursors, while piRNAs appear
to derive from single-stranded precursors [273].
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MiRNAs have a regulatory function on endogenous genes, and siRNAs protect the genome
from invasive nucleic acids [273]. Both molecules work primarily by silencing genes recognized
by a specific sequence in the miRNA or siRNA chain. Normally, miRNAs inhibit the expression of
their target genes promoting its mRNAs degradation or inhibition of its translation [274], but this
programmed action may be modified in response to external threats (viruses, transposons) or changes
within the cell. Then, siRNAs will co-opt the invader into their own mechanism and prevent it from its
expression; on the other hand, miRNAs may be diluted or exchanged by different miRNAs or even
new miRNAs will be expressed to silence genes that will have the effect of counteracting the previous
silencing [273,275]. Most lncRNAs are transcribed by RNA polymerase II and spliced into various
isoforms which act as epigenetic regulators. They can regulate DNA polymerase activity, around 20%
of lncRNAs recruit chromatin remodeling complexes to repress transcription of target genes [276,277].

Through the years non-coding RNAs have been related to many degenerative illnesses,
including Alzheimer, cancer and diabetes [272,274,277]. As mentioned before, when cells encounter
environmental modifications, such as hyperglycemia, they promote altered expression of miRNAs.
The downregulation of certain miRNAs (miR-126 and miR-200b) and the upregulation of others
(miR-18a, miR-20b, miR31 an mir-155) are now related to augmented VEGF production [278], miR-146 is
a miRNA that functions as a negative feedback to NF-kB activation induced by IL-1β in retinal
endothelial cells and it is also upregulated after 3 months following the onset of diabetes [278].

Some miRNas such as miR27b respond to stress by reducing the expression of pro-antioxidant
proteins as Nrf2 resulting in a pro-oxidant environment [279]. mR27b also has a pro-angiogenic effect
targeting Notch ligand D114, Sprouty -2, PPARgamma and Semaphorin 6A [280]. Another miRNA;
miR-211 is upregulated in diabetes causing impaired expression of sirtuin-1 [281], a protein that protects
mitochondria from damage [282]. In the past years over 47 miRNAs have been found differential
between patients with diabetes and patients with DR, five of them, including miR-21 implicated in
angiogenic processes, have been considered as biomarkers for early detection of such microvascular
complication [283,284].

miRNAs associate with groups of proteins known as Argonaute proteins to silence the target
gene. Argonaute proteins are usually found scattered in the cytoplasm, in oxidative stress conditions
they tend to gather around stress granules, an action mediated by miRNAs [285]. On the other
hand, argonaute2 is enhanced by hypoxia which leads to an inhibited maturation of miRNAs that
respond to stress as defense mechanisms [286]. Previously mentioned miRNAs have been found in
serum, some of them and others are found in vitreous humor and aqueous humor in PDR as seen in
Table 2. miR-126 has recently been considered as a potential serum biomarker for PDR nonetheless,
other studies have shown that the concentration of miRNAs in eye matrices with PDR differs even two
times fold from those in serum [287].

H-19, a lncRNA that prevents glucose-induced endothelial mesenchymal transition in the retina,
is downregulated in hyperglycemic conditions leading to activation of endothelial transition via
TFGF-beta [288]. A recent study has found that lncRNA AK077216 is downregulated in subjects with
DR independently from glycemic conditions, this lncRNA is able to inhibit ARPE-19 cells apoptosis
via inhibition of miR-383 proapototic function [289]. The proliferation promoting lncRNA BANCR has
also been found overexpressed in patients with DR which may play a role as a potential therapeutic
target [290,291]. According to Awata and cols. there is an association between susceptibility to DR and
lncRNA RP1-90L14 [91].

Studies have shown that these alterations occur early in hyperglycemic states in retinal and
endothelial cells [292], furthermore; they are maintained even after returning to normoglycemia [293–295].
Since non-coding RNA, specially miRNAs have a regulatory function, relatively prompt response to
alterations in the body and, more importantly, such responses are maintained for a period of time
after glycemic control they represent a potential therapeutic target in DR to delay its progression.
Nevertheless more studies are needed so far.
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7. Conclusions

In the review article, we summarize the studies and take information that contributed to elucidating
the most widely used biomarkers that produce more information about the different stages of diabetic
retinopathy. Currently, there is still no definitive marker for the detection of early stages of DR or even
one that can be detected before retinopathy develops. The reviewed studies have suggested a large
number of potential markers, however, it must be taken into account that the multifactorial etiology
of DR further complicates the detection strategy, so instead of a single definitive marker, the use of
a panel or set of markers representing each affected aspect in DR. For this, it is necessary to choose
a biological matrix that meets characteristics such as accessibility, suitability and representativeness
of the disease state. At the ocular level, there are very few biomarkers whose measurement has
FDA approval. Most of the biomarkers are exploratory in nature; however. they are very useful for
solving issues during drug development. Tears, aqueous humor, and vitreous are among the fluid
ocular matrices most frequently used for human biomarker evaluation. The use of these matrices has
posed difficulties, including non-standardized collection processes and little available sample volume.
For this reason, it is of great importance to continue working on studies that provide more information
to establish optimized processing and analysis methods in order to make the most of the information
obtained from the measurement of biomarkers in them. Large-scale prospective multicenter studies
are necessary to be able to accurately determine the veracity and reliability of various biomarkers in
the early stages of DR. Therefore, the OS associated with chronic hyperglycemia plays a central role
in the stimulation and alteration of the molecular and biochemical signaling pathways along with
cellular damage involved in the DR, the evidence suggests that metabolic defects that alter epigenetic
substrates they will also affect epigenetic chromatin modifications. The epigenetic alterations that were
discussed play a critical role in the pathogenesis of DR, further analysis and comparison of the results
that have been obtained so far is necessary to also consolidate the path towards the discovery of new
treatments and therapeutic strategies.
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Abstract: Diabetic retinopathy (DR) is a complex, progressive, and heterogenous retinal degenerative
disease associated with diabetes duration. It is characterized by glial, neural, and microvascular
dysfunction, being the blood-retinal barrier (BRB) breakdown a hallmark of the early stages.
In advanced stages, there is formation of new blood vessels, which are fragile and prone to
leaking. This disease, if left untreated, may result in severe vision loss and eventually legal blindness.
Although there are some available treatment options for DR, most of them are targeted to the advanced
stages of the disease, have some adverse effects, and many patients do not adequately respond to the
treatment, which demands further research. Oxidative stress and low-grade inflammation are closely
associated processes that play a critical role in the development of DR. Retinal cells communicate
with each other or with another one, using cell junctions, adhesion contacts, and secreted soluble
factors that can act in neighboring or long-distance cells. Another mechanism of cell communication
is via secreted extracellular vesicles (EVs), through exchange of material. Here, we review the current
knowledge on deregulation of cell-to-cell communication through EVs, discussing the changes in
miRNA expression profiling in body fluids and their role in the development of DR. Thereafter,
current and promising therapeutic agents for preventing the progression of DR will be discussed.

Keywords: diabetic retinopathy (DR); inflammation; oxidative stress; angiogenesis; extracellular
vesicles; miRNA; biomarkers; antioxidants

1. Introduction

Diabetes mellitus (DM) is one of the most common metabolic disorders that has become both
a major public health threat and an economic burden for society. According to estimates from the
International Diabetes Federation (IDF) in 2019, 463 million adults (one in eleven between 20–79
years) were living with diabetes and this number is expected to increase to around 700 million by
2045 [1]. Diabetes is a systemic disease that can affect almost any part of the body, including the eye,
especially the retinal tissue, causing a microvascular complication known as diabetic retinopathy (DR).
Diabetic retinopathy is a leading cause of visual impairment among working-age adults worldwide [2],
affecting more than 149 million individuals [3]. The global prevalence of this disease has increased to
epidemic proportions [4], and is responsible for 50,000 new cases of retinal neovascularization and
diabetic macular edema worldwide every year [5]. This means that it affects around one-third of
the diabetic population, with approximately one-tenth of these patients having vision-threatening
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retinopathy [6,7]. Although DR is not a mortal illness, it leads to emotional distress and reduces daily
life functionality, thus significantly impacting the quality of life in patients with advanced stages of the
disease. In addition to the visual impairment, it is associated with significant economic consequences
for public health systems [7].

During the first two decades after the onset of diabetes, almost all type 1 diabetes (T1D) cases
develop DR and about two thirds of patients with type 2 diabetes (T2D) also have some form of
the disease [8]. DR is a silent complication that in its early stages causes no symptoms. However,
chronic hyperglycemia can produce noticeable retina damage over time, involving blood and other
fluids leakage out of retinal capillaries, which may result in cloudy or blurred vision. Therefore,
if left untreated DR may result in severe visual impairment or even blindness. Although over the
past several decades significant advances have been made and a variety of treatments for DR are
currently available, none of them are yet curative. In the early stages of the disease, a tight blood
glucose control and regular monitoring can help prevent its progression to more advanced stages.
In advanced stages, the main treatments of DR include intraocular injections of anti-VEGF antibodies,
laser treatments, and vitrectomy [7,9]. Although the results are encouraging and these treatments
can halt the progression of DR or even temporarily improve the vision loss, they are associated
with two major concerns/limitations: Can produce several adverse effects and are ineffective in
some of the patients (non-responders). A better understanding of the exact cellular and molecular
mechanisms underlying DR and the discovery of reliable early biomarkers will decisively contribute
to the identification of putative targets for the development of new and more effective options than
existing treatments offer.

Extracellular vesicles (EVs) are a heterogenous population of membranous vesicles that can be
released into the extracellular milieu by the majority of the cells of the body [10]. They can be classified
into three categories (microvesicles, exosomes, and apoptotic bodies) based on their size and mode
of biogenesis. It is now known that tissue homeostasis strongly depends on an effective cell-to-cell
communication mediated by EVs. These vesicles released from the parent cells are extracellular
carriers of both proteins, RNA, and miRNA, which are capable of inducing a wide range of effects on
recipient cells [11]. In fact, many miRNAs were described to play critical roles in the regulation of
several cellular processes, including cell cycle, proliferation, and apoptosis [12], contributing therefore
to the maintenance of the retinal tissue homeostasis. Hence, it is expected that miRNA expression
dysregulation also affects those processes, directly contributing to pathological conditions, such as DR.
Importantly, changes in the miRNA expression profile may reflect the pathological state, highlighting
the putative use of miRNAs as biomarkers to predict DR progression [13].

Herein, we describe and discuss how inflammation and oxidative stress contribute to retinal
endothelial cells dysfunction in DR, highlighting the deregulation of cell-to-cell communication
mediated by extracellular vesicles. Moreover, we will summarize the most recent studies about the
role of miRNAs in the pathogenesis of DR and the potential beneficial effects of therapeutic agents
with anti-inflammatory and antioxidant properties.

2. Pathophysiologic Changes and Clinical Definition of DR

Diabetic retinopathy is a progressive disease, whose major risk factor is the duration of diabetes.
It develops through a series of stages of increasing degrees of severity [14] and affects the
microvascular circulation of the retina, compromising the integrity and function of retinal tissue.
Endothelial cells, the building blocks of the microvasculature, are particularly sensitive to sustained
hyperglycemia-induced damage [15,16]. The retina is not only a network of blood vessels, rather it
is a multilayered neuronal (photoreceptors, and horizontal, bipolar, amacrine and ganglion cells)
and glial (astrocytes, Müller cells, and microglia) cells that covers approximately 95% of the tissue,
with blood vessels (endothelial cells and pericytes) comprising only a small portion (<5%) [17].
In healthy conditions, a synergistic interaction between retinal neurons, glial cells, and blood vessels
contributes to the autoregulation of vascular flow and metabolic activity. Indeed, retinal blood vessels
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provide nutrients to the neural tissue, and neuroglial cells are essential players in transmission of
visual information, being therefore crucial to the maintenance of the retinal homeostasis [18]. Thus,
the intimate relationship between neuroglial and vascular networks is only possible by a metabolic
synergy and cell-to-cell communication [18]. Although microvascular changes are found in DR and its
diagnosis is based on their screening, many studies using electrophysiological tests pointed to changes
in the neuroretinal function before the onset of microvascular lesions in the human retina [19–22].
In addition, early thinning on the inner retina can be detected in type 2 diabetes by spectral- domain
optical coherence tomography (SD-OCT) scans analysis, even before visible vascular changes are
present, which supports the presence of a neurodegenerative process in diabetic patients [23].

During the development and progression of DR several changes take place, which can be
grouped into categories, such as physiological, rheological, hormonal, and biochemical, etc. [24]. It is
well established that hyperglycemia contributes both to DR and other microvascular complications
of diabetes, but it is not the single factor. There are several biochemical pathways that are involved
in the onset and progression of DR. Moreover, no specific mechanism can be regarded as the main
responsiblility for DR, rather a complex relationship between several pathways and factors may be
important to the disease process. Functional and/or morphological changes are found in various
retinal cell types, including endothelial cells, pericytes, microglial cells, ganglion cells, Müller cells,
astrocytes, and microglia, in the diabetic retina, before clinical symptoms and diagnosis are attained
(Figure 1) [25]. The development of the disease is believed to be due to a dysregulation of the neuroglial
vascular unit. Nevertheless, this whole scenario is dynamic at different stages of the natural history of
DR and varies from individual to individual [24,26]. In the first stage (preclinical retinopathy) there
are significant biochemical and histological changes in the retinal vessels [27], which include increased
permeability of the blood-retinal barrier (BRB), loss of perivascular cells, vascular basement membrane
thickening with subsequent capillary occlusion, and neuronal and glial abnormalities. This is followed
by a stage of morphostructural and pathophysiological changes, in which the progressive dysfunction
of endothelial cells plays a crucial role, leading to worsening of previous changes and culminating
in neovascularization (Figure 1) [28]. These changes are ophthalmoscopically visible and based
on them, according to the multicenter Early Treatment DR Study (ETDRS), the DR may be classified as
non-proliferative DR (NPDR) and proliferative DR (PDR) [29].

The presence of a few microaneurysms characterizes the mild NPDR while their presence
associated with intraretinal hemorrhages or venous beading characterizes the moderated NPRD [30].
Progressively, retinopathy can be characterized by deposits of lipids in the retina (hard retinal exudates),
small infarctions located in the retinal nerve fiber layer (cotton patches), collateral dilated capillary
channels in areas of retinal ischemia (intraretinal microvascular abnormalities), and irregular dilation
of retinal veins associated with significant retinal ischemia (venous beading). Then, the disease may
further advance to a stage characterized by the development of new blood vessels (PDR) in the retina
in response to oxygen deprivation through upregulation of angiogenic factors and, in some cases,
development of fibrous tissue at the optic disc or near venules in the retina [31]. Advanced PDR is
commonly associated with preretinal and vitreous hemorrhage as a result of the bleeding of new
retinal blood vessels, and a traction on the macula due to fibrovascular tissue, which will then lead to a
significant vision loss [24,32]. Notwithstanding, it is important to highlight an additional category
of DR, which is characterized by leakage of the retinal vessels and thickening of the retina thus
leading to what is called diabetic macular edema (DME). DME can be developed in all of the stages of
retinopathy, although being more prevalent in the late stages of the disease, being the most common
cause of vision loss in diabetic individuals [24,30,33].
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Figure 1. Schematic drawing of a cross-section of a healthy retina and a retina with diabetic retinopathy.
The retina is a multilayered tissue composed by neuronal (photoreceptors, and horizontal, bipolar,
amacrine and ganglion cells) and glial (astrocytes, Müller cells, and microglia) cells, that closely
embed with three capillary plexuses. The blood-retinal barrier (BRB), that regulates the exchange
of fluids between blood and retinal tissue, plays an important role in the maintenance of the
retinal homeostasis. However, in diabetic retinopathy (DR) several retinal abnormalities appear,
including microvascular changes (microaneurysms, intra-retinal hemorrhages, and neovascularization),
the appearance of exudates, ganglion cell and photoreceptor degeneration, and glial dysfunction
(astrogliosis, Müller cell gliosis, and activation of microglia). The reactivity of glial cells promotes the
secretion of inflammatory cytokines, leukocyte adhesion, and diapedesis. These alterations lead to the
breakdown of the BRB, characterized by pericyte loss and tight junctions’ disruption.

3. The Role of Oxidative Stress and Inflammation in DR

The pathogenesis of DR is very complex and several mechanisms, such as hypoxia, oxidative stress,
and inflammation are involved in the disease development and progression [30,34,35]. The retina is
one of the most metabolically active tissues in the body, making it extremely sensitive to changes in
oxygen levels [7]. In addition to the high content of polyunsaturated fatty acids (PUFAs), this tissue
needs to produce energy (ATP) by consuming large amounts of glucose and oxygen, through the
mitochondrial electron transport chain in the inner mitochondrial membrane. During this process,
the electron transport chain can leak electrons directly onto molecular oxygen, generating free
radicals/reactive oxygen species (ROS) [36]. Mitochondria are an important endogenous source of ROS
in the retina. Although ROS play an important role in the immune response, excessive intracellular
levels of ROS may damage cellular lipids, proteins, and nucleic acids. When ROS production exceeds
cellular antioxidant capacity, ROS can thus contribute in a large scale to oxidative stress due to the
limited mitochondrial reserve capacity, being particularly vulnerable to small changes in energy
homeostasis [37]. Therefore, ROS can cause oxidative stress, damaging mitochondria [2], which results
in a reduced efficiency of ATP production [36]. In the context of hyperglycemia, it has been shown that
there is a dysregulation of mitochondrial biogenesis, leading to bioenergetics deficits [38]. Moreover,
mitochondrial functional changes were detected in the retinas of diabetic rodents, before clinical
manifestations of DR (pericyte loss and capillary degeneration) are present. Altogether, these data
suggest that oxidative stress and mitochondrial dysfunction may play an important role in the onset
and progression of DR.

The contribution of mitochondria to diabetes-induced oxidative stress is well established and,
according to Brownlee [39], in his “unifying theory” of hyperglycemia-induced endothelial cell damage,
ROS overproduction is the common upstream event that can stimulate the biochemical pathways
which have a pathogenic role in DR: 1) The polyol (sorbitol) pathway, which can deplete the cytosolic
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nicotinamide adenine dinucleotide phosphate (NADPH), necessary to maintain glutathione (GSH),
the main intracellular antioxidant, in its reduced state [24]; 2) the formation of advanced glycation end
products (AGEs) intracellularly, which can induce cross-linking of proteins to promote vascular stiffness
and enhance oxidative stress; 3) activation of different isoforms of protein kinase C (PKC) can induce
changes in endothelial cell monolayer permeability (PKCα), cell proliferation (PKCβ) and increased
ROS production, activation of the NF-kB, and platelet-derived growth factor (PDGF) survival signaling
pathway (PKCδ) [40,41]; and 4) the hexosamine pathway, which decreases NADPH-dependent GSH
production, is implicated in the apoptosis of endothelial cells and the limited proliferation of pericytes,
as well as retinal neuronal apoptosis [42–44].

When intracellular antioxidant enzymes fail to remove efficiently ROS that are produced by
retinal cells, excessive ROS can be accumulated within the cell cytoplasm, mitochondria, and nucleus.
In the nucleus, ROS can cause DNA strand breaks [45,46].

Chronic hyperglycemia can trigger Müller cells and astrocytes reactivity, activating the
transcription nuclear factor NF-κB [18]. Once activated, NF-κB is translocated into the nucleus,
where it binds to nuclear DNA and promotes the expression of pro-inflammatory cytokines, such as
interleukin (IL)-1β, IL-6, IL-8, interferon gamma (IFN-γ), and tumor necrosis factor-alpha (TNF-α).
On the other hand, activation of the PI3K/Akt/mTOR signaling pathway mediates the secretion of
inflammatory cytokines by ROS induced-hyperglycemia itself. Moreover, it has been proposed that
Müller cells can directly initiate retinal inflammation in diabetes through stimulation of cluster of
differentiation 40 (CD40) and indirectly signal to microglia to elicit inflammation [47].

Chronic hyperglycemia-induced vascular dysfunction is mediated through increased levels of
intercellular adhesion molecule 1 (ICAM-1) in endothelial cells, that results in leukocyte adhesion
to the endothelium, change of BRB permeability, and thrombus formation [48]. Increased levels
of other inflammatory mediators have been also found in the vitreous of diabetic patients with
retinopathy, such as the monocyte chemotactic protein 1(MCP-1), that is an important chemotactic
factor for monocytes, and vascular endothelial growth factor (VEGF), an important mediator of
angiogenesis and effector of permeability [49]. Cyclooxygenase-2 (COX-2) is another inflammatory
agent that is increased in diabetic retinas and is released by activated inflammatory cells and glial cells,
and may play an important role in the degeneration of retinal capillaries [50]. Under inflammation
conditions, this enzyme increases the synthesis of prostaglandins, which stabilizes hypoxia-induced
factor-1 (HIF-1), leading to VEGF expression and NF-kB activation. In parallel, mitochondrial ROS and
oxidized mtDNA, when released into the cytosol, are recognized as damaged associated molecular
patterns (DAMPs) by cytosolic pattern recognition receptors (PRRs), including toll-like receptors,
namely TLR4 and TLR9. This recognition triggers cell death by different pathways: A NLR family
pyrin domain containing 3 (NLRP3) inflammasome is formed, which leads to activation of caspase-1
and secretion of IL-1β and IL-18, leading to pyroptosis, a highly inflammatory form of programmed
cell death [2,30,36]. Other types of cell death can occur, such as apoptosis and autophagy-dependent
cell death. Apoptosis can be triggered by matrix metalloproteinases 2 and 9 (MMP-2 and MMP-9)
that compromise the mitochondrial membrane potential [51,52]. Autophagy can lead to cell death by
modulation of mTOR/AMPK, activating caspase 3 [53].

In summary, oxidative stress and low-grade inflammation associated with chronic hyperglycemia
are considered to play a key role in the onset and progression of DR, being difficult to pinpoint exactly
which of the mechanisms/pathways are most important in the pathogenesis of DR, rather the coexistence
between them contribute to BRB breakdown and neovascularization [30]. Therefore, hyperglycemia
leads to a series of successive triggered events, leading to neural, glial, and microvascular dysfunction,
that culminate in DR [54].
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4. Crosstalk between Endothelial Cells and Other Retinal Cells through Extracellular
Vesicles (EVs)

Intercellular communication is an essential component in all multicellular organisms, ensuring
the exchange of information between cells in response to normal homeostatic processes or to possible
pathological threats. One of the most important components involved in both short- and long-distance
communication are the EVs, a heterogenous group of cell-derived membrane vesicles limited by a
lipid bilayer that are secreted from almost all cell types and contain proteins, lipids, and nucleic acids,
such as mRNAs and miRNAs [11,55]. Depending on their size and biogenesis pathway, EVs can be
classified into exosomes, microvesicles, or apoptotic bodies. Exosomes are nano-sized vesicles of
endocytic origin, with a diameter between 30–150 nm. This subtype of vesicles is originated through
the inward budding of a multivesicular body (MVB) membrane that fuses with the cell membrane
releasing the intraluminal vesicles (ILVs) to the extracellular space which generate the exosomes [56].
Microvesicles, also known as ectosomes or microparticles, are cell membrane-derived vesicles with a
size range between 100–1000 nm. These vesicles are formed through the direct outward budding of the
plasma membrane after vertical trafficking of a specific molecular cargo and consequent release of
the microvesicles [57]. Apoptotic bodies are the largest subtype of EVs, with a wide range of sizes
between 50–5000 nm, that are released also by outward budding of the cell membrane, exclusively
during apoptotic cell death (Figure 2) [58].

Figure 2. Extracellular vesicles (EVs) and their role in the pathogenesis of diabetic retinopathy (DR).
EVs can be classified into three different types depending on their size and biogenesis—exosomes,
microvesicles, and apoptotic bodies. Hyperglycemia leads to the increase of EVs released from
donor cells. These EVs, derived from other retinal cells or from circulation, can interact with
recipient/target retinal cells contributing, along with chronic hyperglycemia, to oxidative stress and
release of pro-inflammatory mediators. These mechanisms may contribute to mitochondrial dysfunction
leading to retinal cell death.

All types of EVs normally reflect the phenotype of their parental cells, since different cells secrete
different EVs with specific cargo molecules depending on their function. This suggests that EVs
molecular profile can be used to detect not only their origin but also somehow the molecular content
of the cell of origin. This feature makes these vesicles very interesting candidates as biomarkers
and therapeutic drug delivery systems for a variety of chronic diseases, including cancer and
degenerative diseases, such as DR [59]. A recent study characterized the EVs released by adult neural
retina in culture and this allowed to determine the cellular origin of different types of EVs through
the analysis of their molecular cargo (RNA and proteins) [60]. The authors were able to detect EVs
derived from photoreceptors which contain proteins such as rhodopsin, the photo-responsive receptor
of rod cells, and cadherin related family member 1 (Cdhr1), an adhesion protein that is normally
present in the outer and inner segments of photoreceptors. They have also detected the presence
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of neuronal-specific nuclear protein (NeuN) in the isolated EVs, a marker for amacrine and retinal
ganglion cells. Additionally, through their molecular content, they were able to conclude that the
retinal-derived EVs are mainly related with processes such as phototransduction, synapse structure,
RNA processing, and transcription regulation [60]. Furthermore, other studies have also demonstrated
that EVs from distinct retinal cells, such as astrocytes and retinal pigment epithelial (RPE) cells
present different protein profiles, which suffer alterations during pathophysiological processes [61,62].
Therefore, besides intercellular communication being essential to the maintenance of retinal function,
a small alteration in this balance can lead to the appearance of several retinal diseases. Although EVs
biology in the visual system is not extensively investigated, some studies have already described that
EVs are closely involved in the progression of several retinal diseases, such as age-related macular
degeneration (AMD) and glaucoma [63,64].

It is known that diabetes and its macro- and microvascular complications are associated to
increased levels of EVs with distinct molecular profiles [65], presenting for instance procoagulant,
proinflammatory, and proangiogenic properties [66]. We can speculate that in the diabetic eye,
and in particular in the retina, a single alteration in the number of EVs is able to disturb the
normal visual homeostasis (Figure 2). In fact, EVs biological effects in the eye were described to be
concentration-dependent at their target site [67]. Concerning DR, the chronic low-grade inflammation
and oxidative stress, which play an important role in diabetes progression, are closely related with
the dysfunction of metabolic pathways in retinal endothelial cells. Early diabetes-related endothelial
dysfunction can lead to a deregulation of intercellular communication between retinal endothelial cells,
leukocytes, and neuroglial cells, which results in increased BRB permeability [30]. This deregulation
of intercellular communication between retinal cells is closely related to the release of EVs with
different profiles. For example, a report involving diabetic patients showed the presence of increased
levels of photoreceptor-derived and microglial-derived microvesicles in the vitreous of patients with
proliferative DR. Additionally, this study also demonstrated that these EVs were able to stimulate
endothelial cell proliferation and neovascularization both in vitro and in vivo, confirming their different
molecular cargo in the context of hyperglycemia [68]. Regarding DR progression, the intercellular
communication between retinal endothelial cells and pericytes is critical for the vascular damage present
in the eye of diabetic patients [14]. A recent study has highlighted the role of exosomes containing a
specific circular RNA (circRNA) in the progression of DR. In that study, the authors demonstrated that
circRNA cPWW2P2A, which is upregulated in pericytes during the disease, is transferred through
exosomes to endothelial cells contributing to retinal vascular dysfunction [69]. In the same context,
another study has demonstrated that under diabetic-like conditions, mesenchymal stem cells-derived
EVs were able to cause pericyte detachment and endothelial cell proliferation, which may be mediated
by MMP-2, with consequent BRB disruption [70]. In this study, the authors have also addressed the
involvement of EVs-derived MMPs in the progression of DR. In fact, several MMPs, such as MMP-2,
MMP-9, and MMP-14 have been described as being increased in the vitreous fluid and in the retina of
both patients with DR and animal models of DR, contributing to vessel destabilization and consequent
BRB breakdown [71].

Other important mediators involved in DR onset and progression appear to be closely related with
EVs-mediated communication. In fact, TNF-α, C-reactive protein and thrombin, commonly increased
in the eye of diabetic patients, can stimulate the formation of endothelial microvesicles in vitro [72–74].
As a consequence, the increased release of endothelial EVs can stimulate the production of ROS in the
target cells, which may contribute to retinal vascular damage in the context of DR progression [75].
Nonetheless, in the early stages of the disease, EVs can also exhibit protective effects, preventing the
rapid progression of the retinal damage. For example, in vitro and in vivo studies have demonstrated
that EVs derived from microglial cells were able to inhibit hypoxia-induced photoreceptor apoptosis,
thus preventing neovascularization and alleviating visual injury [76].
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All these studies highlighted the importance of a tight regulated intercellular communication
between retinal cells and the role of retinal-derived EVs in the progression of retinal disorders,
namely DR.

5. Contribution of Plasma EVs to Microvascular Damage in DR

With diabetes being a chronic systemic disorder, circulating EVs have an important role in the
progression of several complications associated with this disease. Increased levels of cytokines (namely
TNF-α), angiogenic factors, RANTES (regulated on activation, normal T-cell expressed and secreted),
and angiotensin-2 have been detected in the plasma EVs of diabetic patients, highlighting their role in
diabetes progression [77]. Although some EVs can pass the BRB [59], they can also act pathologically
in the BRB. During the development of DR, increased vascular permeability can also facilitate the
accumulation of these circulating EVs in the eye, which may be crucial to the development of the
most progressive forms of the disease. In this sense, several studies have been reporting the role of
plasma EVs on the activation of inflammatory and oxidative mechanisms involved in the microvascular
damage in DR (Figure 2) [78].

It is known that the complement activation, due to proinflammatory changes and impairment of
complement regulatory proteins, has a main role in the vascular damage and DR progression [79,80].
A recent study from Huang et al. has proven the involvement of plasma EVs on complement activation
in the retina, using a diabetic animal model [81]. Increased levels of plasma exosomes were associated
with increased levels of IgG, which was present in the membrane of the vesicles, resulting in the
activation of the classic complement pathway. Additionally, the lack of IgG-laden exosomes resulted in
a decrease of complement activation and consequent reduction of retinal vascular damage, proving the
involvement of the circulating EVs in the microvascular damage through complement activation [81].
In the same way, a more recent study from the same group has demonstrated that, using the same
animal model and primary cultures of human retinal endothelial cells (hRECs), this mechanism,
by which plasma EVs can lead to retinal vascular damage, occurs due to the deposition of membrane
attack complex (MAC) and cytosolic damage [82]. In fact, increased levels of MAC on the eyes of
diabetic patients have been already described, when compared to the eyes of non-diabetic patients [83].
In the end, the IgG-laden plasma exosomes may contribute to the microvascular damage in the context
of DR activating the classic complement pathway which leads to MAC deposition and consequent
endothelial damage.

Concerning plasma EVs, both platelet- and monocyte-derived microvesicles have been receiving
a lot of attention in this field, since two studies from Ogata et al. have described increased levels of
both types of EVs in diabetic patients with DR. These vesicles appear to be closely related with DR
progression as their levels were increased in advanced stages of DR [84,85]. Specifically, platelet-derived
vesicles appear to mediate hyperglycemia-induced retinal endothelial damage through the release
of CXCL10 which is going to activate the TLR4 pathway. These platelet-derived EVs also induce the
production of ROS and inhibit the activity of superoxide dismutase (SOD) which, in addition to TLR4
activation, leads to decreased levels of tight junction proteins, such as ZO-1 and occludin, and retinal
endothelial injury, including BRB breakdown [86].

Other studies have correlated changes in plasma EVs molecular profile with DR progression.
For example, a recent study has reported a correlation of RANTES and CCR5-positive microvesicles,
both proangiogenic factors, with the progression of NPDR [87]. Furthermore, high glucose conditions
are able to increase NADPH oxidase activity on endothelium-derived microparticles, which are
also increased in diabetic patients, leading to increased levels of ROS and inflammatory mediators
and consequent impaired endothelial function [88]. These circulating EVs may also contribute to
early endothelial dysfunction by decreasing nitric oxide (NO) and prostacyclin activity, increasing
macrophage and leukocyte infiltration [71]. Thus, EVs appear to be closely related with the endothelial
dysfunction and microvascular damage in DR.
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Some studies have described a procoagulant property of these EVs in the context of DR [89],
suggesting that plasma EVs may play a role in the coagulation cascade during the progression of
the disease. Moreover, Su et al. described that increased levels of phosphatidylserine (PS)-positive
microvesicles in patients with non-proliferative and proliferative DR are related with an increased
procoagulant activity, which may explain the role of EVs on microvascular complications in patients
with DR [90].

Together, these studies highlight the role of plasma EVs in DR progression, which appear to be a
great promise not only to use them as biomarkers but also as therapeutic targets for the treatment of
DR in the future.

6. miRNA in DR: Role in Oxidative Stress and Inflammatory Signaling Pathways

MicroRNA (miRNA) are a class of evolutionally conserved single-stranded RNA molecules.
These are non-coding small molecules (19–25 nucleotides long) that are involved in the regulation of
gene expression. In this way, they can affect nearly all aspects of cell physiology, such as cell growth,
differentiation, metabolism, and apoptosis [12,91–93]. Dysregulation of miRNA expression has been
extensively recognized to be linked to the development of many diseases, including DR [94–96].
In fact, several reports have found an association of miRNA with the risk to develop DR [97–99].
Changes in circulating/extracellular miRNA expression levels in biological fluids, such as plasma,
serum, vitreous, and aqueous humor in diabetic patients with retinopathy have been reported
(Figure 3) [100–103]. An important and challenging question is whether these biofluid miRNAs execute
protective/deleterious effects in the retina or simply serve as (read-outs) biosignatures that can aid in
diagnosing and monitoring DR.

Extracellular miRNA in biological fluids can be found associated with proteins or enwrapped with
vesicles [104]. In the former, miRNAs can be coupled with proteins, such as Argonaute (AGO) [105–107],
nucleophosmin 1 (NPM1) [108], and high-density lipoproteins (HDLs) [109,110], and be released into
the extracellular milieu; the binding to proteins protect miRNA from degradation by RNases, increasing
their stability in body fluids. In the latter, miRNA can be incorporated in three broad secretory vesicles,
based upon their mode of biogenesis: Exosomes, shedding microvesicles, and apoptotic bodies [111],
and then released to the extracellular environment.

Multiple studies focusing in the identification of circulating miRNA from biofluids that differentiate
between diabetic patients with retinopathy and diabetic patients without retinopathy or healthy controls
have been published in the last years. Some of these studies have shown remarkable predictive value
for detecting DR. Wang et al., in a cohort study with a small sample size, found five miRNAs
(miR-4448, miR-338-3p, miR-485-5p and miR-9-5p, and miR-190a-5p) differentially expressed in
serum samples in DR and non-DR groups [112]. The first four miRNAs were downregulated and
the remaining (miR-190a-5p) was upregulated in T2D patients with retinopathy. The five miRNAs
regulate 55 target genes, with a substantial overlapping with sirtuins, which are known to play a
significant role by influencing various pathological processes such as inflammation, oxidative stress,
and angiogenesis [113].

In another study, the expression of two miRNA, miR-20b and miR-17-3p, using also a relatively
small sample size, has been investigated [114]. MiR-20b and miR-17-3p belong to the miR-17 family
and target the 3′ UTRs of genes encoding HIF-1α and VEGF-A. Therefore, they may play a role in
angiogenesis in DR. While a significant decrease in serum miR-20b was found in diabetic patients
compared to healthy subjects, a decrease in serum miR-20b and miR-17-3p was found in NPDR and
PDR groups when compared with healthy subjects. A combined analysis of these noncoding RNAs
with two regulators of retinal endothelial dysfunction, Homebox antisense intergenic RNA (HOTAIR)
and metastasis-associated lung adenocarcinoma transcript 1 (MALAT1), was able to discriminate
diabetic patients without retinopathy from healthy controls and NPDR and PDR from diabetic patients
without retinopathy, suggesting that miR-20b and miR-17-3p may be used as noninvasive biomarkers
for screening of DR and the early diagnosis of PDR [115].
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A study conducted by Qing et al. validated three miRNAs (elevated levels of plasma miR-21,
miR-181c, and miR-1179) in predicting PDR [98]. A rise in plasma miR-21 levels in patients with T2D
and PDR has also been found in another study [102]. From a mechanistic point of view, miR-21 seems to
be involved in tumor-induced angiogenesis through targeting PTEN, leading to the activation of AKT
and ERK1/2 signaling pathways, and thereby enhancing HIF-1α and VEGF expression [116]. Moreover,
it has been also described to protect endothelial cells against high glucose-induced cytotoxicity [117].
Therefore, miR-21 may be associated with angiogenesis in a diabetic microenvironment. Concerning
miR-181c, its levels are elevated in high glucose conditions, but they are inhibited in endothelial cells
exposed to hypoxia, suggesting that it plays a key role in the regulation of angiogenesis in ischemia
and in diabetes [118].

Figure 3. Alterations of miRNAs profile in DR and possible therapeutic interventions. The progression of
DR is associated with the deregulation of miRNA expression, which leads to the increase (↑) or decrease
(↓) of some miRNA involved in oxidative stress, inflammatory, and angiogenic processes. However,
some therapeutic and nutraceutical strategies targeting inflammatory pathways, oxidative stress,
and neovascularization, can be useful in preventing or arresting DR progression.

The information available regarding the expression profiles of the miRNAs in the vitreous of
eyes with DR is scarce, mainly because healthy individuals cannot be used as controls due to ethical
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considerations. For example, Gomaa et al. reported increased VEGF and miR-200b expression
levels in the vitreous of diabetic patients with PDR compared to age- and sex-matched nondiabetic
individuals (nondiabetic patients indicated for pars plana vitrectomy due to idiopathic macular holes).
In addition to being present in the vitreous, miR-200b has been described in neuronal, glial, and
vascular elements in the retina [119]. MiR-200b expression was previously reported in the diabetic
retina of experimental animal models of diabetes, but there was no consensus among the results of
these studies [119–121]. Murray et al. found an upregulation of miR-200b in the retina of Akita mouse
at nine months of age [120]. In agreement, Kovas et al. also reported increased expression levels of
this miRNA both in the retina and retinal endothelial cells from diabetic rats after three months upon
diabetes induction with streptozotocin (STZ) [121]. However, McArthur et al. reported decreased
miR-200b expression levels in the retinas of STZ-induced diabetic rats after one month of diabetes [119].
As VEGF is one of the direct targets of miR200b, the rise of VEGF expression in DR may be attributable
to the downregulation of miR-200b. In addition to the direct inhibitory effect of miR-200b on VEGF
expression in response to diabetes, it may also mediate such effect indirectly via p300, a histone
acetylation and transcription coactivator in malignancies, affecting in this way the gene expression of
multiple vasoactive genes [122]. A recent cohort study using vitreous samples from PDR patients has
revealed that miR-20a-5p, miR-23b-3p, miR-142-3p, miR-185-5p, miR-223-3p, miR-362-5p, and miR-662
expression levels were significantly higher compared to controls (vitreous from non-diabetic patients
with macular holes), whereas miR-199a-5p and miR-326 were significantly lower [123]. Interestingly,
all six overexpressed miRNAs have been previously described as potentially targeting proteins that are
increased in the vitreous during PDR, such as VEGF-A, angiopoietin 2, PDGF-B, and connective tissue
growth factor (CTGF). These authors claimed that the observed increase in miRNA expression can play
a role in the regulation of angiogenesis and wound healing processes in the context of PDR, and the
interplay between miRNA and their targets may result in a variety of gene expression profiles [123].

Several other studies tried to give insight into the mechanistic pathways possibly affected in DR by
analyzing altered serum miRNA levels. Recently, Tamir et al. have performed a study involving 47 T2D
patients (10 without retinopathy, 22 with NPDR, and 15 with PDR) and 22 healthy subjects, to study
the potential involvement of 16 candidate miRNAs that were previously described in the literature
to be altered in the plasma/serum of diabetic patients (miR423, miR-486-3p, miR-320a-3p, miR-320b,
miR-200b-3p, miR-221-3p, miR-146a-5p, miR-183-5p, miR-122-5p, miR126-5p, miR-30d, miR-93-5p,
miR-21, miR-27b-3p, let7f-5p, and miR-16-2-3p) [99,119,124–139]. They detected decreased miR-423
levels in T2D with PDR compared to healthy controls. Moreover, the authors found a correlation
between lowered miR-423 in diabetic patients and VEGF, and an inverse correlation between NO
and eNOS expression, suggesting a crosstalk between miR-423 and VEGF signaling, affecting the
eNOS function. A recent report has found that five miRNAs—miR-15a, miR-15b, miR-17, miR20a,
and miR-185—are downregulated in the aqueous humor of NPDR patients with DME, which is a
leading cause of legal blindness in patients with T2D. Most of the downregulated miRNAs were
related to inflammation, oxidative stress, and angiogenesis. MiR-15a has been associated with a dual
anti-inflammatory and anti-angiogenic action. It has been reported that human retinal endothelial
cells cultured in high glucose conditions decrease the expression levels of miR-15a [140]. Moreover,
this downregulation in vascular cells is associated to increased leukostasis in the retina (an indication
of retinal inflammation), together with activation of pro-inflammatory signaling of IL-1β, TNF-α,
and NF-κB [140]. It has been suggested that miR-15a inhibits angiogenesis by binding to VEGF-A or
Tie2 angiopoietin receptor [141,142]. Reduced levels of TNF-α and suppressor of cytokine signaling 3
(SOCS3) induced by miR-15b have been reported to inhibit insulin resistance in retinal endothelial
cells [143]. MiR-17-5p is known to regulate hypoxia-induced NLRP3 inflammasome activation [144],
downregulating inflammatory mediators such as IL-1β and TNF-α, and negatively regulates TLR4
expression [145]. MiR-20a has been shown to ameliorate the altered markers of endothelial function
and oxidative stress as well as mediators of inflammation in an animal model of diabetes [146]. MiR-185
is decreased in diabetic patients and mice [147]. It is also known that miR-185 inhibits angiogenesis
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through direct interaction with stromal interaction molecule 1 (STIM1) in human microvascular
endothelial cells [148].

Lu et al. detected decreased miR-126 serum content in diabetic patients with NPDR compared to
healthy controls [149]. Moreover, it has been demonstrated that insulin receptor substrate 1 (IRS-1) is a
target gene of miR-126 in endothelial cells and retinal pericytes in an animal model of DR. Furthermore,
the interaction between them downregulates the expression of PI3K/Akt pathway proteins and
negatively influences the viability and invasion of endothelial cells and retinal pericytes isolated from
a mice model of DR [150]. The PI3K/Akt pathway is crucial for a long-term upregulation of VEGF,
which is an angiogenic factor involved in the pathogenesis of DR. Therefore, miR-126 and its target
gene IRS-1 may be promising molecular targets for the prevention and treatment of DR. Although it has
been claimed that miR-126 can be used as a biomarker for early diagnosis of PDR, no single biomarker
is enough to give a clear predictive sign of DR, being necessary a combination of molecular biomarkers,
as well as anatomical and functional biomarkers, to increase the specificity and diagnosis accuracy.

Although there are many reports showing differences in circulating miRNAs in diabetic patients
with retinopathy, the information regarding the importance of miRNA shuttled by EVs in the onset and
progression of DR is scarce. In a recent study, using plasma from T1D subjects with PDR, the miRNA
profiling patterns in the circulating EVs were different compared with healthy controls [151]. From 11
miRNA differentially expressed in DR patients in comparison with healthy controls, four were found
to be upregulated, namely miR-21-3p, miR-17-5p, miR-106a-5p, and miR-21. These miRNAs were
previously correlated to angiogenesis, inflammation, diabetes, and response to ischemia [152–156].
Three downregulated miRNA (miR-150-5p, miR-342-3p, miR-155-5p) were described as anti-angiogenic
and also found to be decreased in T1D or T2D patients [155,157–159]. Furthermore, Mazzeo et al. [151]
have shown that EVs isolated from the plasma of diabetic patients with retinopathy were able to induce
pericyte detachment, increased permeability of pericyte/endothelial cell bilayers, and capillary-like
tubular structures formation, which are some of the early features of DR. More recently, the same
authors have investigated the role of miR-150-5p, miR-21-3p, and miR-30b-5p in the regulation of
microvessels homeostasis and angiogenesis. They found the involvement of those miRNAs in abnormal
angiogenesis and hypoxia-induced retinal injury characteristic of the diabetic eye [160]. Altogether,
these data suggest that miRNA shuttled in EVs appears to be involved in the onset of DR, and
miR-150-5p, miR-21-3p, and miR-30b-5p extracted from circulating EVs were identified as putative
prognostic biomarkers for DR.

7. Therapeutic and Nutraceutical Agents with Anti-Inflammatory and Antioxidant Properties
against DR

In clinical terms, the management of DR has been focused on intensive control of glycemia, as well
as blood pressure and lipidemia, together with therapeutic interventions, such as photocoagulation
with argon laser and immunotherapy through the intravitreal injection of anti-VEGF drugs [161].
DR progression and loss of sight can be prevented or delayed, but the existing retinal blood vessels
damage and lost neuronal cell functions are typically irreversible, which is a major concern because those
treatments are particularly directed to late-stage DR. In addition, there are relevant limitations associated
with the discomfort caused to patients, the poor effectiveness in some individuals, the possibility of
long-term side effects, as well as the economic cost [161]. Thus, it is crucial to develop novel and more
efficient strategies to treat or retard progression of DR in early stages. In this regard, therapeutic and
nutraceutical strategies targeting inflammation and oxidative stress have received renewed attention
in recent years (Figure 3) [7,162,163]. In a small cohort, anti-VEGF therapy has been associated with a
lower expression of miR-23b-3p in PDR as compared to untreated PDR patients, which suggests the
involvement of a regulatory mechanism [123]. However, in this study it was not investigated whether
differences exist between responders and non-responders to anti-VEGF therapy.

Corticosteroids have the ability to reduce inflammation by genomic and non-genomic
mechanisms [162,164]. Regarding the genomic, corticosteroid-binding globulin (CBG) protein
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transports corticosteroid molecules through the serum and allows the entry into the cytoplasm
after crossing the cell membrane, where it binds to a glucocorticoid receptor thus admitting penetration
into the cell nucleus. By interfering with a diversity of genes modulated by specific miRNAs,
corticosteroids can influence the production of hundreds of proteins involved in inflammation and
cell metabolism, which in the eye can contribute to anti-inflammatory properties and preservation of
BRB. In addition, corticosteroids act directly by extracellular mechanisms linked with reduction of
permeability and induction of vasoconstriction of the blood vessels as well as related with alleviation
of cellular swelling and stimulation of adenosine production on Müller cells [162,164]. Furthermore,
corticosteroids can stabilize blood–ocular barrier functions namely due to protection of tight junction
integrity, which contributes to reduce serum leakage and the expression of extracellular MMP [165].

Currently, corticosteroids are viewed as a second-line therapy for DR patients that are poorly
responsive to anti-VEGF therapy in cases of DME [166]. Triamcinolone acetonide, fluocinolone
acetonide, and dexamethasone sodium phosphate have been successfully used as an intravitreal steroid
treatment to reduce the frequency of anti-VEGF intravitreal injections, which is particularly useful
in patients with contraindications for anti-VEGF therapy, such as those with coronary diseases [166].
Mounting evidence show that glucocorticoids exert anti-inflammatory activities by reducing the
expression of adhesion molecules related to leukostasis (such as ICAM-1 and E-selectin), decreasing
the release of other pro-inflammatory mediators (namely IL-6, NF-kB, TNF-α, and IFN-γ, etc.) and
inhibiting the inflammatory cells (leucocytes, monocytes, macrophages) infiltration [167,168]. In vitro
studies have shown that dexamethasone is able to reduce the secretion of exosomes containing
pro-inflammatory miRNA-155 in RAW264.7 macrophages treated with lipopolysaccharide (LPS) [169].
Furthermore, glucocorticoids have been also associated with an angiostatic effect due to the
inhibition of a variety of proangiogenesis mediators, namely VEGF, BFGF, and TGF-b [170,171].
Complementarily, in vitro and in vivo preclinical evidences have demonstrated that corticosteroids
can also modulate vascular permeability by attenuating VEGF and SDF-1 pathways in different cell
types and conditions [162], as well as exert neuroprotective effects on the retina [172].

Gathering evidences support a role for COX-2 in retinal inflammation, which opens up the possibility of
using non-steroidal anti-inflammatory drugs (NSAIDs) in DR [50,173,174]. In diabetic animals, aspirin was
able to prevent capillary cell apoptosis and vessel degeneration [50,175,176]. Regarding human data,
the Dipyridamole Aspirin Microangiopathy of Diabetes (DAMAD) study reported beneficial effects of
higher doses of aspirin (990 mg) in patients with early DR, in contrast to the poor results obtained in the
advanced DR patients enrolled in the Early Treatment DR Study (ETDRS), using 650 mg of aspirin [177].
More recently, a prospective study showed beneficial effects of sulindac against DR development and
progression [178]. Preclinical studies with specific COX-2 inhibitors have shown beneficial effects
translated in reduced vascular leakage, capillary cell apoptosis, and vessel degeneration [179,180].
While the clinical use when administered systemically is discouraged due to increased risk of heart
attack and stroke [164], the topical administration of a COX-2 inhibitor in preclinical studies was found
to reduce DR symptoms similarly to systemic administration [174,179,180]. Topical use of NSAIDs
in the eyes is overall of limited efficacy due to the reduced bioavailability and effect in the retina for
the majority of these drugs, including bromfenac, nepafenac, and ketorolac [174]. To the best of our
knowledge, no information is available in the literature concerning comparison of miRNA expression
profiles in fluid samples between PDR patients treated with corticosteroids or NSAIDS and untreated
PDR patients.

There are other therapeutic strategies under evaluation using inhibitors of proinflammatory
molecules, such as the cytokines TNF-α and IL-1β, etc. Anti-TNF-α therapy has been mainly evaluated
in preclinical studies and in a few cases of DME or PDR. A clinical study in a small number of patients
with refractory DME were unable to present amelioration when treated with intravenous (IV) etanercept,
a recombinant fusion protein having anti-TNF-α properties [181]. Intravenous therapy with infliximab,
a monoclonal antibody directed against TNF-α, showed amelioration of visual acuity and reduction
of macular thickness in DME patients non-responsive to laser photocoagulation [182]. However,
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other studies related with non-ophthalmic conditions, in which similar doses of infliximab were used,
reported an increase in the incidence of serious adverse events [183,184]. Moreover, infliximab relieves
BRB breakdown through the activation of the p38 MAPK pathway in a diabetic rodent model [185].
Regarding anti-IL-1β therapy with canakinumab (a selective IL-1β antibody), patients with proliferative
DR presented stabilization (not regression) of retinal neovascularization [186].

Other drugs often used for other clinical conditions have been tested as anti-inflammatory agents
against DR. Since the renin–angiotensin system (RAS) is involved in oxidative stress and AGEs
formation, thus contributing to retinal inflammation in diabetes, RAS blockers have been evaluated in
preclinical and clinical studies. Losartan and candesartan, which are angiotensin II type 1 receptor
(AT1R) blockers, and enalapril, an angiotensin-converting enzyme (ACE) inhibitor, were able to
promote beneficial effects against DR progression in animal models of diabetes due to the prevention of
oxidative stress, inflammation, and vascular damage [187]. Similar benefits were observed in clinical
trials [188], except in the DR Candesartan Trials (DIRECT), whose results showed reduced DR incidence
but unaffected progression [189,190], recommending further research. MiR-152 has been pointed
to be a regulator of the (Pro)renin receptor (PRR), a component of the RAS, in hREC. When hREC
are exposed to high glucose conditions, PPR expression is induced via the inhibition of the miR-152,
which is able to regulate the expression of VEGF, VEGFR-2, and TGFb1 [191].

Furthermore, dipeptidyl peptidase 4 (DPP-4) inhibitors (also known as gliptins), which are
second-line oral anti-diabetic drugs, have been demonstrating anti-inflammatory properties and
prevention of BRB breakdown in preclinical models of diabetes [192–194]. Similar benefits were
obtained using glucagon-like peptide 1 receptor agonists (GLP1RAs) in experimental models,
including protection against hyperglycemia-induced inflammation, oxidative stress, BRB breakdown,
angiogenesis, and neurodegeneration, which seems to be at least in part mediated by the AKT
pathway [195–197]. A recent report has described that liraglutide, a GLP1RA, has also vasoprotective
effects in diabetic rats. Liraglutide was able to inhibit miR-93-5p, miR-181a-5p, and miR-34a-5p
expression, and activate miR-26a-5p expression, which then stimulate the PI3K-Akt-Bcl2 activation
pathway, thus inhibiting endothelial cell apoptosis [198].

Moreover, some lipid-lowering drugs, such as statins and fenofibrate, have been associated with
protection against DR progression, which could be attributed to anti-inflammatory and antioxidant
properties [199,200]. The promising results for some of these drugs in preclinical settings recommends
further clinical evaluation in the perspective of possible repurposing to treat DR.

In preclinical studies, some vitamins (namely C and E) have been demonstrating antioxidant
activity able to improve DR phenotype, particularly decreasing the development of acellular capillaries
and the number of pericyte ghosts [201]. However, the clinical efficacy is contradictory. Some studies
report beneficial effects whereas others mentioned a lack of a positive impact regardless of the
antioxidant capacity [202]. Targeting specific promoters of oxidative stress could eventually be a more
promising strategy. Several NAD(P)H-oxidase (NOX) inhibitors, including diphenyleneiodonium and
apocynin, have been demonstrating preventive actions against DR progression, which might be due to
reduction of ROS and VEGF levels, although NOX-independent effects have been also reported [203].
In preclinical studies, NOX blockers were able to reduce vascular leakage and neovascularization, as
well as oxidative stress and inflammation, by mechanisms involving the prevention of NF-kB activation
and CCL2 production [204–206]. It is known that in diabetes miRNAs can regulate the expression
of ROS generating proteins, such as NOX, and antioxidant proteins, such as sirtuins or superoxide
dismutase, influencing therefore the oxidative stress response [207]. However, the information available
concerning the effect of NOX inhibitors on oxidative stress in DR is scarce. Further investigation
is warranted in order to investigate whether changes of miRNA profiles may have an impact on
regulating oxidative stress in the context of DR.

In recent years, much attention has been focused on the possibility that nutraceuticals agents
can complement pharmacological therapy to prevent or delay the evolution of DR. Among the main
candidates there are several natural molecules, including a variety of polyphenols (such as resveratrol,
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curcumin, quercetin, pterostilbene, epicatechin, epigallocatechin gallate, etc.) and anthocyanins,
sesamin (a lignan isolated from sesame seeds and sesame oil), bromelain (a cysteine protease found
in pineapple juice and stems), as well as alpha-lipoic acid (a vitamin-like chemical present in liver,
kidney, and some vegetables), and lutein (a carotenoid present in green vegetables), etc. Several
recently good reviews highlighted their strong anti-inflammatory and antioxidant properties, as well
as their capacity to afford protection against hypoxia and angiogenesis, which have been associated
with interference with adhesion, angiogenesis, and inflammation molecules/mediators (such as
ICAM-1, VEGF, and TNF-a) and signaling (namely via NF-kB, NRF2-Keap1, and TLRs) [7,33,162,163].
These molecules could be an attractive nutraceutical alternative to the pharmacological approaches, but
more clinical research is needed to complement the preclinical evidences. In addition, efficient delivery
systems should be developed to overcome the well-known low bioavailability of some of them that
still limits their efficacy.

As natural vehicles for the transfer of miRNAs, lipids, and proteins, EVs-based therapies have been
recognized as having a number of potential applications for ocular diseases, namely DR. Particularly,
stem cell (SC)-derived EVs are the most extensive explored since several studies have highlighted
their positive therapeutic effects on immunomodulation and tissue remodeling without negative
secondary effects [59]. Especially in the retina, pre-clinical studies have been using mesenchymal
stem cells (MSC)-derived EVs to positively modulate injury responses. Intravitreal administration of
MSC-derived exosomes are able to reduce retinal ischemia and neovascularization in a murine model
of oxygen-induced retinopathy (OIR) [208] and reduce apoptosis and inflammatory responses through
the reduction of MCP-1 in the retina of a mouse model of retinal laser injury [209]. In the context of
DR, MSC-derived EVs also present protective effects in the retina of STZ-induced diabetic animals,
being able to prevent retinal degeneration through the upregulation of miRNA-222 expression [210]
and to reduce hyperglycemia-induced retinal inflammation, decreasing the levels of inflammatory
markers, namely IL-1β, IL-18, and caspase-1 through miR-126 overexpression [211]. However, not only
MSC-derived EVs present protective effects. In fact, Hajrasouliha et al. have shown that exosomes
from retinal astrocytes cells were able to prevent retinal vessel leakage and inhibit neovascularization
in a laser-induced choroidal neovascularization model [61]. These initial findings encourage further
research and the development of novel EVs-based therapies for the treatment of DR.

8. Conclusions and Perspectives

The diagnosis of DR depends mainly on the detection of microvascular changes in the retina.
Over the past decades, a significant progress has been made in the management of DR and a number
of treatments are able to prevent, delay, or reduce vision loss. However, there is still no cure for DR.
To tackle this challenge more effectively, early diagnosis is the most decisive factor.

Oxidative stress and low-grade inflammation play an important role in the pathogenesis of DR,
but the exact molecular signaling pathways and key players involved are not completely elucidated yet.
Evidence suggests that EVs can deliver their miRNA cargo to other cells, thus playing a role in
cell-to-cell communication. As was highlighted in this manuscript, EVs and miRNAs might contribute
to DR development through their important roles in inflammation, oxidative stress, and angiogenesis.
However, the complete picture of miRNAs repertoire and their regulation in DR is highly complex and
there are still many unknowns. As biomarkers, miRNAs do not yet allow to predict who will develop
advanced forms of DR or to distinguish the stage of the disease. To take steps forward, some limitations
associated with several studies must be overcome, such as small-cohorts, isolation of different
subpopulations of vesicles or study groups. A better understanding of the role of EVs and changes in
miRNA levels in DR could provide a more detailed characterization of the different stages of the disease.
Future research approaches should be carefully charted to strengthen and confirm the current findings.
As DR is a heterogenous and molecularly complex disease, miRNA-based therapeutics in combination
with other anti-inflammatory and/or antioxidant therapeutic and nutraceutical agents could be an
interesting opportunity for future exploration in the context of personalized combination therapy.
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Abstract: Diabetic retinopathy is a vision-threatening microvascular complication of diabetes and is
one of the leading causes of blindness. Oxidative stress and inflammation play a major role in its
pathogenesis, and new therapies counteracting these contributors could be of great interest. In the
current study, we investigated the role of vitamin D against oxidative stress and inflammation in
human retinal pigment epithelium (RPE) and human retinal endothelial cell lines. We demonstrate
that vitamin D effectively counteracts the oxidative stress induced by hydrogen peroxide (H2O2).
In addition, the increased levels of proinflammatory proteins such as Interleukin (IL)-6, IL-8, Monocyte
chemoattractant protein (MCP)-1, Interferon (IFN)-γ, and tumor necrosis factor (TNF)-α triggered by
lipopolysaccharide (LPS) exposure were significantly decreased by vitamin D addition. Interestingly,
the increased IL-18 only decreased by vitamin D addition in endothelial cells but not in RPE cells,
suggesting a main antiangiogenic role under inflammatory conditions. Moreover, H2O2 and LPS
induced the alteration and morphological damage of tight junctions in adult retinal pigment epithelium
(ARPE-19) cells that were restored under oxidative and inflammatory conditions by the addition of
vitamin D to the media. In conclusion, our data suggest that vitamin D could protect the retina by
enhancing antioxidant defense and through exhibiting anti-inflammatory properties.

Keywords: vitamin D; oxidative stress; inflammation; diabetic retinopathy

1. Introduction

Diabetic retinopathy (DR) is the main cause of blindness among adults of working age globally [1].
An effective management of diabetes reduces the risk of complications, however, poor control of the
condition can result in microvascular complications [2]. Nevertheless, even patients with intensive
glycemic control have rate of progression over 7% [3]. The Diabetes Control and Complications Trial
(DCCT) found that intensive glycemic control can effectively reduce or slow down the development or
progression of DR by 76% in patients with type 1 diabetes, while the U.K. Prospective Diabetes Study
(UKPDS) came to a similar conclusion in patients with type 2 diabetes [2,4].

The investigation of the underlying mechanisms of DR is of great importance and may provide
potential new alternative treatments. Several studies have shown that diabetes can lead to DR by
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several mechanisms including the polyol pathway [5], non-enzymatic glycation [6], activation of
protein kinase C [7], oxidative stress [8–12], and inflammation [13]. Oxidative stress is considered to be
one of the crucial causative factors in the development of DR, in combination with other biochemical
imbalances, leading to both structural and functional changes and also promoting an increased loss of
capillary cells in the microvasculature of the retina [11,12]. In addition, a significant body of evidence
supports the role of proinflammatory cytokines, chemokines, and other inflammatory mediators in
the pathogenesis of DR, leading to chronic low-grade inflammation of the retina and eventually to
neovascularization [14].

Vitamin D (VITD) is a fat-soluble molecule that is found in two forms: vitamin D2 and vitamin
D3 [15]. Vitamin D3 is well recognized as a secosteroid hormone that regulates many cellular signaling
activities through its nuclear VITD receptor (VDR) in target cells [15]. Previous studies reported
that VITD treatment can protect cells and tissues from oxidative damage [16] and it has also been
found to prevent oxidative stress damage in DR in a high-glucose environment [17,18] and in diabetic
rats [19]. In addition, some polymorphisms in the VITD receptor gene are associated with increased
risk of DR [20–23] and VITD-deficient patients have increased risk of DR [24,25]. VITD also appears
to be beneficial in other retinopathies such as age-related macular degeneration (AMD) [26–28].
Therefore, VITD may be suggested as a useful candidate for diabetic patients to reduce the pathological
complications of diabetes. However, further research needs to be made to clarify the possible therapeutic
potential of VITD in the DR.

In the current study, we investigated the safety of VITD in adult retinal pigment epithelium
(ARPE-19) and human retinal endothelial (HREC) cell lines, focusing on its antioxidant and
anti-inflammatory effect on cell integrity, oxidative stress, and cytokines release. This study constitutes
an in vitro evaluation of the molecular pathways by which VITD might tackle the oxidative stress and
inflammation observed in patients suffering from retinal pathologies such as DR.

2. Materials and Methods

2.1. Expression of Genes Related to VITD Metabolism

Total RNA was isolated from cell lines using an ABI PRISM 6100 Nucleic Acid
PrepStation (Life Technologies, Carlsbad, CA, USA). Subsequently, the quantity and quality
of purified messenger RNA (mRNA) was checked using a NanoDrop spectrophotometer
(Nanodrop Technologies, Montchanin, DE, USA) at 260/280. Using the qScript cDNA Supermix
Kit (Quanta Biosciences, Inc., Gaithersburg, MD, USA), we reverse-transcribed 1000 ng of
each mRNA under the manufactured conditions. The primers of the relevant genes are as
follows: cytochrome P450 (CYP)27A1 (Unigene ID-Hs.516700, 5′-GGCAAGTACCCAGTACGG-3′
and 5′-AGCAAATAGCTTCCAAGG-3′), CYP27B1 (Unigene ID-Hs.524528, 5′-CACCTGACCC
ACTTCCTGTT-3′ and 5′-TCTGGGACACGAGAATTTCC-3′), CYP2R1 (Unigene ID-Hs.371427,
5′-AGAGACCCAGAAGTGTTCCAT-3′ and 5′-GTCTTTCAGCACAGATGAGGTA-3′), CYP24A1
(Unigene ID-Hs.89663, 5′-CCCACTAGCCACCTCGTACCAAC-3′ and 5′-CGTAGCCCTTCTTT
GCGGTAGTC-3′), VDR (Unigene ID-Hs.524368, 5′-CGCTCCAATGAGT CCTTCACC-3′and
5′-GCTTCATGCTGCACTCAGGC-3′), Cubilin (Unigene ID-Hs.166206, 5′-GCGGCTTCACTGC
TTCCTA-3′ and 5′-GAGTGATGGTGTGCCCTTGT-3′), Megalin (Unigene ID-Hs.657729, 5′-TAAGT
CAGTGCCCAACCTTT-3′and 5′-GCGGTTGTTCCTGGAG-3′). A 2720 Thermal Cycler (Life Technologies,
Gaithersburg, MD, USA) was used for amplification with the following protocol: 10 min at 95 ◦C,
40 cycles of 30 s at 95 ◦C, 1 min 58 ◦C, and extension of 45 s at 72 ◦C. Two housekeeping genes,
18S (Unigene ID-Hs.99999901_s1, and glyceraldehyde 3-phosphate dehydrogenase, GAPDH (Unigene
ID-Hs.99999905_m1), Life Technologies, Gaithersburg, MD, USA) were used as internal controls,
and 18S (5′-GTTGGTGGAGCGATTTGTCT-3′ and 5′-GGCCTCACTAAACCATCCAA-3′) was selected
as the best control.
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2.2. Cell Culture

Human retinal pigment epithelial cells, ARPE-19 (CRL-2302, ATCC, Manassas, VA, USA),
and human retinal endothelial cells, HREC (p10880, Innoprot, Vizcaya, Spain), were used. ARPE-19
cells (three passages) were grown to confluence (37 ◦C, 5% CO2) in Dulbecco’s modified Eagle’s
medium (DMEM; D6429, Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum
(FBS; 10270106 Gibco ThermoFisher, Paisley, UK), 1% fungizone (Gibco, Carlsbad, CA, USA),
and penicillin–streptomycin (Gibco, Carlsbad, CA, USA). HREC cells were seeded in T75 flasks
(353136, Falcon, Corning Life Science, Tewksbury, MA, USA) covered with 1 mg/mL of fibronectin
(Innoprot, p8248, Vizcaya, Spain) and grown to confluence in a standard incubator at 37 ◦C under
humidified 5% CO2 conditions in Endothelial Cell Medium (Innoprot, p60104, Vizcaya, Spain)
containing 5% FBS (Innoprot, Vizcaya, Spain), 1% Endothelial Cell Grow Supplement (ECGS, Innoprot,
Vizcaya, Spain), and penicillin–streptomycin solution (Innoprot, Vizcaya, Spain).

2.3. Validation of the Cell Lines: Stable Phenotypic Characterization

To verify that ARPE-19 and HREC cells preserved their phenotype, we performed retinoid
isomerohydrolase RPE65 (RPE65) (1:100, 78036, Abcam, Cambridge, MA, USA) and caveolin
(1:250, 3238S, Cell Signaling, Danvers, MA, USA) staining by immunofluorescence. Briefly, 100,000
ARPE-19 and 50,000 HREC cells were seeded on a 10 mm dish (Menzel-Glaser, Waltham, MA, USA).
Cold methanol was used for cellular fixing. Afterward, cells were washed with 1% phosphate buffer
saline (PBS) and then incubated with blocking buffer containing 1% bovine serum albumin (BSA),
0.5% Triton X-100, 0.2% sodium azide, and 1% fetal bovine serum (FBS) for 1 h at 4 ◦C. Cells were
incubated with the primary antibodies, diluted in blocking buffer at 4 ◦C for 24 h, and washed once
more with PBS and then incubated with the secondary fluorescent antibodies goat anti-mouse 488
(1:250, A11029, Life technologies, Gaithersburg, MD, USA) and donkey anti-rabbit 488 (1:250, A21206,
Invitrogen, Carlsbad, CA, USA) for RPE65 marker diluted in blocking buffer during 1 h in the dark.
Nuclei were labelled with 4′,6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich, St. Louis, MO, USA).
The morphology of cells was observed under an inverted phase-contrast microscope (Olympus CKX41,
Tokyo, Japan) and photographed by a digital camera, and fluorescent images were obtained using a
confocal microscope (LSM800, Zeiss, Oberkochen, Germany).

2.4. Treatments and Experimental Design: Oxidative Stress and Inflammation-Like Conditions

ARPE-19 and HREC cell lines were treated with VITD (1 nM; C9756-1G, Sigma-Aldrich, St. Louis,
MO, USA) for 1 h to test its effect on cells. To induce in vitro oxidative stress, we subjected cells to
H2O2 (1000 μM, Panreac, Barcelona, Spain) for 2 h. To evaluate the protective effect of VITD, we added
it (1 nM; Sigma-Aldrich, St. Louis, MO, USA) in concomitance 1 h before the end of the induction
time. Lipopolysaccharide (LPS; Sigma-Aldrich, St. Louis, MO, USA) was added for 24 h (20 μg/mL for
ARPE-19 and 50 μg/mL for HREC cells) to induce an inflammatory response, and then VITD (1 nM;
Sigma-Aldrich, St. Louis, MO, USA) was added to the supernatant for 1 h in concomitance.

2.5. Cell Structure and Integrity: Zonula Occludens (ZO)-1 Immunofluorescence and Western Blot

The effect of VITD on intercellular tight junction status was evaluated by zonula occludens-1 (ZO-1)
immunofluorescence. One-hundred thousand ARPE-19 cells per well were seeded on laminin-coated
polycarbonate membrane cell culture inserts (Corning Life Science, Tewksbury, MA, USA) and were
grown in 1% FBS-DMEM for 4 weeks. Immunofluorescence was then performed using a ZO-1 anti-rabbit
Alexa Fluor 594 antibody (1:100, 339194, Invitrogen-Life Technologies, Gaithersburg, MD, USA) diluted
in blocking buffer, following the same protocol described above. DAPI (4′,6-diamidino-2-phenylindole;
Sigma-Aldrich, St. Louis, MO, USA) was used to stain cell nuclei. Images were obtained with a laser
scanning confocal imaging system (LSM800, Zeiss, Oberkochen, Germany). H2O2 (1600 μM, Panreac,
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Barcelona, Spain) over 6 h was used as a positive control for oxidative stress conditions, and LPS
(20 μg/mL; L2880 Sigma-Aldrich, St. Louis, MO, USA) was used for 24 h for inflammatory conditions.

A total of 5 μg of ARPE-19 cell homogenates from three passages were mixed with NuPage (4x,
Bio-Rad, Hercules, CA, USA), boiled for 5 min, separated on 7% sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) gels, and transferred onto a nitrocellulose membrane. After we blocked
them with 5% skimmed milk (w/v; Scharlau, Barcelona, Spain), 0.1% Tween-20 (w/v; Sigma-Aldrich,
St. Louis, MO, USA) in tris buffer saline (TBS) for 1 h at room temperature (RT), membranes were
exposed to the mouse monoclonal ZO-1 antibody (1:1000, #33-9100, Invitrogen, Carlsbad, CA, USA)
at RT for 1 h, followed by a horseradish peroxidase-conjugated goat anti-mouse antibody (sc-2005;
1:5000, 1 h, RT Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). Signal was detected with an
enhanced chemoluminescence (ECL) kit (ECL-Select, #RPN2235, GE Healthcare, Fairfield, CT, USA)
and images were captured with ImageQuant 400 (GE Healthcare). The relative intensities of the
immunoreactive bands were analyzed with ImageQuant TL (GE Healthcare, Fairfield, CT, USA).
The loading was verified by Ponceau S red and an anti-β-actin monoclonal antibody (1:10,000, 1 h, RT;
Sigma-Aldrich, St. Louis, MO, USA), followed by a goat anti-mouse antibody (sc-2005; 1:10,000, 5%
skimmed milk, 1 h, RT; Santa Cruz Biotechnology Inc., Santa Cruz, CA), and signal was detected using
ECL-Prime, #RPN2232 (GE Healthcare, Fairfield, CT, USA). Data are presented as absorbance units
(AU) ZO-1/β-actin (% vs. saline).

2.6. Assay to Detect Cell Apoptosis

Apoptosis in ARPE-19 and HREC was performed in cultured plates using an in situ cell death
detection kit with TMR Red according to the manufacturer’s instructions (#12156792910, Roche,
West Sussex, UK) and stored at 4 ◦C until analysis, with the apoptotic cells being labelled with
active caspase-3 antibody (1:100, G7481; Promega, Madison, Wisconsin, USA) using the protocol
mentioned above and incubated with the secondary fluorescent antibody donkey anti-rabbit 488
(A21206, Invitrogen). Nuclei were labelled with DAPI and images were obtained using a confocal
microscope (LSM800, Zeiss, Oberkochen, Germany). H2O2 (600 μM, Panreac, Barcelona, Spain) for 2 h
was used as positive control for oxidative stress conditions.

2.7. Viability/Toxicity Assay (MTT)

Cell viability/toxicity in ARPE-19 and HREC cell lines was determined by the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay CellTiter 96 AQueous One Solution Cell
Proliferation Assay (Promega, Madison, WI, USA), following the manufacturer’s instructions. A total
of 10,000 ARPE-19 or HREC cells were grown until confluence in DMEM with 10% FBS onto 96-well
plates. Then, cells were cultivated for 1 additional week in serum-reduced medium (1% FBS-DMEM),
and VITD was added to the culture medium for 24 h at 1, 5, 10, and 50 nM doses.

2.8. Proliferation Assay (Bromodeoxyuridine, BrdU)

To examine the effect of VITD on ARPE-19 and HREC cell proliferation, we seeded 10,000 cells
onto 96-well plates. After 24 h, cells were exposed to VITD (1 nM) for 1 h and the Calbiochem BrdU
Cell Proliferation Assay (Calbiochem, La Jolla, CA, USA) was performed in accordance with the
manufacturer’s instructions.

2.9. Measurement of 8-Hydroxidioxiguanosine (8-OHdG) under Oxidative Stress Conditions

Oxidative damage was measured in ARPE-19 and HREC supernatants subjected to oxidative
stress conditions, as described above. To evaluate the effect of VITD, we added 1 nM to the media.
Supernatants (100 μL) were evaluated by using the Enzyme-Linked ImmunoSorbent Assay (ELISA) kit
#ab201734 (Abcam, Cambridge, MA, USA). Data are presented in nanograms per milliliter (ng/mL).
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2.10. Multiplex Cytokine Analysis under Inflammatory and Basal Conditions: Interleukin (IL)-1β, IL-6, IL-8,
IL-10, IL-12p70, and IL-18; Interferon (IFN)-γ; Monocyte Chemoattractant Protein (MCP)-1; and Tumor
Necrosis Factor (TNF)-α

The cytokine analysis for IL-1β, -6, -8, -10, -12p70, and -18; IFN-γ; MCP1; and TNF-α was made
using FirePlex Firefly (Abcam, Cambridge, MA, USA) particle multiplex immunoassay for Flow
Cytometry and Analysis Workbench, a software for multiplex protein expression assays from Abcam
Laboratories. Supernatants were used for this purpose and were measured under inflammatory
conditions as abovementioned. All cytokines are expressed in pictograms per milliliter (pg/mL),
with the exception of MCP-1 and IL-8, which were expressed in ng/mL.

2.11. Statistical Analysis

All parameters were subjected to analysis of the variance (ANOVA) test followed by the
Bonferroni post-hoc for multiple comparisons. A difference p < 0.05 was considered statistically
significant. GraphPad Prism 6.0 (GraphPad Prism Software Inc., San Diego, CA, USA) was used for
statistical analysis.

3. Results

3.1. Confirmation of VITD Receptor Expression in ARPE-19 and HREC Cell Lines

In this study, we demonstrated that ARPE-19 and HREC cell lines expressed the machinery
for vitamin D3 and could produce 1,25(OH)2D3. This is the first time that the expression of Vit
D3-synthesizing components has been reported in HREC cells.

We performed conventional polymerase chain reaction (PCR) experiments in order to determine
the expression of the following genes involved in VITD synthesis. ARPE-19 cell line highly expressed
the genes cytochrome P450 (CYP)2R1, CYP27B, and CYP24A and showed a low expression of vitamin
D receptor (VDR), CYP27A, and cubilin genes; however, they did not express the megalin gene. HREC
cell line highly expressed the genes CYP2R1 and CYP27B. HREC showed a lower expression of VDR,
CYP27A, cubilin, and megalin genes and did not express the CYP24A gene (Table 1). Ribosomal 18S was
used as an internal PCR control (Figure 1).

Table 1. Summary of the main vitamin D (VITD) synthesizing genes in human retinal pigment epithelial
cells (ARPE-19) and human retinal endothelial cells (HREC).

VDR CYP2R1 CYP27A CYP27B CYP24A Cubilin Megalin 18S

ARPE-19 ++ +++ ++ +++ +++ ++ − +++

HREC ++ +++ ++ +++ − ++ ++ +++

+++: high expression; ++: medium expression; −: no expression.
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Figure 1. Conventional PCR was carried out using total RNA extracted from ARPE-19 (lines 1 and 2) and
HREC cells (line 3). We analyzed the gene expression of VDR, CYP27B1, CYP24A1, CYP27A1, CYP2R1,
cubilin, and megalin. Ribosomal 18S was used as an internal PCR control. Results are representative
of at least three independent experiments. Molecular sizes (base pairs [bp]): 18S (400), VDR (421),
CYP27B1 (302), CYP24A1 (485), CYP27A1 (292), CYP2R1 (259), cubilin (518), and megalin (290).

3.2. Validation of the Cell Lines: Stable Phenotypic Characterization

We performed immunofluorescence for specific ARPE-19 and HREC cell lines’ markers. We used
RPE65 protein (Abcam 78036) for ARPE-19 cells and caveolin protein (Cell Signalling 3238S) for HREC
cells. No changes in the phenotypic characteristics were found, and the cells expressed all the selected
markers (Figure 2).

Figure 2. ARPE-19 and HREC cells’ phenotyping. Immunofluorescence of RPE65 (green) and caveolin
(green) for ARPE-19 and HREC cell lines’ labelling, respectively. Upper panel shows cells at bright-field
microscopy and down panel shows cells under fluorescence microscopy. Nuclei were labeled with
4′,6-diamidino-2-phenylindole (DAPI) (blue). Scale bar: 20 μm.
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3.3. Effect of VITD Addition on Cytoxicity and Proliferation

VITD at 1 nM and for 1 h did not show cytotoxic effects in ARPE-19 cells and HREC cells
(Figure 3A,B). Moreover, proliferation was not affected by VITD addition at 1 nM and 1 h of exposure
time (Figure 3C,D).

 
Figure 3. Graphs showing 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (A,B)
and Bromodeoxyuridine (BrdU) (C,D) results for ARPE-19 (A,C) and HREC (B,D) cells treated with
different VITD concentrations (1, 5, 10, and 50 nM) for 1 h. Any VITD dose showed cytotoxic effects on
ARPE-19 cells compared to saline group. HREC showed significant alterations in MTT D50 compared
to the rest of the groups (* p < 0.05). ARPE-19 proliferation was statistically reduced (*** p < 0.001)
in the highest dose analyzed (50 nM) compared to saline and to all the remaining doses. HREC cells’
proliferation was not affected by any VITD dose.

VITD doses ranged from 1 to 50 nM for both cell types tested. All doses were safe for ARPE-19
cells at any time measured, and the highest dose used significantly reduced proliferation (p < 0.001).
HREC cells showed an increase in viability, with the highest vitamin D dose (p < 0.05) response being
in the highest dose at 50 nM. In addition, proliferation was reduced in ARPE-19 cells subjected to a
50 nM VITD dose. To be sure that the effects observed in the subsequent analysis were caused by
vitamin D itself and that they were not masked by deleterious effects on cell viability and proliferation,
we decided to use 1 nM of VITD, which did not affect proliferation and viability.

3.4. Effect of VITD Addition on Integrity and Apoptosis of Cells

ARPE-19 cells’ integrity was conserved after adding VITD at 1 nM. Hydrogen peroxide and LPS
induced an increase in tortuosity of the junction contacts in ARPE-19 cells that were stabilized in
oxidative and inflammatory conditions by the addition of VITD to the media (Figure 4).
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Figure 4. Integrity of ARPE-19 cells evaluated by zonula occludens-1 (ZO-1) (red) and caspase-3 (green)
immunofluorescence. VITD (1 nM, 1 h; (D)) did not affect ZO-1 structure compared to saline (A,G).
Lipopolysaccharide (LPS) (B,H) and H2O2 (E,K) addition damaged tight junctions and concomitant
incubation with VITD (1 nM, 1 h; (C,I) and (F,L)) restored the altered structure. (G–L) show the apical
junction in higher magnification. Caspase-3 was highly observed in the H2O2 group (E) compared to
saline (A) and VITD (D). VITD addition showed restoration, and caspase-3 activation was absent (F).
Nuclei were labeled with DAPI (blue). Scale bar: 20 μm. Densitometry of ZO-1 expression in ARPE-19
cells under oxidative stress (M) and inflammatory (N) conditions. Although a tendency to reduce the
ZO-1 expression was observed, no statistical differences were found. VITD restored values similar to
saline group. n = 3.

174



Antioxidants 2020, 9, 838

LPS and H2O2 addition showed a tendency to reduce ZO-1 expression, although that difference
was not significant. Moreover, the supplementation with VITD partly increased the ZO-1 expression,
but this result did not reach statistical significance.

Early (caspase-3, Figure 4) and late (TDT- mediated dUTP-biotin nick end-labeling, TUNEL,
Figure 5) apoptosis markers revealed that VITD (1 nM) addition did not affect cell death processes.
After inflammatory and oxidative induction, ARPE-19 cells and HREC cells showed alterations and
an increase labelling for both markers. VITD (1 nM) addition was able to restore those alterations
(Figure 5).

 

Figure 5. Late apoptosis measured in ARPE-19 (A–D) and HREC (E–H) cells by TDT- mediated
dUTP-biotin nick end-labeling (TUNEL) and analyzed by fluorescence. TUNEL-positive ARPE-19 and
HREC cells were observed after H2O2 stimulation (2 h; (B,F)) compared to saline (A,E). VITD (1 nM,
1 h; (C,G)) showed similar results to saline groups for both cell types. VITD, in concomitance with
H2O2 (1 h; (D,H)), showed a reduction in altered nuclei, especially in ARPE-19 cells (D), and absence
of TUNEL labeling. Nuclei were labeled with DAPI (blue). Scale bar: 20 μm.

3.5. Antioxidative and Anti-Inflammatory Properties of VITD Addition

Figure 6 shows that oxidative stress induction by H2O2 significantly (p < 0.001) increased
8-OHdG in supernatants from ARPE-19 cells. VITD alone did not modify oxidative damage
compared to saline. VITD was able to significantly (p < 0.001) reduce 8-OHdG production under
oxidative-induced conditions.

Figure 7 shows that LPS induction increased IL-8, IFN-γ, IL-1β, MCP-1, TNF-α, IL-10, IL-18,
IL-6, and IL-12p70 in ARPE-19 cells. Under inflammatory conditions, VITD was able to significantly
(p < 0.05) reduce IL-8, IFN-γ, MCP-1, TNF-α, and IL-6.
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Figure 6. Graph showing 8-OHdG results for ARPE-19 cells measured by ELISA. VITD was able to
significantly reduce the 8-OHdG levels elevated by H2O2 (*** p < 0.001). n = 3.

 

Figure 7. Multiplex inflammatory cytokine array in ARPE-19 cells. All inflammatory cytokine levels
were increased by adding LPS (* p < 0.05), and Interleukin (IL)-8, Interferon (IFN)-γ, Monocyte
chemoattractant protein (MCP)-1, Tumor necrosis factor (TNF)-α, and IL-6 levels were reduced
(* p < 0.05) with the addition of VITD in concomitance. n = 3.

HREC cells subjected to LPS induction showed an increase in IL-8, IFN-γ, IL-1β, MCP-1, IL-10,
IL-6, and IL-12p70 cytokines. VITD significantly (p < 0.05) decreased IL-8, IFN-γ, IL-1β, MCP-1, TNF-α,
IL-6, and IL-12p70 under inflammatory conditions in HREC cells (Figure 8).
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Figure 8. Multiplex inflammatory cytokine array in HREC cells. IL-8, IFN-γ, IL-1β, MCP-1, IL-10, IL-6,
and IL-12p70 inflammatory cytokine levels were increased by adding LPS (* p < 0.05), and IL-8, IFN-γ,
IL-1β, MCP-1, TNF-α, IL-6, and IL-12p70 levels were reduced (* p < 0.05) with the addition of VITD in
concomitance. n = 3.

4. Discussion

The present study shows that damage observed in human retinal pigmented epithelium (RPE)
and retinal endothelium cells under oxidative and inflammatory conditions were restored by the
addition of VITD to the media. More specifically, induced inflammatory cytokine levels, early and late
apoptosis, and oxidative stress markers were reduced back to control levels. This result suggests that
VITD could be a useful candidate in modulating the chronic low-grade inflammation and oxidative
stress responsible for the complications in retinal pathologies involving RPE and endothelial cells.

It is well established that glycemic control is an effective management to lower the incidence of
complications such as DR. However, even an intensive glycemic control is not sufficient to prevent
diabetic microvascular pathologies in all patients [4], and hyperglycemia on its own is not sufficient
to trigger widespread diabetic microvascular pathologies in all patients [29–31]. Diabetic patients
with an initial poor glycemic control have persistent higher incidence of diabetic complications after
glucose normalization, a phenomenon described as metabolic memory, suggesting that oxidative
stress, non-enzymatic glycation of proteins, epigenetic changes, and chronic inflammation may play a
major role in the development and progression of diabetic microvascular complications [32,33] such as
diabetic kidney disease [34–36], diabetic polyneuropathy [37,38], and DR [9–11,14]. VITD deficiency is
related to a higher risk of DR in type 1 and 2 diabetes mellitus [24,39]. Apart from its role in tissues
related to calcium homeostasis [40], high levels of VDR are also present in inflammatory cells such as
dendritic cells, macrophages, T-cells, and B-cells, thus supporting the fact that VITD may have a role in
inflammatory and immune responses [41].
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25-Hydroxylase (encoded by the CYP27A1 and CYP2R1 genes), a cytochrome P450 enzyme,
catalyzes the formation of vitamin D3 to 25-hydroxyvitamin D3 (25(OH)D3), the main circulating VITD
metabolite, and then 25(OH)D3 is converted to 1,25-dihydroxyvitamin D3 (1,25[OH]2D3), the most
active form by the enzyme 1 alpha-hydroxylase (encoded by the CYP27B1 gene). 1,25[OH]2D3 is
inactivated by 24-hydroxylase (encoded by the CYP24A1 gene) [42]. Megalin and cubilin, endocytic
receptors in the cell membrane, allow the internalization of 25(OH)D3 and 1,25[OH]2D3 into the
cell [43]. We demonstrated that the ARPE-19 cell line highly expressed CYP2R1, CYP27B, and CYP24A
genes and showed a low expression of CYP27A and cubilin genes; however, they did not express the
megalin gene. The HREC cell line highly expressed the CYP2R1 and CYP27B genes. HREC showed a
lower expression of VDR, CYP27A, cubilin, and megalin genes and did not express the CYP24A gene.
This is the first time that the machinery for VITD internalization and metabolization is reported in
HREC cells. A recent study reported that VITD treatment enhanced VDR expression in ARPE-19 cells
treated with H2O2 [27].

The antioxidant role of vitamin D has been demonstrated in many other micro-environments
in the body, especially in the context of diabetes or obesity, including the liver [44], the kidney
filtration [45], the heart [46], the hippocampus [47], and the adipose tissue [48], among others. Recently,
it has been discovered that vitamin D is not only produced systemically at the renal level, but that
extrarenal production is also important. In the eye, there are several tissues in which local production
of 1.25(OH)2D3 has been demonstrated, including the sclera, corneal endothelium, ciliary body
epithelium, and pigment epithelium, with the corneal endothelium being the eye tissue with the
highest conversion rate [49]. We did not find studies focused on the permeability of the retinal blood
barrier to VITD; however, it has been demonstrated that the retinal blood barrier has a high permeability
to lipophilic substances [50] and also, oral supplemented vitamin D increases the concentration in
aqueous humor and tears [49]. To better understand the effect of VITD in the retina, ARPE-19 and
HREC cells were subjected to oxidative stress and inflammatory conditions that provoked alterations in
tight junctions and also apoptotic signs. Some studies have suggested that VITD can protect against the
deleterious effects of reactive oxygen species (ROS), free radicals generated during physiological energy
production in the mitochondria [51], therefore improving cell viability in ARPE-19 cells [27] and various
tissues [16,52–54]. In line with these observations, we demonstrated that H2O2 and LPS induced the
alteration and partial loss of tight junction protein organization (i.e., tortuosity and cytosol localization)
in ARPE-19 cells and were restored in oxidative and inflammatory conditions by the addition of VITD
to the media. However, results observed in protein expression did not show significant differences in
the amount of ZO-1. This phenomenon has been also described by other authors, observing that ZO-1
remains localized in junction despite loss of tight junction protein organization by oxidative stress [55],
as observed also in our immunofluorescence images. Inflammatory conditions showed a similar
behavior on tight junctions, and their expression was not modified but the organization was altered.
VITD addition restored morphological alterations observed in immunofluorescence. The increased
early and late apoptosis under oxidative stress and inflammatory conditions was also restored by
addition of VITD in ARPE-19 and HREC cells, in concordance with other studies after H2O2 [27] and
after high-glucose-induced oxidative stress and inflammation [17].

A recent study showed that VITD treatment also upregulated the expression of antioxidant genes
(catalase, CAT; superoxide dismutase SOD1 and SOD2; Glutathione peroxidase GPX2 and GPX3) in ARPE-19
cells under similar stress conditions [27]. Accordingly, we found that H2O2-treated ARPE-19 cells had
significantly increased oxidative stress, and VITD exposure counteracted this 8-OHdG production
under oxidative-induced conditions. Other authors showed that increased ROS production and lipid
peroxidation downregulated expression of antioxidant genes, and decreased activities of SOD and
catalase induced in high glucose-treated ARPE-19 cells was counteracted by VITD exposure [17].

In addition to oxidative stress, the levels of proinflammatory proteins such as MCP-1, IL-1β,
IL-6, IL-8, and TNF-α influence the development of DR [56,57], and increased aqueous concentration
of those molecules in eyes with severe non-proliferative DR suggests that inflammatory changes
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precede the development of neovascularization [58,59]. Endothelial damage is also linked to increased
leukocyte adhesion that is explained by the overexpression of endothelial adhesion molecules such
as Intercellular adhesion molecule (ICAM)-1, Vascular cell adhesion molecule (VCAM)-1, Platelet
endothelial cell adhesion molecule (PECAM)-1, and P-selectin [59,60]. Vascular endothelial growth
factor (VEGF) also alters adherens and tight junctional proteins between the endothelial cells [61,62],
favoring the infiltration of leukocytes into the retina. This complex of inflammatory events leads to
blood–retinal barrier breakdown and with it some of the vision threatening complications such as
macular edema. Directly or indirectly VITD regulate over 200 genes involved in cellular proliferation,
differentiation, apoptosis, angiogenesis, and inflammation [63]. VITD have shown to prevent, slow the
progression of, ameliorate inflammation markers of, or decrease the severity of many immune-related
disorders such diabetes mellitus [64,65]. In our study, all the inflammatory cytokines investigated
were upregulated under inflammatory conditions. TNF-α did not result in a statistically significant
elevation after LPS induction in HREC cells, probably due to the dispersion observed in control
samples. Herein, we observed that the addition of VITD to the media downregulated levels of IL-6,
IL-8, MCP-1, IFN-γ, and TNF-α in retinal epithelial cells, as also shown by other authors in ARPE-19
cells [66,67]. These results suggest that VITD can control the broad inflammatory spectrum studied
that is present in non-proliferative DR, indicating a clear anti-inflammatory response. In the case
of retinal endothelial cells, similar results were observed, with the exception of TNF-α that were
unmodified and IL-18 and IL-12p70 that were also downregulated. Elevated levels of IL1-β and IL18
have been demonstrated in streptozotocin (STZ)-induced diabetic rats [68]. Similarly, serum IL-18
levels have also been reported to be elevated in type 1 diabetic patients, half of which had a form of
DR [68]. IL-1β, IL-18, and IL-1α have pro-inflammatory actions, and in the case of IL-18, a role in
angiogenesis [69]. The inflammasome is an oligomer protein complex that triggers the secretion of
IL-1β and IL-18 into the extracellular space [70]. Interestingly, the inflammasome has been particularly
related to the neovascular pathology occurring in proliferative DR (PDR) [71,72]. While the major
pro-inflammatory cytokines such as IL-6, TNF-α, and IFN-γ could be detected both in non-PDR and in
PDR eyes, inflammasome-related cytokine, IL-18, and caspase-1 were particularly increased in the eyes
of PDR patients [72]. In our study, IL-18 levels were effectively reduced by VITD in endothelial cells,
but not in RPE cells, suggesting a main antiangiogenic role under inflammatory conditions. Moreover,
the primary leukocyte populations found in the retina during disease are microglia and macrophages,
and it is well known that the activation of the inflammasome is an important mechanism by which
these cells cause damage in retinal degenerations. VITD could help to reduce macrophage recruiting
by reducing MCP1 levels.

Analyzing the secretome in ARPE-19 cells, researchers found that adding TNF-α to the media
regulated different proteins secreted by the RPE, which play a critical role in extracellular matrix
remodeling, complement network, and angiogenesis [73]. Thus, VITD supplementation could contribute
to reduce those effects. A mixture of IFN-γ, TNF-α, and IL-1β has been shown to decrease the expression
of specific genes that play an important role in processes, such as visual cycle, epithelial morphology,
melanogenesis, and phagocytosis, in cultured ARPE-19 cells [74]. Therefore, downregulation of those
levels by VITD may potentially contribute to restore the RPE dysfunction implicated in retinal diseases,
including DR [75,76]. It has been demonstrated that a higher secretion of IL-10 would be a protective
factor against the development of proliferative DR (PDR) when proinflammatory cytokines, such as
IL-1β, are elevated, as shown in vitreous of PDR patients [77]. In our study, VITD maintained high
IL-10 levels, suggesting a possible contribution to an anti-inflammatory environment that must be
investigated deeply. Surprisingly, in contrast to other authors [17], IL-1β was not reduced by VITD
addition. The bioactive IL12p70 molecule is primarily produced by monocytes, macrophages, dendritic
cells, and B-cells. The main functions of IL-12 include the promotion of IFN-γ production from natural
killer in cell-mediated immunity [78]. IL-10 is a major inhibitor of IL-12 production by decreasing
Nuclear factor κB (NF-κB) and activator protein 1 (AP-1) activation and the association of IL-12p40
promoter with RNA polymerase [78].
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Consistent with the anti-inflammation and anti-oxidation role, our results suggested that VITD
effectively downregulated in vitro the production of targeted cytokines in DR-related stimuli, suggesting
that VITD could block retinal inflammation and oxidative stress associated with DR. Retinal pathologies
such as DR are complex diseases with several and different processes involved. We evaluated the
effect of vitamin D as an option to restore or to help with the damage provoked by oxidative stress
and inflammation. However, different therapies could target multiple steps of oxidative stress for the
prevention of this multifactorial blinding complication of diabetes. Santos et al. revised therapies
with vitamins and supplements used to treat diabetic retinopathy, and there are various strategies in
order to prevent superoxide accumulation, maintain mitochondrial homeostasis, or protect against
DNA damage [79]. Other molecules could also be beneficial, even in combination with vitamin D.
Although promising, one of the main limitations of this research is the use of an immortalized cell
line in which some transcription alterations are produced. Therefore, the results obtained need to be
confirmed in primary cells and in experimental in vivo models of retinopathy. Whether these results
can be replicated in in vivo models of DR and clinical trials remains to be elucidated.

5. Conclusions

In summary, VITD could play a role in the protection of the retina and RPE from oxidative
stress, inflammation, and apoptosis through the suppression of pro-inflammatory mediators and by
enhancing the antioxidant defense capacity. Taking into consideration all the results we have observed,
VITD could be a useful candidate in modulating the chronic low-grade inflammation and oxidative
stress responsible for the complications in DR. However, further preclinical in vivo tests and DR patient
clinical trials are needed to verify the therapeutic potential of VITD.
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Abstract: Oxidative stress has been implicated as critical pathogenic factors contributing to the
etiology of diabetic retinopathy and other retinal diseases. This study investigated antioxidative
effect of ascorbic acid and astaxanthin on ARPE-19 cells within an oxidative stress model induced
by common biological sources of reactive oxygen species (ROS). Hydrogen peroxide (H2O2) at
concentrations of 0.1–0.8 mM and 20–100 mJ/cm2 of ultraviolet B (UVB) were treated to ARPE-19
cells. Cell viability and intracellular ROS level changes were measured. With the sublethal and lethal
dose of each inducers, 0–750 μM of ascorbic acid and 0–40 μM of astaxanthin were treated to examine
antioxidative effect on the model. Ascorbic acid at concentrations of 500 and 750 μM increased the
cell viability not only in the UVB model but also in the H2O2 model, but 20 and 40 μM of astaxanthin
only did so in the UVB model. The combination of ascorbic acid and astaxanthin showed better
antioxidative effect compared to each drug alone, suggesting a synergistic effect.

Keywords: antioxidant; ascorbic acid; astaxanthin; oxidative stress; diabetic retinopathy; retinal
pigment epithelium; retinal disease

1. Introduction

Diabetic retinopathy (DR) is a microvascular consequence of diabetes mellitus and remains
the leading cause of blindness among the working-age population [1]. DR is defined as the
progressive, irreversible deterioration of retinal microvasculature as a result of chronic hyperglycemia [2].
Studies have found the relationship between oxidative stress and DR that oxidative stress plays a role
in pathogenesis of DR and DR can increase the reactive oxygen species (ROS) level. Hyperglycemia is
thought to be one of the main causes of the disease and higher level of oxidative stress can accelerate
the process by blocking the downstream flow of glycolysis [3,4]. DR also increases oxidative stress
because high glucose level and retinal vascularization by diabetic induction elevate arginase activity
which later increases oxidative stress [5].

As the relationship between ROS and various retinal pathogenesis have been studied, defense
mechanisms against ROS have been also studied [6–11]. Organisms have defense mechanisms against
oxygen metabolites and the mechanism includes removal of free radicals by enzymes, proteins, and
pro-oxidant metal reactions, and reduction of free radicals by antioxidants (vitamin C, vitamin E,

Antioxidants 2020, 9, 833; doi:10.3390/antiox9090833 www.mdpi.com/journal/antioxidants185



Antioxidants 2020, 9, 833

glutathione) [6]. The cellular antioxidant response element is essentially important for the amelioration
of oxidative stress. It responds to hyperglycemia and can be used to evaluate the complications of
diabetes. In a previous study, Busik et al. [12] suggested that diabetes-related endothelial injury in the
retina may be due to glucose-induced cytokine release by other retinal cells, such as retinal pigment
epithelium (RPE) and Müller cells, and not a direct effect of high glucose. Therefore, it is important to
investigate the oxidative stress as well as effects of antioxidants on RPE cells in order to determine the
pathogenesis regarding oxidative stress in DR.

Studies have found that with aging, endogenous antioxidants level [13] and antioxidant enzyme
activity along with its gene expression and protein level decrease [14]. This alteration in the antioxidative
defense system worsens the imbalance between ROS production and its removal. As a consequence,
oxidatively damaged macromolecules including lipids, deoxyribonucleic acid (DNA), and proteins
accumulate accelerating the aging process with oxidative-stress-induced aging [15].

For this reason, it becomes more important to maintain the antioxidant defense system and one
way is to supplement antioxidants from an outer source. Supplements actively studied for their
antioxidative effect are ascorbic acid (vitamin C), glutathione, alpha-tocopherol (vitamin E), and other
carotenoids (i.e., astaxanthin, lutein, β-carotene) [16–18]. One frequently used way to evaluate their
antioxidant activity is by studying their reactivity with free radicals and metal ions (DPPH, ABTS,
FRAP, CUPRAC, ORAC, HORAC, TRAP) [19–22]. However, giving them enough credence for their
antioxidant capacity assumption is often controversial since one same antioxidant can have a different
relative capacity to other antioxidants when measured with different methods [23–28].

For this reason, it is necessary to study potential antioxidants’ capacities and properties based on
a solid oxidative stress model. A solid oxidative stress model portrays the biological environment well
so that a more accurate assumption is possible, and the result is reproducible. Hydrogen peroxide
(H2O2) [29–31] and ultraviolet B (UVB) irradiation [32–34] have been studied to establish an oxidative
stress model within cells. H2O2 represents endogenous ROS production and UVB represents an outer
source of oxidative stress to retinal cells. In this study, both a H2O2-induced oxidative stress model and
UVB-induced oxidative stress model will be used to evaluate the antioxidative potential of ascorbic
acid and astaxanthin on ARPE-19 cells.

2. Materials and Methods

2.1. ARPE-19 Cell Culture

ARPE-19 cells (american type culture collection, Manassas, VA, USA) were cultured and maintained
as a monolayer in 1:1 mixture of Dulbecco’s modified eagle’s medium and nutrient mixture F-12
(DMEM/F-12) (Invitrogen, Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum
(FBS) (Invitrogen) and 1% penicillin-streptomycin (Invitrogen). Cells were incubated at 37 ◦C in a
humidified 5% CO2 incubator in the complete medium with a 2–3-times-a-week change until they
reached 80% confluency. Cells used for this study were in a passage between 25 and 30.

2.2. Hydrogen Peroxide Exposure Procedure

Cells were seeded in a 96-well plate with a density of 2.5 × 104 cells/well and allowed to attach to
the bottom of the well and to become confluent overnight. The next day, the medium was changed
to a serum-free medium and cells were maintained in it up to 7 days until the day of the procedure.
30% (w/w) H2O2 in H2O-containing stabilizer (Sigma Aldrich, St. Louis, MO, USA) was used to make
medium with intended H2O2 concentration. H2O2 solution was diluted fresh each time. For the
exposure, the used medium of the cells was changed to serum-free DMEM/F-12 without phenol red
(Invitrogen) with the desired concentration of H2O2. The viability was checked by MTT assay after
24 h of exposure to H2O2.
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2.3. Ultraviolet B Irradiation Procedure

Cells were seeded in a 96-well plate with a density of 2.5 × 104 cells/well and allowed to attach to
the bottom of the well and to become confluent overnight. The next day, the medium was changed to
serum-free medium and cells were maintained in it up to 7 days until the day of the procedure. At UVB
irradiation, the medium was changed to DMEM/F-12 without phenol red without serum. As a UVB
source, Sankyo Denki lamps (G15T8E, Tokyo, Japan) was used. Its irradiation intensity was 0.2 mW/cm2

when measured 20 cm below the lamp where the plates were put. The intensity was measured with a
UVB meter (UVX Digital Radiometer, UVP, Upland, CA, USA). Cells were irradiated with intended
doses of UVB and for the control group and differential dose of UVB irradiation, remaining wells in
the same plate were thoroughly masked.

2.4. DPPH Scavenging Assay

Total antioxidative capacities of ascorbic acid and astaxanthin were estimated using DPPH
(2,2-diphenyl-1-picrylhydrazyl) ROS scavenging assay. DPPH solution was made by dissolving DPPH
in methanol to 0.16 mM. Ascorbic acid and astaxanthin were dissolved to various concentrations in
dimethyl sulfoxide (DMSO) (Sigma Aldrich). Ascorbic acid (20 μL) or astaxanthin (20 μL) solution was
mixed with 100 μL DPPH solution for 30 min with vigorous shaking at room temperature. After the
reaction absorbance at 517 nm was measured and the relative amount of scavenged DPPH was
calculated using the following equation.

Scavenged DPPH f raction (%) =
AbControl −AbAO

AbControl
× 100 (1)

AbControl is the absorbance of the groups with only DPPH and AbAO is the absorbance of the groups
of the mixture of DPPH and various concentrations of antioxidants.

2.5. Antioxidant Treatment

Cells were treated with either ascorbic acid (Sigma Aldrich) or astaxanthin (Sigma Aldrich)
in DMEM/F-12 without phenol red to study their antioxidative effect on ARPE-19 cells.
Ascorbic-acid-containing medium was made from ascorbic acid stock (0.5 M in PBS) and
astaxanthin-containing medium was made from astaxanthin stock (1 mg/mL in DMSO). Cells were
pretreated with ascorbic acid or astaxanthin for 6 h and then they were irradiated by UVB or exposed to
H2O2. For UVB irradiation group, after pretreatment, used medium was changed to the fresh medium
containing the same concentrations of compounds and followed the UVB irradiation (20 mJ/cm2 or
100 mJ/cm2) procedure. For the H2O2 exposure group, after pretreatment, the used medium was
changed to the fresh medium containing the same concentrations of the compounds with a sublethal
or lethal dose of H2O2 (0.2 mM or 0.4 mM).

2.6. MTT Assay

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (Sigma Aldrich) was
used to determine cell viability. MTT is enzymatically turned into purple formazan crystals by
mitochondrial respiration activity. The procedure was done following the manufacturer’s instructions.
Briefly, after antioxidants, UVB, or H2O2 treatment to the cells, the medium was removed and MTT
(0.5 mg/mL) was added diluted in serum-free medium. After 3 h of incubation at 37 ◦C in a humidified
5% CO2 incubator, MTT-containing medium was carefully aspirated from the well and DMSO was
added to each well to solubilize formazan crystals. Absorbance at 570 nm was measured using a
microplate reader (EPOCH 2, BioTek Instruments Inc. Winoosky, VT, USA) with a reference wavelength
of 630 nm. Cells untreated or treated with the only vehicle were set to be 100% cell viability for the
normalization of the absorbance and experiments had more than three replicates for each condition.
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2.7. Crystal Violet Assay

The relative number of cells attached to the bottom of the well was measured by crystal violet
uptake assay. The procedure was done as previously described [35]. Briefly, after UVB, or H2O2

treatment to the cells, the medium was removed, and cells were fixed with 4% paraformaldehyde
in 4 ◦C. After they were washed 3 times and 0.1% crystal violet (Sigma Aldrich) in 10% ethanol was
added to each well for 5 min. After washing 3 times, the remaining stain was dissolved in 10% acetic
acid and absorbance at 540 nm was measured.

2.8. DCFH-DA Intracellular ROS Level Assay

Intracellular ROS level was measured by 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA)
assay. DCFH-DA is cell-permeable and is not fluorescent which enters cells to be de-esterified to
2′,7′-dichlorodihydrofluorescein (DCFH), and become impermeable to the cell membrane. It then reacts
with ROS to be highly fluorescent 2′,7′-dichlorofluorescein (DCF). Before UVB irradiation or H2O2

exposure, cells were cultured with 10 μM DCFH-DA (Sigma Aldrich) in DMEM/F-12 without phenol
red for 30 min at 37 ◦C in a humidified 5% CO2 incubator. After incubation, they were washed 2 times
in phosphate-buffered saline (PBS) and antioxidant treatment, UVB irradiation or H2O2 exposure was
done following measurement of fluorescence of DCF at excitation and emission wavelength of 495 nm
and 529 nm, respectively, with a microplate reader (Synergy Mix, BioTek Instruments Inc. Winoosky,
VT, USA). Cells untreated or treated with the only vehicle were set to be 100% intracellular ROS level
for the normalization of the fluorescence intensity and experiments had more than three replicates for
each condition.

2.9. Statistical Analysis

The results were expressed as mean values and standard deviation (SD). Statistical analyses were
performed using the Kruskal-Wallis test for comparison between several groups and the Mann-Whitney
U test for comparison between 2 subgroups to assess the effects of drug treatment, with p < 0.05.
The analyses were done using IBM SPSS Statistics for Windows, Version 26.0 (IBM Corp., Armonk,
New York, NY, USA).

3. Results

3.1. Effect of H2O2 on the Viability of ARPE-19 Cells and Intracellular ROS Level

To establish the H2O2-induced oxidative stress model in ARPE-19 cells, different concentrations of
H2O2 were treated to the cells and their viability and intracellular ROS level were measured. Viability
measured with MTT assay decreased as the concentration of treated H2O2 increased. When cells
were treated with 0.4 mM H2O2, they showed the viability of 66% and the viability change was the
greatest between 0.2 mM and 0.6 mM (Figure 1A). Crystal violet assay resulted in a similar aspect of
viability change as MTT assay with 69% of viability at 0.4 mM (Figure 1B). Intracellular ROS level
increased dependently to the concentration of H2O2 (Figure 1C). The mean value of the ROS level
measured in 0.8 mM H2O2 increased to 176% compared to the control group. This trend of decreased
cell viability after the H2O2 exposure was confirmed in bright field imaging (Figure 1D,E). As cell
viability changed rapidly at 0.4 mM H2O2, 0.4 mM was set to be a lethal dose of H2O2 and 0.2 mM was
set to be sublethal dose.
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Figure 1. Change of viability and intracellular ROS level in ARPE-19 cells after exposure to H2O2.
The response of ARPE-19 cells to 0–0.8 mM H2O2 exposure for MTT assay (A), and crystal violet assay
(B) to determine cell viability. For intracellular ROS level, DCFH-DA was treated for 30 min after the
H2O2 exposure. Exposure to H2O2 reduced the cell viability (A,B) and increased the intracellular ROS
level (C). The cell morphology was observed with bright field microscopy (Scale bar 500 μm) (D) and
with higher magnification (scale bar 100 μm) (E). Asterisks indicate a significant reduction in cell
viability or increment in ROS level compared with untreated cells (* p < 0.05, ** p < 0.01, *** p < 0.001).
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; ROS, reactive oxygen species;
DCFH-DA, 2′,7′-dichlorodihydrofluorescein diacetate.

3.2. Effect of UVB Irradiation on the Viability of ARPE-19 Cells and Intracellular ROS

To establish the UVB-induced oxidative stress model in ARPE-19 cells, different doses of UVB
were exposed to the cells and their viability and intracellular ROS level were measured. Viability
measured with MTT assay decreased as the dose of UVB irradiation increased. When cells were
exposed to 20 mJ/cm2 UVB, they showed the viability of 80% and with 100 mJ/cm2 UVB, the viability
was 60% (Figure 2A). In a crystal violet assay with the same range of UVB dose, the viability dropped
to 78% at 20 mJ/cm2 UVB and to 72% at 100 mJ/cm2 UVB (Figure 2B). Intracellular ROS level increased
dependently to the UVB dose (Figure 2C). The mean value of ROS level measured at 20 mJ/cm2 UVB
increased to 140% and 270% at 100 mJ/cm2 UVB compared to the control group. Morphological change
of the cells was observed in bright field imaging. Cells became rounder and holes in the monolayer
were observed as UVB dose increased (Figure 2D,E). The sublethal dose of UVB was set to be 20 mJ/cm2,
where the cells show 80% of viability without significant morphological change and 100 mJ/cm2 where
the cells show 60% of viability with morphological change was set to be the lethal dose of UVB.
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Figure 2. Change of viability and intracellular ROS level in ARPE-19 cells after UVB irradiation.
The response of ARPE-19 cells 24 h after 0–100 mJ/cm2 UVB irradiation with MTT assay (A), and crystal
violet assay (B) to determine cell viability. For intracellular ROS level, DCFH-DA was treated for
30 min after the UVB irradiation. Irradiation by UVB reduced the cell viability (A,B) and increased the
intracellular ROS level (C). The cell morphology was observed with bright field microscopy (scale bar
500 μm) (D) and with higher magnification (scale bar 100 μm) (E). Asterisks indicate a significant
reduction in cell viability or increment in ROS level compared with untreated cells (* p < 0.05, ** p < 0.01,
*** p < 0.001). UVB, ultraviolet B; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
ROS, reactive oxygen species; DCFH-DA, 2′,7′-dichlorodihydrofluorescein diacetate.

3.3. Antioxidative Effect of Ascorbic Acid and Astaxanthin by Scavenging DPPH

DPPH scavenging assay was performed with ascorbic acid and astaxanthin. Ascorbic acid, at
concentrations of 0.025 mM, 0.1 mM, 0.4 mM, and 1.6 mM, dissolved in DMSO was mixed with DPPH
solution and each concentration scavenged 33%, 52%, 57%, 73% of DPPH, respectively, after 30 min
of reaction (Figure 3A). When 75 μM, 85 μM, 95 μM, and 105 μM astaxanthin dissolved in DMSO
were reacted with DPPH solution for 30 min, 44%, 50%, 64%, and 69% of DPPH were scavenged,
respectively (Figure 3B). Both ascorbic acid and astaxanthin showed antioxidative effect.

 

Figure 3. DPPH scavenging activity of ascorbic acid and astaxanthin. The antioxidative capacities of
ascorbic acid and astaxanthin were determined by their capabilities to scavenge DPPH. Ascorbic acid
(0.025–1.6 mM) was reacted with DPPH (A), and astaxanthin (75–105 μM) was reacted with DPPH (B).
The compounds were diluted in DMSO. Both compounds scavenged DPPH in dose-dependent way in
30 min of reaction time. Asterisks indicate a significant increment in DPPH scavenging activity compared
with controls (*** p < 0.001). DPPH, 2,2-diphenyl-1-picrylhydrazyl; DMSO, dimethyl sulfoxide.
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3.4. Antioxidative Effect of Ascorbic Acid on ARPE-19 Cells Under H2O2-Induced Oxidative Stress

ARPE-19 cells were pretreated with various concentrations of ascorbic acid or astaxanthin for
6 h and then they were treated together with H2O2 and the same concentrations of antioxidants for
another 24 h. Viability was assessed after 3 h of MTT treatment. When groups treated together with
ascorbic acid and H2O2 they showed increased viability compared to controls. Cells treated only with
0.2 mM H2O2 showed the viability of 80% and groups treated together with ascorbic acid showed 81%,
107%, and 126% of viability, respectively, for 250 μM, 500 μM, and 750 μM of the drug concentration.
On the other hand, astaxanthin did not show any significant effect on the viability of ARPE-19 with
H2O2-induced oxidative stress (Figure 4A). For 0.4 mM H2O2 treatment, cells treated only with H2O2

showed 58% of viability, while 250 μM, 500 μM, and 750μM of ascorbic acid increased the viability to
64%, 72%, and 95%, respectively. On the other hand, astaxanthin did not show any significant effect on
the viability of ARPE-19 with H2O2-induced oxidative stress (Figure 4B).

 

Figure 4. Effect of ascorbic acid and astaxanthin on H2O2-induced oxidative stress model of ARPE-19.
The effect of various concentration of ascorbic acid or astaxanthin (pretreated for 6 h and co-treated
with H2O2 for 24 h) on the response of ARPE-19 cells to sublethal dose of 0.2 mM (A) or lethal dose
of 0.4 mM H2O2 (B). The cell viability was determined by MTT assay. Treatment of ascorbic acid
(500–750 μM) significantly increased ARPE-19 cell viability following 0.2 mM H2O2 exposure. However,
astaxanthin (10–40 μM) did not significantly affect the cell viability (A). Ascorbic acid (500–750 μM)
also significantly increased the cell viability under 0.4 mM H2O2 but astaxanthin (10–40 μM) did not
have significant effect on the viability (B). Asterisks indicate a significant increment in cell viability
compared with cells treated with H2O2 only (* p < 0.05, ** p < 0.01). AA, ascorbic acid; AST, astaxanthin;
MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

3.5. Antioxidative Effect of Ascorbic Acid and Astaxanthin on ARPE-19 Cells Under UVB-induced
Oxidative Stress

ARPE-19 cells were pretreated with various concentrations of ascorbic acid or astaxanthin for
6 h and then they were irradiated with UVB. Viability 24 h after the irradiation was assessed with
MTT assay. When cells were pretreated with ascorbic acid and then UVB irradiated with it, the cell
viability increased compared to the UVB irradiation-only group. Cells irradiated only with 20 mJ/cm2

UVB showed the viability of 85% and groups treated together with ascorbic acid showed 92%, 102%,
and 130% of viability, respectively, for 250 μM, 500 μM, and 750 μM of the drug concentration.
Astaxanthin treated cells also showed increased viability compared to the cells irradiated only with
UVB. The 10 μM, 20 μM, and 40 μM astaxanthin groups showed 95%, 101%, and 102%, respectively,
after 20 mJ/cm2 UVB irradiation (Figure 5A). For 100 mJ/cm2 UVB irradiation, the cells irradiated only
with UVB showed 66% of viability while 250 μM, 500 μM, and 750 μM of ascorbic acid increased the
viability to 68%, 78%, and 109%, respectively. Astaxanthin-treated cells also showed increased viability
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compared to the cells irradiated only with UVB. The 10 μM, 20 μM, and 40 μM astaxanthin groups
showed 67%, 74%, and 83% after 100 mJ/cm2 UVB irradiation (Figure 5B).

Figure 5. Effect of ascorbic acid and astaxanthin on UVB-induced oxidative stress model of ARPE-19.
The effect of various concentration of ascorbic acid and astaxanthin (pretreated for 6 h and additional
24 h after UVB irradiation) on the response of ARPE-19 cells to sublethal dose of 20 mJ/cm2 (A) or
lethal dose of 100 mJ/cm2 UVB (B). The cell viability was determined by MTT assay 24 h after the
irradiation. Treatment of ascorbic acid (500–750 μM) and astaxanthin (20–40 μM) significantly increased
ARPE-19 cell viability following 20 mJ/cm2 UVB irradiation (A). Ascorbic acid (500–750 μM) and
astaxanthin (20–40 μM) also significantly increased the cell viability after 100 mJ/cm2 UVB irradiation
(B). Asterisks indicate a significant increment in cell viability compared with cells treated with UVB
only (* p < 0.05, ** p < 0.01, *** p < 0.001). UVB, ultraviolet B; AA, ascorbic acid; AST, astaxanthin; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

3.6. Effect of Ascorbic Acid on the Intracellular ROS Level of ARPE-19

The effect of ascorbic acid on the intracellular ROS level of ARPE-19 cells was studied with
DCFH-DA assay. The intracellular ROS level was measured after cells were treated with UVB with
or without 500 μM ascorbic acid. UVB of 20 mJ/cm2 and 100 mJ/cm2 increased the intracellular ROS
level to 123% and 234%, respectively, and 500 μM ascorbic acid treatment reduced the ROS level to
105% and 115% (Figure 6A). This trend between groups were confirmed with fluorescence microscopy
(Figure 6B).
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Figure 6. Intracellular ROS level of ARPE-19 after UVB treatment with ascorbic acid. The effects of
ascorbic acid on the intracellular ROS level of ARPE-19 under UVB-induced oxidative stress were
examined by DCFH-DA assay. Ascorbic acid at 500 μM significantly reduced the ROS level after UVB
irradiation (20–100 mJ/cm2) compared to groups with UVB irradiation only (A). The green fluorescence
of the reacted DCFH-DA which indicates the ROS level, was observed with fluorescence microscopy
(scale bar 250 μm) (B). Asterisks indicate a significant reduction in ROS level compared with control cells
only with UVB exposure without ascorbic acid treatment (* p < 0.05, ** p < 0.01). ROS, reactive oxygen
species; UVB, ultraviolet B; DCFH-DA, 2′,7′-dichlorodihydrofluorescein diacetate; AA, ascorbic acid.

3.7. Antioxidative Effect of Astaxanthin and Ascorbic Acid by Reducing Intracellular ROS in ARPE-19 Cells

H2O2 of 0.2 mM and 0.4 mM increased the intracellular ROS level to 123% and 135% compared to
the nontreated group, while ascorbic-acid-treated group showed reduced ROS level of 33% and 34%,
respectively (Figure 7A).

ARPE-19 cells were pretreated with either 20 μM astaxanthin, 90 μM ascorbic acid, or a mixture
of 20 μM astaxanthin and 90 μM ascorbic acid. When cells were exposed to 0.2 mM H2O2 for 24 h,
the viability decreased to 75%. The 20-μM-astaxanthin- and 90-μM-ascorbic-acid-treatment could
increase the viability to 97% and 93%, respectively. The mixture of 20 μM astaxanthin and 90 μM
ascorbic acid increased the viability to 129% (Figure 7B). Each drug could also decrease the intracellular
ROS level. When cells were treated with 0.2 mM H2O2 for 24 h, the intracellular ROS level increased to
200%. The 20-μM-astaxanthin- and 90-μM-ascorbic-acid-treatment reduced the ROS level to 169%,
and 135%, respectively. The mixture of 20 μM astaxanthin and 90 μM ascorbic acid decreased the ROS
level to 104% (Figure 7C).
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Figure 7. Intracellular ROS level and cell viability of ARPE-19 after H2O2 exposure with ascorbic
acid and the mixture of ascorbic acid and astaxanthin. Ascorbic acid at 500 μM significantly reduced
the intracellular ROS level under sublethal and lethal dose of H2O2 (0.2–0.4 mM) compared to the
control group without ascorbic acid treatment (A). The effect of 20 μM astaxanthin, 90 μM ascorbic
acid, and the mixture of the two compounds on the cell viability of ARPE-19 under H2O2-induced
oxidative stress was examined by MTT assay. Cell viability was significantly increased when the cells
were pretreated with 20 μM astaxanthin, 90 μM ascorbic acid, and the mixture of the two compounds
for 6 h and with 0.2 mM H2O2 for 24 h, compared to H2O2 only (B). ROS level was significantly
decreased when the cells were pretreated with 20 μM astaxanthin, 90 μM ascorbic acid, and the mixture
of the two compounds for 6 h and with 0.2 mM H2O2 for 24 h, compared to H2O2 only. Asterisks
indicate a significant difference between increment in cell viability and reduction in intracellular
ROS level compared to control cells only with H2O2 exposure without antioxidant treatment (C).
(** p < 0.01, *** p < 0.001). AST, astaxanthin; AA, ascorbic acid; ROS, reactive oxygen species; MTT,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide.

4. Discussion

In this study, antioxidative properties of ascorbic acid and astaxanthin were evaluated based on
H2O2-induced and UVB-induced oxidative stress models within ARPE-19 cells. Studies have found
that H2O2 and UVB have different effects on cells regarding oxidative stress. First, even directly adding
H2O2 in the cell culture medium results in a short-term exposure because its concentration decreases
rapidly in the presence of the cells. H2O2 can penetrate the cell easily, but it is also reduced rapidly by
the antioxidative mechanism [29]. On the other hand, UVB has a lingering effect on the cells by directly
damaging DNA, causing gene mutation, and modifying gene expression, and enzyme activity along
with increasing ROS level [36]. UVB-induced damage is mediated by two different pathways. sne is by
ROS generated immediately after the irradiation and the other is by reactive nitrogen species in the
later time point [37]. As a result, even with a single and momentary exposure to UVB, the viability of
the exposed cells decreases in the course of time [36].

Based on the precedent research, viability change of ARPE-19 cells was evaluated after 24 h for a
H2O2 model and a UVB model [38]. H2O2 (0–0.8 mM) was exposed to ARPE-19 cells and their viability
was dose-dependently reduced and intracellular ROS level was increased. UVB also reduced the
cell viability and increased the intracellular ROS level but the H2O2 seemed to decrease the viability
exponentially. One explanation can be that because H2O2 not only produces ROS, but it also affects
junctional integrity of the RPE cell [39], weakening the cell adhesion to the bottom of the well—the cell
viability assay result may have been affected. This can also explain the lower cell viability at 0.4 mM
of H2O2 than 40 mJ/cm2 UVB even though cells with H2O2-induced oxidative stress have a lower
ROS level.

Within the condition of sublethal and lethal doses of H2O2 and UVB, antioxidative potencies
of ascorbic acid and astaxanthin were evaluated. Although their antioxidative properties had been
studied and have moved on to clinical level with patients with retinal diseases (Age-Related Eye
Disease Study [AREDS] and Carotenoids in Age-Related Maculopathy Italian Study [CARMIS]) [40,41],
there are controversies about whether they have a protective effect on cellular oxidative stress model.
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In one study, ascorbic acid did not have a protective effect on Fenton-reaction-mediated oxidative stress
model of ARPE-19 but it rather decreased the cell survival ratio at a low concentration (0.1–1 mM)
compared to the group without ascorbic acid [42]. This was also the case for a tert-butyl hydroperoxide
(t-BOOH)-induced oxidative stress model. In a study by Kagan et al., ascorbic acid (0.02–0.2 mM) also
decreased the cell viability of ARPE-19 with oxidative stress induced by t-BOOH [43]. The effect of
t-BOOH in porcine RPE also could not be diminished by ascorbic acid [44]. In our study, however,
ascorbic acid increased the viability of the cells even at a low concentration where studies mentioned
above suggest it decreases the viability and this was confirmed within two different oxidative stress
models mediated by H2O2 and UVB. Although the central mechanism of t-BOOH to induce oxidative
stress is by generating alkyl radicals [45], H2O2 is the central redox signaling molecule in general [30]
forming hydroxy radicals [46], which can react intracellularly to generate various radicals including
alkyl radical [47]. Considering H2O2 model reproduces more general situation of oxidative stress,
and UVB model mediates H2O2 as the central signaling molecule [48], our result based on both models
is more convincing.

Ascorbic acid neutralized the effect of the oxidative stress inducer in both H2O2 and UVB model
but astaxanthin only did so in UVB-induced stress model. Li et al. [38] investigated the effect of
astaxanthin on ARPE-19 cells against oxidative stress with H2O2. They incubated ARPE-19 cells with
20 μM astaxanthin for different lengths of time (6, 12, and 24 h) and then exposed to 200 μM H2O2 for
24 h. The cell viability increase was time-dependent, and they suggested that 24 h was the optimal
time for astaxanthin treatment. In the current study, we incubated ARPE-19 cells with ascorbic acid or
astaxanthin for 6 h and then exposed to H2O2 with antioxidants for 24 h. Our findings that astaxanthin
did not show significant effect on the cell viability with H2O2 exposure while it did show increased
viability with UVB irradiation may be due to different lengths of time from those of Li et al. [38] for
astaxanthin treatment. There is also another possibility that even if astaxanthin, an extremely lipophilic
compound, was dissolved in DMSO, it may be possible that the efficiency was lower than the actual
concentration in an aqueous environment such as cell culture medium.

The synergistic effect of ascorbic acid and astaxanthin was also evaluated in this study.
The combination of ascorbic acid and astaxanthin showed better antioxidative effect compared to each
drug alone. There are few reports that investigate the effective antioxidant action of ascorbic acid and
astaxanthin in combination. In a study by Guerra et al. [49], the association of astaxanthin with ascorbic
acid greatly improved neutrophil phagocytic capacity and decreased ROS with pro-inflammatory
cytokines. They suggested that the astaxanthin/ascorbic acid system mimics the recycling system of
vitamin E/vitamin C. Astaxanthin provides cell membranes with potent protection against free radicals
or other oxidative attack. Moreover, previous studies confirm that astaxanthin has a large capacity to
neutralize free radicals or other oxidant activity in the nonpolar zones of phospholipid aggregates, as
well as along their polar boundary zones [50]. Ascorbic acid, in turn, promotes antioxidant effects
mainly in a water-phase microenvironment. The exact mechanism other than reducing the intracellular
ROS production is unknown through this study, but it is assumed that the two antioxidants exhibited
synergistic effects through the mechanism identified in previous experimental studies.

An elevated level of ROS is always observed in the diabetic retina. Given that the administration of
antioxidants in animal models preserves retinal capillaries from hyperglycemia-induced degeneration,
ROS are considered a major causative factor involved in DR development [51,52]. Meanwhile, diabetes
induces mitochondrial damage in the retina and its capillary cells and mitochondrial dysfunction is
also considered to play a significant role in the development of DR [53,54]. The results of this study
showed that antioxidants treatment resulted in significantly improved cell viability which is perhaps
due to the improved mitochondrial function, improved cellular attachment performance, and increased
growth rate of the cells. However, further investigation will be required to determine more precise
mechanisms and effects of antioxidants on ARPE-19 cells.

Although the role of retinal endothelial cells comprising inner blood-retinal barriers (BRB) is
important in DR development, the role of RPE cells comprising outer BRB is also crucial. The flow
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of nutrients materials, metabolites, ions, proteins, and water flux to and from the retina is regulated
by these two BRBs and disruption of inner and outer BRB causes retinal hyperpermeability and
development of diabetic macular edema, which is a leading cause of vision loss in DR [55]. Therefore,
current study using ARPE-19 cells is thought be closely related to BRB breakdown and the pathogenesis
of DR. Oxidative damage to cells is commonly modeled using treatment with H2O2 for a long
time [56,57], however, very little is known about the role of UV irradiation on ARPE-19 cells and
especially on the development of DR. A recent population-based study investigated the association
between daily sunlight exposure duration and DR [58]. The authors suggested that the risk of DR
was 2.66 times higher in the group with ≥ 5 h of daily sunlight exposure than in the group with less
exposure after adjusting for risk factors such as duration of diabetes, serum hemoglobin A1c level,
hypertension, and dyslipidemia. Although a lot of evidence is still lacking, the results of the current
study can be used as evidence that the effects of oxidative stress induced by H2O2 or UVB irradiation
on the development of DR as well as the antioxidants can reduce disruption of outer BRB, which is
represented by the viability of ARPE-19 cells.

This study successfully established an oxidative stress model of RPE which can be used to test
potential antioxidative compounds. Since it has been known that oxidative stress is closely linked to
diabetic retinopathy, identifying antioxidants like ascorbic acid and astaxanthin used in this study can
also be beneficial to patients with diabetic retinopathy.

5. Conclusions

In summary, the antioxidative effect of ascorbic acid and astaxanthin was evaluated in this
study using two different oxidative stress models achieved by H2O2 and UVB. Despite controversies
questioning the antioxidative property of ascorbic acid, it was shown in this study that ascorbic acid
diminishes the oxidative damage within human RPE oxidative stress models of H2O2 and UVB which
reflect general circumstance of oxidatively stressed environment. This study also showed the ROS
scavenging capacity of astaxanthin in a UVB-induced stress model. Synergistic effect of ascorbic acid
and astaxanthin was also shown resulting in increment in cell viability and reduction in intracellular
ROS level.
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Abstract: Diabetic retinopathy (DR) is a major microvascular complication that can lead to severe
visual impairment in patients with diabetes. The elevated oxidative stress and increased reactive
oxygen species (ROS) production induced by hyperglycemia have been reported to play an important
role in the complex pathogenesis of DR. Astaxanthin (AST), a natural carotenoid derivative, has
been recently recognized as a strong free radical scavenger and might, therefore, be beneficial
in different diseases, including DR. In this study, we evaluated the potential role of AST as an
antioxidative and antiapoptotic agent in protecting retinal cells and also investigated the involvement
of the PI3K/Akt/Nrf2 pathway in AST-mediated effects. We treated high glucose-cultured mouse
photoreceptor cells (661W) with different concentrations of AST and analyzed ROS production and
cell apoptosis in the different regimens. Moreover, we also analyzed the expression of PI3K, Akt, Nrf2,
and Phase II enzymes after AST treatment. Our results showed that AST dose-dependently reduced
ROS production and attenuated 661W cell apoptosis in a high glucose environment. Importantly, its
protective effect was abolished by treatment with PI3K or Nrf2 inhibitors, indicating the involvement
of the PI3K/Akt/Nrf2 pathway. These results suggest AST as a nutritional supplement that could
benefit patients with DR.

Keywords: diabetic retinopathy; hyperglycemia; oxidative stress; astaxanthin; carotenoid; reactive
oxygen species; apoptosis; photoreceptor cells; PI3K; Nrf2

1. Introduction

Diabetes is a major metabolic disease that can affect different organs through microvascular and
macrovascular damages [? ]. Diabetic retinopathy (DR), a leading microvascular complication of
diabetes, is characterized by a progressive increase in vascular permeability, retinal ischemia and
edema, and neovascularization, which can result in visual impairment and even legal blindness [? ].
Despite the improved understanding of its pathogenesis and the advances in available treatments,
the long-term outcome of DR remains poor owing to its complex pathogenesis [? ? ]. Therefore, the
continuous search for new modalities to prevent and treat this debilitating complication is essential.

Hyperglycemia induces oxidative stress and generates reactive oxygen species (ROS) within the
retina [? ? ]; however, the activity of cellular antioxidant enzymes responding to ROS is insufficient
to prevent the consequent damages. Yeh et al. reported a positive correlation between ROS levels
in vitreous fluid and the severity of DR [? ]. In addition, several studies have indicated chronic
oxidative stress as one of the primary causes of DR [? ? ? ? ? ]. Normally, the retina already presents
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substantial lipid oxidation and ROS production due to the high content of unsaturated fatty acids
and high oxygen uptake, which render it more vulnerable to oxidative stress damage than other
tissues [? ? ]. Furthermore, ROS accumulation alters the homeostasis of retinal cells, triggers cellular
apoptosis, and leads to increased vascular permeability and basement membrane leakage in the retina.
These pathological changes may lead to a breakdown of the blood–retinal barrier and the development
of DR [? ? ]. Thus, reducing oxidative stress could inhibit apoptosis in retinal cells and reduce the risk
of DR progression.

Astaxanthin (AST) is a member of the xanthophyll family of oxygenated carotenoid derivatives.
AST has been recently recognized as a strong free radical scavenger and an excellent anti-inflammatory
agent that suppresses the expression of proinflammatory chemokines and cytokines [? ? ]. The unique
molecular structure of AST, which contains hydroxyl and keto moieties on each ionone ring, explains
its high antioxidant activity [? ]. Mechanistically, AST terminates the free radical chain reaction by
donating electrons and reacting with free radicals to convert them to more stable products [? ? ]. AST
can, therefore, act as a powerful antioxidant in numerous organisms. In fact, AST has been attributed
as having the potential to defend organisms against a broad range of diseases, including cardiovascular
disease [? ], ischemic brain damage [? ], cataracts [? ], diabetes [? ], and diabetic nephropathy [?
? ]. AST has also shown protective effects in ocular diseases, including neuroprotection in retinal
ganglion cells [? ], suppression of choroid neovascularization development [? ], and reduction of
endotoxin-induced uveitis [? ].

Recent studies have shown that AST can activate the Nrf2–antioxidant responsive element
(ARE) pathway in different cell types and organs [? ? ? ? ? ]. The Nrf2–ARE pathway is an
important endogenous mechanism that can attenuate oxidative stress within the cell [? ? ]. Nrf2
induces the expression of Phase II enzymes, including NAD(P)H dehydrogenase (NQO1) and heme
oxygenase-1(HO-1), thereby limiting the subsequent generation of ROS and promoting the formation
of antioxidant bilirubin [? ? ? ? ]. An earlier study indicated that retinal pigment epithelial (RPE) cells
could be protected against oxidative damage by activating the Nrf2–ARE pathway and increasing
expression of Phase II enzymes [? ]. A later study further showed the crucial role of the PI3K/Akt
pathway in modulating Nrf2–ARE-dependent protection against oxidative stress in RPE cells [? ].

Therefore, in this study, we hypothesized that AST could counteract high glucose-induced
oxidative stress and attenuate oxidative stress-induced apoptosis by modulating Nrf2 expression in
retinal photoreceptor cells. To test our hypotheses, we first investigated the role of high glucose-induced
oxidative stress in initiating retinal photoreceptor cell (661W) apoptosis and evaluated the antioxidative
and antiapoptotic effects of AST. Moreover, we analyzed the modulatory effect of AST on Nrf2
expression and analyzed the related signaling pathway. Our results showed that AST reduced high
glucose-induced oxidative stress and attenuated apoptosis of photoreceptor cells by induction of
antioxidant enzymes via the PI3K/Akt/Nrf2 pathway.

2. Materials and Methods

2.1. Cell Culture and Experimental Design

In this study, we used the 661W cell line, obtained from Dr. M. Al-Ubaidi (University of
Houston), to evaluate the response of photoreceptor cells to AST treatment. The 661W cells, exhibiting
biochemical features characteristic of cone photoreceptor cells, constitute an immortalized mouse
photoreceptor cell line (by the expression of simian virus 40 T antigen) [? ]. We cultured the 661W cells
in Dulbecco’s modified Eagle’s media (DMEM) containing 10% phosphate buffer solution (PBS) and
1% penicillin–streptomycin (100 U/mL penicillin and 100 μg/mL streptomycin) at 37 ◦C and 5% CO2.
Cells were passaged by trypsinization every 3–4 days and used for experiments at the second to fifth
passage. For the experiment, the cells were exposed to either normal (5 mM/mL) or high glucose (35
mM/mL) concentration. In addition, the cells were pretreated with 10, 20, or 50 μM AST (Sigma, St.
Louis, MO, USA) for 2 h prior to high glucose treatment. After 24 h treatment, the cells were collected
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and further analyzed. Two different inhibitors, PI3K inhibitor (LY294002, 20 μM, (Sigma, St. Louis,
MO, USA)) and Nrf2 inhibitor (ML385, 10 μM, (Selleck Chemicals, Houston, TX, USA)) were used
to determine the causal relationship between AST and the changes in other antioxidative molecules.
The cultured cells were pretreated with either of the inhibitors and 50 μM AST simultaneously for 2 h,
followed by high glucose treatment for 24 h.

2.2. Cell Viability Assay

Cell viability assay was performed with CyQUANT MTT Cell Viability Assay Kit (Invitrogen-Life
Technologies Inc., Gaithersburg, MD, USA). The cells were seeded in 96-well plates (1 × 104 cells per
well) and incubated at 37 ◦C. Different concentrations of AST were added to the cells exposed to high
glucose. After 24 h incubation, 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) was added to each well and incubated at 37 ◦C for 4 h. The culture medium supernatant was
removed, and the formazan was dissolved with dimethyl sulfoxide (DMSO) for 30 min at 25 ◦C. The
absorbance was measured at 570 nm with a microplate reader (Bio-Rad Laboratories, Inc., Hercules,
CA, USA).

2.3. Analysis of Apoptosis by Terminal Deoxynucleotidyl Transferase dUTP Nick End Labeling (TUNEL)

We used TUNEL to detect 661W cell apoptosis. TUNEL was performed using a commercial kit
(Millipore Corp., Billerica, MA, USA) according to the manufacturer’s instructions. Positive controls
were cultured cells incubated with DNase I prior to the labeling procedure, and sham controls were
cells stained with label solution containing no terminal transferase.

2.4. Detection of Intracellular ROS

We used Image-IT Green Reactive Oxygen Species Detection Kit (Invitrogen-Life Technologies
Inc., Gaithersburg, MD, USA) to determine the level of ROS under different conditions. Intracellular
ROS levels were measured using 2’,7’-dichlorodihydrofluorescein diacetate (2’,7’-DCFDA) oxidation.
For the detection of ROS, 661W cells were exposed to 10 μM 2’,7’-DCFDA; in the presence of ROS,
bright green fluorescence could be detected by a fluorescence microscope (Thermo Fisher Scientific
Inc., Waltham, MA, USA).

2.5. Quantitative Detection of Nrf2 and ROS-Induced Cellular Oxidation Using Immunocytochemistry (ICC)

DNA oxidation, lipid peroxidation, and protein oxidation levels were determined by detecting
the expression of 8-hydroxydeoxyguanosine (8-OHdG), acrolein, and nitrotyrosine, respectively,
using ICC according to a previously published protocol [? ]. In brief, the cultured cells were
simultaneously blocked and permeabilized with 0.2% Triton in PBS containing 5% goat serum for 1 h
at room temperature. Then, cells were incubated with primary antibodies diluted in blocking solution
overnight at 4 ◦C, followed by incubation with the appropriate fluorescent secondary antibodies (all
diluted 1:200) in blocking solution for 3 h at room temperature. Primary antibodies included anti-Nrf2,
antiacrolein, antinitrotyrosine, and anti-8-OHdG (all from Abcam, Cambridge, MA, USA). Nuclei were
counterstained with DAPI.

The quantitative protein expression measurements were done by densitometric methods as
previously described [? ]. The relative density of immunostaining was analyzed by an immunostaining
index comparing 661W cells treated with different AST concentrations and high glucose condition
versus low glucose condition (as normal reference).

2.6. Determination of Changes in Mitochondrial Membrane Potential

The mitochondrial membrane potential was measured using a fluorescence reader with JC-1 stain
(Sigma, St. Louis, MO, USA) and a lipophilic cationic probe to detect the extent of mitochondrial
dysfunction. The 661W cells were seeded in 96-well plates (1 × 104 cells per well) and incubated
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at 37 ◦C. Then, different concentrations of AST were added to the cells exposed to high glucose.
After 24 h incubation, 5 μL of JC-1 staining solution was added to each well, and the plate was
incubated at 37 ◦C for 15 min. The fluorescence intensity for both J-aggregates with Texas Red (healthy
cells, excitation/emission = 560/595 nm) and JC-1 monomers with FITC (apoptotic or unhealthy cells,
excitation/emission = 485/535 nm) were measured with a microplate reader (Bio-Rad Laboratories, Inc.,
Hercules, CA, USA). For microscopy, the cells were incubated in 24-well plates. Then, 50 μL of JC-1
staining buffer was added to 1 mL of culture medium. After incubation at 37 ◦C for 30 min, the cells
were observed using fluorescence microscopy. J-aggregates and JC-1 monomers were detected with
settings designed to detect Texas Red and FITC, respectively.

2.7. Preparation of RNA and cDNA

Total RNA was extracted from the retinas using TRIzol reagent (Invitrogen-Life Technologies Inc.,
Gaithersburg, MD, USA). For each sample, 1 μg of total RNA was incubated with 300 ng of Oligo dT
for 5 min at 65 ◦C and reverse-transcribed into cDNA using 80 U of Moloney murine leukemia virus
reverse transcriptase per 50 μg reaction sample for 1 h at 37 ◦C. The reaction was stopped by heating
the samples for 5 min at 90 ◦C.

2.8. Quantitative Analysis of mRNA Levels

We performed polymerase chain reaction (PCR) on the resultant cDNA from each sample using
specific primers. The amplification was performed using a thermocycler (Applied Biosystems,
Waltham, MA, USA). The 25 μL reaction mixture contained 5 μL of cDNA, 1 μL of sense
and antisense primers, 200 μM of each deoxynucleotide (DTT), 5 μL of 10× Taq polymerase
buffer, and 1.25 U of GoTaq polymerase (Applied Biosystems, Waltham, MA, USA). The PCR
reactions were performed using an annealing temperature of 56 ◦C with GoTaq polymerase,
cDNA, and the following primers: sense 5′-ATGACACCAAGGACCAGAGC and antisense
5′-GTAAGGACCCATCGGAGAAGC for HO-1; sense 5′-TATCCTGCCGAGTCTGTTCTG and antisense
5’-AACTGGAATATCACAAGGTCTGC for NQO1; and sense 5′-CGACTTCAACAGCAACTCCCACTC
and antisense 5’-TGGGTGGTCCAGGGTTTCTTACTC for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH). The DNA fragments were amplified for 25–30 cycles (30 s at 94 ◦C; 1 min at 50–52 ◦C; 1
min at 72 ◦C), followed by a final 7 min extension step at 72 ◦C. The amplified products were further
analyzed. Levels of each mRNA were normalized to those of GAPDH mRNA.

2.9. Protein Extractions and Western Blot Analysis

We extracted total proteins from the 661W cells using radioimmunoprecipitation assay (RIPA)
lysis buffer (0.5 M Tris-HCl (pH 7.4), 1.5 M NaCl, 2.5% deoxycholic acid, 10% NP-40, 10 mM
EDTA, and 10% protease inhibitors). Before analysis, the protein samples were separated on a 10%
sodium dodecyl sulfate (SDS)–polyacrylamide gel and transferred to a polyvinylidene difluoride
membrane. The membranes were probed using the following antibodies: anti-HO-1; anti-NQO1
(from Abcam, Cambridge, MA, USA); anti-PI3K; anti-Akt; anti-phospho-Akt(p-Akt); anti-caspase-3;
anti-poly(ADP-ribose) polymerase (PARP) (from Cell Signaling Technology, Danvers, MA, USA); and
anti-GAPDH (Millipore Corp., Billerica, MA, USA). Immunodetections were done using enhanced
chemiluminescence (Pierce Biotechnology, Rockford, IL, USA) according to the manufacturer’s
instructions. Protein levels were determined using densitometry analysis of the protein bands.

2.10. Nuclear Protein Extraction and Electrophoretic Mobility Shift Assay (EMSA)

The 661W cells treated with low glucose, high glucose, and different concentrations of
AST were harvested separately. Nuclear proteins were prepared as described before [? ].
In brief, the cells were trypsinized, resuspended, and homogenized in ice-cold buffer A (10 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 7.9), 1.5 mM KCl, 10 mM MgCl2,
1.0 mM dithiothreitol (DTT), and 1.0 mM phenylmethylsulfonyl fluoride (PMSF)). The cell suspensions
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were homogenized and centrifuged for 10 min at 5000× g at 4 ◦C. The sediment was resuspended
in 200 μL of buffer B (20 mM HEPES (pH 7.9), 25% glycerol, 1.5 mM MgCl2, 420 mM NaCl, 0.5 mM
DTT, 0.2 mM EDTA, 0.5 mM PMSF, and 4 μM leupeptin). Then, the samples were incubated for
30 min on ice and centrifuged for another 30 min at 12,000× g at 4 ◦C. The supernatants containing the
nuclear proteins were collected for further analysis. A bicinchoninic acid assay kit, with bovine serum
albumin as the standard, was used to determine the protein concentration. EMSA was performed
with a Nrf2 DNA-binding protein detection system (Abcam, Cambridge, MA, USA) according to the
manufacturer’s instructions. Ten micrograms of nuclear protein was incubated with a biotin-labeled
Nrf2 consensus oligonucleotide probe (5′-GCACAAAGCGCTGAGTCACGGGGAGG-3′) for 30 min in
binding buffer. The specificity of the DNA/protein binding was then determined by adding a 100-fold
molar excess of unlabeled Nrf2 oligonucleotide for competitive binding, 10 min before adding the
biotin-labeled probe.

2.11. Statistical Analyses

The results are expressed as the mean ± standard deviation where applicable. The data were
analyzed using SPSS software (SPSS 22.0; SPSS Inc., Chicago, IL, USA). The Mann–Whitney U test was
used to calculate the differences between the means of different experimental groups. p values of less
than 0.05 were considered significant.

3. Results

3.1. Astaxanthin Protects 661W Cells from Apoptosis under High Glucose Conditions

To evaluate the potential role of AST as a therapeutic agent, we first tested the safety of different
concentrations (1, 5, 10, 20, and 50 μM) of AST on 661W cells. The cell viability was not affected
by treatment with up to 50 μM AST, as shown by MTT assay (Figure ??A). Therefore, 10, 20, and
50 μM AST were used for the following experiments. To evaluate the protective effect of AST in
661W cells under high glucose conditions, we used the TUNEL assay to detect apoptosis. The results
demonstrated a dose-dependent protective effect of AST against 661W cell apoptosis in a high glucose
environment (Figure ??B), with a significantly decreased number of apoptotic cells upon treatment
with 20 and 50 μM AST. The antiapoptotic effect of AST was further confirmed by decreased caspase-3
cleavage and decreased PARP in AST-treated 661W cells (Figure ??C).
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Figure 1. Effects of AST on cell viability and high glucose-induced apoptosis in 661W cells.
(A) Cell viability was evaluated using MTT assay upon treatment with different concentrations
of AST for 24 h. AST-treated and control cells showed similar cell viability. (B) Increased
cell apoptosis was noted under high glucose environment, demonstrated by TUNEL assay and
protein expression (western blots, C). AST reduced apoptosis at 20 and 50 μM concentration.
(C) Decreased cleaved caspase-3 and PARP protein expression seen in western blots indicated
that apoptosis was attenuated by AST. AST = astaxanthin; HG = high glucose; LG = low
glucose; MTT = 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; TUNEL = terminal
deoxynucleotidyl transferase dUTP nick end labeling; PARP = poly(ADP-ribose) polymerase; GAPDH
= glyceraldehyde 3-phosphate dehydrogenase. * Significantly different from control group (p < 0.05); #
significantly different from high glucose-treated group without AST (p < 0.05). The Mann–Whitney U
test was used to calculate the differences between the means of different experimental groups (three
repeats per experiment, three wells per repeat, five images per well analyzed).
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3.2. Astaxanthin Reduces ROS and ROS-Related Mitochondrial Damage

To understand if the observed attenuation in apoptosis resulted from the antioxidative effect of
AST, we measured the intracellular ROS levels in cells treated with different concentrations of this
compound. AST reduced the levels of ROS increased by high glucose treatment in 661W cells at 20 μM
and 50 μM concentration (Figure ??A). The ROS-related mitochondrial damages, detected by JC-1
staining, were also reduced by AST treatment (Figure ??B).

Figure 2. AST reduced ROS and ROS-related mitochondrial damage. (A) 661W cells pretreated with
different concentrations of AST for 2 h were cultured under high glucose environment. Intracellular
ROS levels were detected by measuring the green fluorescence of 2′,7′-dichlorodihydrofluorescein
diacetate oxidation. ROS levels were significantly reduced in cells pretreated with 20 and 50 μM of AST.
(B) Mitochondrial membrane potential was evaluated by JC-1 staining. The results showed decreased
mitochondrial damage after AST treatment. AST = astaxanthin; HG = high glucose; LG = low glucose;
ROS = reactive oxygen species. * Significantly different from control group (p < 0.05); # significantly
different from high glucose-treated group without AST (p < 0.05). The Mann–Whitney U test was
used to calculate the differences between the means of different experimental groups (three repeats per
experiment, three wells per repeat, five images per well analyzed).

3.3. Astaxanthin Reduces ROS-Related Lipid, Protein, and DNA Damage

Increased intracellular ROS levels can cause further damage to lipids, proteins, and DNA, which
may eventually lead to apoptosis. We therefore evaluated the expression of acrolein, nitrotyrosine, and
8-OHdG using different concentrations of AST. The levels of all three surrogate markers decreased with
increasing concentrations of AST, indicating the antioxidative capacity of AST treatment (Figure ??).
Significantly reduced damage to lipids and DNA (indicated by acrolein and 8-OHdG, respectively)
and to proteins (indicated by nitrotyrosine) was observed with at least 10 or 20 μM AST, respectively.
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Figure 3. AST reduces ROS-related lipid, protein, and DNA damage in high glucose-treated
661W cells. To confirm that high glucose-induced ROS-related damage was also attenuated by
AST treatment, we measured the expression of acrolein (A), nitrotyrosine (B), and 8-OHdG (C) by
immunocytochemistry to indicate the oxidative damages to lipids, proteins, and DNA, respectively.
Significantly decreased oxidative damage was noted under AST treatment. AST = astaxanthin;
HG = high glucose; LG = low glucose; ROS = reactive oxygen species. * Significantly different from
control group (p < 0.05); # significantly different from high glucose-treated group without AST
(p < 0.05). The Mann–Whitney U test was used to calculate the differences between the means of
different experimental groups (three repeats per experiment, three wells per repeat, five images per
well analyzed).

3.4. Astaxanthin Reduces ROS through Upregulation of Phase II Enzymes

The Phase II enzymes HO-1 and NQO1, which exhibit antioxidative properties and are known
to reduce intracellular ROS, have been reported to be upregulated by AST [? ? ? ]. To confirm if
the reduction in ROS induced by AST in our study was associated with a change in Phase II enzyme
expression, we evaluated both the mRNA and protein levels of HO-1 and NQO1. We found that
Phase II enzymes were upregulated both at the mRNA and protein levels after AST treatment in a
dose-dependent fashion (Figure ??).
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Figure 4. AST promotes the expression of Phase II enzymes HO-1 and NQO1 in 661W cells.
The expression of HO-1 and NQO1 was determined in AST-treated 661W cells by measuring
the mRNA levels with qPCR (A) and the corresponding protein levels by western blot (B). The
measurements were normalized to GAPDH. AST = astaxanthin; HO-1 = Heme oxygenase-1; HG =
high glucose; LG = low glucose; NQO1 = NAD(P)H dehydrogenase. * Significantly different from
control group (p < 0.05); # significantly different from high glucose-treated group without AST (p <
0.05). The Mann–Whitney U test was used to calculate the differences between the means of different
experimental groups.

3.5. Astaxanthin Activates PI3K/Akt Pathway and Upregulates the Expression of Nrf2

We further evaluated the activation of the PI3K/Akt pathway and the expression of Nrf2 under
AST treatment to better understand how AST protects 661W cells from high glucose-induced damage.
Treatment of 661W cells cultured in high glucose with 20 and 50 μM AST increased PI3K protein
levels, which further increased the downstream p-Akt/Akt ratio (Figure ??A,B). In the same culture
conditions, we found increased nuclear expression of Nrf2 upon treatment with AST (Figure ??C).
Moreover, activation of Nrf2 was observed 30 min after treatment with 50 μM AST (Figure ??D). These
results indicate that AST activates the PI3K/Akt/Nrf2 pathway, which further contributes to decreasing
the ROS generated in a high glucose environment.
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Figure 5. AST upregulates the expression of the PI3K/Akt/Nrf2 pathway in 661W cells. (A,B)
The expression of PI3K and phosphorylated Akt proteins were detected by western blot. 661W
cells were pretreated with different concentrations of AST for 2 h and grown in high glucose for
24 h. (C) Nrf2 levels in nuclear protein extracts were determined by electrophoretic mobility shift
assay. (D) Immunocytochemistry confirmed the increased expression of Nrf2 after AST treatment.
AST = astaxanthin; HG = high glucose; LG = low glucose. * Significantly different from control
group (p < 0.05); # significantly different from high glucose-treated group without AST (p < 0.05).
The Mann–Whitney U test was used to calculate the differences between the means of different
experimental groups.

3.6. Inhibition of Both PI3K and Nrf2 Attenuate the Antioxidative Effect of AST

To confirm whether the protective effects of AST act through the PI3K/Akt/Nrf2 pathway, we
added the PI3K inhibitor LY294002 (20 μM) and Nrf2 inhibitor ML385 (10 μM) and observed the
corresponding changes in Phase II enzyme production and ROS levels. In the presence of PI3K inhibitor,
downstream p-Akt decreased accordingly. Moreover, the levels of both HO-1 and NQO1 were lower
upon treatment with the PI3K inhibitor than with AST alone (Figure ??A). The Nrf2 inhibitor also
downregulated the AST-enhanced expression of HO-1 and NQO1 while not affecting p-Akt. Both
PI3K and Nrf2 inhibitors attenuated the reduction in ROS induced by AST (Figure ??B). These results
confirmed the sequential changes and causal relationship between PI3K/Akt pathway, Nrf2 and Phase
II enzyme expression, and apoptosis with the protective effects of AST in photoreceptor cells.
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Figure 6. Blocking the PI3K/Akt/Nrf2 pathway abolishes the antioxidative effect of AST in 661W cells.
Cells were administered PI3K inhibitor (LY294002, 20 μM) and Nrf2 inhibitor (ML385, 10 μM) along with
AST. (A) The protein expression of Akt, p-Akt, HO-1, and NQO1 was detected by western blot. The PI3K
inhibitor resulted in lower p-Akt/Akt ratio, HO-1, and NQO1 expression compared with AST treatment
alone. Meanwhile, Nrf2 inhibition resulted in decreased expression of HO-1 and NQO1 but not the
p-Akt/Akt ratio. (B) Both inhibitors counteracted the protective effect of AST and significantly increased
the ROS levels, AST = astaxanthin; ROS = reactive oxygen species. * Significantly different from control
group (p < 0.05); # significantly different from high glucose-treated group without AST (p < 0.05); @
significantly different from high glucose-treated group with 50 μM AST. The Mann–Whitney U test
was used to calculate the differences between the means of different experimental groups (three repeats
per experiment, three wells per repeat, five images per well analyzed).

4. Discussion

Astaxanthin possesses unique chemical properties derived from its distinctive molecular structure,
including two hydroxyl groups, two carbonyl groups, and 11 conjugated ethylenic double bonds. In
contrast to other carotenoids, AST can be esterified, has a more polar nature, and displays greater
antioxidant capacity, which could be explained by the presence of the hydroxyl and keto moieties
on each ionone ring [? ]. AST was recently reported to significantly suppress oxidative stress and
protect various cells from apoptosis [? ? ? ? ? ]. In this study, we demonstrated that AST could protect
photoreceptor cells from oxidative stress through activation of the PI3K/Akt/Nrf2 signaling pathway
in high glucose environments, which further reduced apoptosis and could potentially prevent the
progression of DR.

The correlation between oxidative stress and the development of DR has been previously
demonstrated [? ? ? ? ? ? ]. Increased oxidative stress and production of ROS cause tissue injury
through peroxidation of lipids, carbohydrates, proteins, and DNA [? ], with the concomitant production
of oxidative biomarkers, such as acrolein, carbonylated proteins, nitrotyrosine, and 8-OHdG [? ? ]. In
this study, we confirmed the harmful effects of high glucose by showing an increase in ROS, oxidative
biomarkers 8-OHdG, nitrotyrosine, and acrolein, as well as apoptosis. In addition, our results also
demonstrated that the oxidative stress and consequent ROS-induced damage to DNA, lipids, and
proteins could be ameliorated by the antioxidative effect of AST. The overall reduction in oxidative
stress mediated by AST further led to decreased apoptosis of photoreceptor cells. Baccouche et al. [? ]
found that short-term use of AST could reduce retinal damage in fat sand rats. In their study, while
the serum glucose levels were similar in the AST-treated animals and the control group, the cellular
damage in Muller cells and retinal ganglion cells was reduced by AST treatment through increased
HO-1 production. Dong et al. [? ] also reported a protective effect of AST against the oxidative stress
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induced by diabetes in retinal ganglion cells. Another study using streptozotocin-induced diabetic rats
demonstrated the antioxidative effect of AST in the retina in a high glucose environment [? ]. In this
study, after AST treatment, the retinal thickness was preserved not only in the inner but also in the outer
retinal layers. The cellular damage in DR is not limited to retinal ganglion cells. Photoreceptor loss in
DR due to increased apoptosis has also been reported [? ]. Our results confirm that the antiapoptotic
effect of AST is not limited to ganglion cells and Muller cells but also extends to photoreceptors,
indicating the potential universal benefits of AST treatment in DR.

The Nrf2–ARE pathway plays an important role in cellular resistance to oxidative stress [? ? ? ].
Nrf2 is a transcription factor that binds to the ARE and promotes the expression of Phase II enzymes [?
]. In the absence of oxidative damage, Nrf2 interacts with the chaperone Keap1; conversely, in an
oxidant environment, Nrf2 dissociates from Keap1 and translocates to the nucleus in its activated form,
where it binds to the ARE and induces the expression of Phase II enzymes, such as HO-1 and NQO1 [?
]. Several studies have demonstrated the beneficial effects of Nrf2 activation in DR. Fenofibrate was
reported to activate Nrf2, increase HO-1 and NQO1 expression, and reduce oxidative damage in
diabetic mice [? ]. Sulforaphane also exhibited similar antioxidative effects in streptozotocin-induced
diabetic rats and high glucose-treated Muller cells through the activation of the Nrf2 pathway [? ].
Furthermore, activation of Nrf2, either through DJ-1 overexpression [? ] or through Nrf2 activators [? ],
could provide additional benefits to improve retinal pericyte survival and reduce vascular endothelial
growth factor-induced cell migration in human retinal microvascular endothelial cells, both involved
in the development of DR. In the current study, we have further demonstrated that the Nrf2–ARE
pathway can be activated by AST, thereby increasing the expression of HO-1 and NQO1, which in turn
attenuates ROS-mediated and intracellular oxidative damage and further protects photoreceptor cells
from high glucose-induced apoptosis.

AST can ameliorate cell apoptosis via more than one pathway, including ERK, NF-κB, and
PI3K/Akt [? ? ? ? ]. Among these, the PI3K/Akt pathway is a prominent regulator of numerous proteins
involved in cell survival through profound antioxidative and antiapoptotic actions [? ]. Studying
apoptosis after burn in an animal model, Guo et al. demonstrated a dose-dependent effect of AST in
increasing p-Akt and decreasing cleaved caspase-3 levels [? ]. In diabetic rats, the cognitive functions
could also be preserved by AST through activation of the PI3K/Akt pathway and downregulation of
caspase-3 expression [? ]. In RPE cells, Li et al. [? ] reported that oxidative stress was attenuated by
AST. They further demonstrated that AST upregulates Nrf2 and Nrf2-related Phase II enzymes through
activation of the PI3K/Akt pathway. Collectively, these pieces of evidence support the involvement of
the PI3K/Akt pathway in the antiapoptotic effect of AST. Nevertheless, the cellular response to AST
may differ among distinct cell types and with diverse environmental stimuli. In a hamster model of
oral cancer, Kavitha et al. [? ] found downregulated PI3K and p-Akt in AST-treated animals, which
further led to caspase-induced apoptosis. Therefore, we specifically focused here on the response of
photoreceptor cells. Our study clearly demonstrated that the PI3K/Akt pathway was upregulated in
the presence of AST and that downstream Nrf2 expression was enhanced along with an increased
expression of HO-1 and NQO1, which eventually reduced caspase activity and ameliorated apoptosis
in high glucose-treated photoreceptor cells. Both PI3K inhibitor (LY294002) and Nrf2 inhibitor (ML385)
counteracted the protective effects of AST and attenuated the expression of HO-1 and NQO1, indicating
the importance of PI3K/Akt/Nrf2 signaling in AST-mediated cellular protection.

Systemic AST supplementation could function in the eye and potentially protect the retina from
various diseases by reducing oxidative stress. Oral AST supplementation has been used in previous
randomized controlled trials and was found to suppress the aqueous vascular endothelial growth
factor levels and peroxide production in humans [? ? ]. An earlier trial using AST in combination
with lutein and other antioxidants also reported improved central visual function in patients with
age-related macular degeneration [? ]. The results from our study, along with those from previous
studies, imply the potential benefits of AST in DR. Taken together with the benefits of AST in increasing
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serum insulin and glucose metabolism [? ? ? ], the role of oral AST supplementation in the prevention
and treatment of DR warrants further evaluation in clinical trials.

There were a few limitations to our study. First, we treated the photoreceptor cells with AST before
the high glucose administration; therefore, we evaluated only the effects of AST on the acute response
of cells to high glucose but not on the cells that had already developed a certain degree of damage under
the high glucose environment. Previous in vivo studies have demonstrated that AST administered
after the induction of diabetes in different animal models may reduce the levels of oxidative stress
mediators and preserve retinal function [? ? ? ]. These results indicate that AST may potentially be
used for the treatment of high glucose-induced damage, but further studies are needed to confirm the
cellular responses of AST administered after the occurrence of cellular damage. Second, we only used
a fluorescent probe to detect ROS. Other methods, including spectrophotometry, chromatography, and
electron spin resonance, have also been proposed to increase the sensitivity and specificity of ROS
detection [? ]. Nevertheless, we used other ancillary tests to confirm our detection of ROS, and the
results of JC-1 staining and the detection of oxidative stress mediators support our conclusions.

5. Conclusions

The data presented in this study indicate that AST could protect photoreceptor cells from apoptosis
secondary to high glucose-induced oxidative stress. In addition, we have demonstrated that the
protective effects of AST are mediated by upregulated Nrf2 and that increased expression of downstream
Phase II enzymes results from activation of the PI3K/Akt pathway. Thus, AST should be considered as
a nutritional supplement that could benefit patients with diabetes, especially in view of preventing the
visual loss in DR.
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Abstract: Diabetic retinopathy (DR) is an important microvascular complication of diabetes and
one of the leading causes of blindness in developed countries. Two large clinical studies showed
that fenofibrate, a peroxisome proliferator-activated receptor type α (PPAR-α) agonist, reduces DR
progression. We evaluated the protective effects of fenofibrate on retinal/choroidal vascular endothelial
cells under oxidative stress and investigated the underlying mechanisms using RF/6A cells as the
model system and paraquat (PQ) to induce oxidative stress. Pretreatment with fenofibrate suppressed
reactive oxygen species (ROS) production, decreased cellular apoptosis, diminished the changes in the
mitochondrial membrane potential, increased the mRNA levels of peroxiredoxin (Prx), thioredoxins
(Trxs), B-cell lymphoma 2 (Bcl-2), and Bcl-xl, and reduced the level of B-cell lymphoma 2-associated X
protein (Bax) in PQ-stimulated RF/6A cells. Western blot analysis revealed that fenofibrate repressed
apoptosis through cytosolic and mitochondrial apoptosis signal-regulated kinase-1 (Ask)-Trx-related
signaling pathways, including c-Jun amino-terminal kinase (JNK) phosphorylation, cytochrome c
release, caspase 3 activation, and poly (ADP-ribose) polymerase-1 (PARP-1) cleavage. These protective
effects of fenofibrate on RF/6A cells may be attributable to its anti-oxidative ability. Our research
suggests that fenofibrate could serve as an effective adjunct therapy for ocular oxidative stress-related
disorders, such as DR.

Keywords: apoptosis; diabetic retinopathy; fenofibrate; oxidative stress; thioredoxin

1. Introduction

Diabetic retinopathy (DR) is a very important microvascular complication of diabetes [1]. It is
characterized by a progressive increase in vascular permeability, retinal ischemia and edema,
and neovascularization, which results in visual impairment and legal blindness [2]. Retinal vascular
endothelial cells play an important role in maintaining the blood-retinal barrier (BRB), which provides
a physiological border for retinal homeostasis [3]. Previous studies demonstrated that hyperglycemia
induces the activation of oxidative stress and generates reactive oxygen species (ROS) within retinal
vascular endothelial cells [4,5]. The accumulation of ROS alters the homeostasis and enhances the
migration of retinal vascular endothelial cells, triggers cellular apoptosis, and increases vascular
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permeability and basement membrane leakage in the retina. These pathological changes may lead to
the breakdown of the BRB and DR development [6,7]. Therefore, suppressing oxidative stress could
inhibit apoptosis in retinal vascular endothelial cells and reduce the risk of DR progression.

Fenofibrate, a peroxisome proliferator-activated receptor type α (PPAR-α) agonist [8], is used
clinically to treat hypertriglyceridemia and hyperlipidemia. However, evidence from two large
randomized clinical trials, the Fenofibrate Intervention and Event Lowering in Diabetes (FIELD) and
Action to Control Cardiovascular Risk in Diabetes (ACCORD), has shown that fenofibrate significantly
prevents DR progression and reduces the use of laser treatment in DR [9,10]. In experimental
diabetic models, the expression of PPARα is significantly downregulated in retina [11]. In addition,
high glucose medium downregulates PPARα expression in retinal cells [11]. Moreover, over-expression
of inflammatory factors, retinal vascular leakage, and more severe DR are found in diabetic PPARα
knockout mice [11]. Fenofibrate exerts anti-inflammatory and anti-oxidative effects. Treatment of retinal
pigment epithelial cells with fenofibrate reduces high-glucose-induced ROS generation [12]. Fenofibrate
downregulated NF-κB, significantly inhibited the expressions of inflammatory mediators and reduced
the concentrations of oxidative products in a diabetic rat model [13]. Fenofibrate can significantly
reduce lipopolysaccharide (LPS)-induced ROS and increase endothelial nitric oxide (eNOS) levels in
human umbilical vein endothelial cells (HUVECs) [14]. Fenofibrate also decreases apoptosis in human
retinal endothelial cells and pericytes by activating the AMP-activated protein kinase (AMPK) pathway
and downregulating the NF-κB pathway, respectively [15,16]. PPAR-α over-expression or fenofibrate
treatment has also been shown to attenuate retinal vascular permeability in diabetic animals [11,17] and
may protect against BRB leakage through the down-regulation of basement membrane components [18].
Despite the persuasive results from these clinical and experimental studies, the mechanisms through
which fenofibrate protects the eye from DR remain elusive, and further studies are still required to
clarify the protective mechanisms of fenofibrate.

Thioredoxins (Trxs) are small proteins that are essential for embryonic development and could
protect cells against oxidative stress [19]. There are two main forms of Trx. Trx-1 exists in cytosol, acts as
a cofactor of peroxiredoxins (Prx), and plays a direct role in reducing oxidative stress [20,21]. Trx-2 exists
in mitochondria and plays an important role in the mitochondrial cellular apoptosis pathway [22,23].
Trxs are essential for life, and Trx gene deficiency is embryonic lethal [24,25]. Trxs are involved in
multiple redox-regulated signaling pathways. Trxs bind to apoptosis signal-regulated kinase-1 (Ask-1)
in the cytosol and mitochondria, thereby blocking the initiation of the cellular apoptotic process
and inhibiting c-Jun amino-terminal kinase (JNK/p38 mitogen-activated protein kinase [MAPK]) [26].
Furthermore, previous studies have shown that Trx is a PPAR-α target gene and that PPAR-α activation
induces the translocation of Trx to the nucleus and modulates Trx expression [27]. PPAR-α activator
significantly enhances the activation of the Trx promoter and increases Trx-1 expression in human
macrophages [28]. However, the role of Trxs against oxidative stress in retinal vascular endothelial
cells, as well as the mechanism through which fenofibrate modulates Trxs expression in DR have not
been reported.

In this study, we hypothesized that fenofibrate can counteract oxidative stress and attenuate
oxidative stress-induced cell apoptosis and death by modulating Trx expression in retinal vascular
endothelial cells. Paraquat (PQ) is a common stimulator to induce oxidative stress in in vitro and
in vivo studies about retinal degeneration [29–31]. Oxidative stress induced by PQ is thought to play an
important role in type 2 diabetes through the impairment of insulin action [32–34]. Therefore, we used
PQ as the inducer of oxidative stress to simulate the condition in DR. We used retinal/choroidal vascular
endothelial cell (RF/6A) cells as the cell model system. RF/6A cell line is a monkey choroidal–retinal
vascular endothelial cell line and has been widely used to study retinal vascular diseases and DR
previously [35–44]. The study was performed in two parts. First, we investigated the role of oxidative
stress in initiating apoptosis and evaluated the protective effects of fenofibrate. Second, we investigated
the modulatory effect of fenofibrate on Trx expression and analyzed the related apoptosis and stress
signaling pathways.
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2. Materials and Methods

2.1. Cell Culture and Fenofibrate Pretreatment

The RF/6A cell line is a monkey choroidal–retinal vascular endothelial cell line. RF/6A cells
were purchased from the American Type Culture Collection (Rockville, MD, USA). RF/6A cells were
maintained in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum, 4.5 mg/mL
glucose, 100 units/mL penicillin, and 100 μg/mL streptomycin (all from Thermo Fisher Scientific,
Waltham, MA, USA) in a 5% CO2 atmosphere at 37 ◦C. The cells were pretreated with different
concentrations of fenofibrate (CAS Number 49562-28-9, Sigma-Aldrich, St. Louis, MO, USA) before
exposure to PQ (Sigma-Aldrich, St. Louis, MO, USA).

2.2. Cell Viability Assay

The RF/6A cells were seeded at a density of 1 × 104 cells per well onto 96-well plates and incubated
at 37 ◦C. The cells were exposed to 0, 0.2, 0.4, 0.6, 0.8 and 1.0 mM PQ for 24 h. The cells in the fenofibrate
treated group were pretreated with 25, 50, 75 or 100 μM fenofibrate for 1 h prior to 24-h exposure of
1.0 mM PQ. 5 mg/mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, Chemicon,
Millipore, Burlington, MA, USA) was added to each well for 4 h. Then we removed the culture medium
supernatant, and formazan was dissolved with dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis,
MO, USA) for 30 min at room temperature. The absorbance (570 nm) was measured with a microplate
reader (Bio-Rad Laboratories, Hercules, CA, USA).

2.3. Analysis of Apoptosis by Flow Cytometry

The RF/6A cells were pretreated with 25, 50, 75 or 100 μM fenofibrate for 1 h prior to 1.0 mM PQ
exposure. The proportion of apoptotic RF/6A cells was determined at 24 h by flow cytometry using a
staining solution containing 5 μL of annexin-V-FITC and 5 μL of propidium iodide (PI) (Strong Biotech,
Taipei, Taiwan) in 250 μL of binding buffer. Cells were washed with PBS and centrifuged at 200 g for
5 min. Then we resuspended the cell pellet in 100 μL of staining solution and incubated for 10 min at
20 ◦C. Finally, 900 μL of binding buffer was added to the samples, and the samples were analyzed on a
FACScan cytometer (BD Bioscience, Franklin Lakes, NJ, USA).

2.4. Detection of Intracellular ROS

We measured intracellular ROS levels by 2′,7′-dichlorodihydrofluorescein diacetate (2′,7′-DCFDA,
Sigma-Aldrich, St. Louis, MO, USA) oxidation. The RF/6A cells were pretreated with 25, 50, 75 or
100 μM fenofibrate for 1 h prior to 24-h exposure of 1.0 mM PQ. RF/6A cells were then exposed to
10 μM 2′,7′-DCFDA for 10 min. The cells were analyzed by FACScan cytometer (BD Biosciences,
Franklin Lakes, NJ, USA) using the FL-1 channel (515–545 nm).

2.5. Quantitative Detection of ROS-Induced Cellular Oxidation

The RF/6A cells were pretreated with 25, 50, 75 or 100 μM fenofibrate for 1 h prior to 1.0 mM
PQ treatment. After 24-h PQ exposure, DNA oxidation, lipid peroxidation, and protein oxidation
levels were determined using an 8-hydroxydeoxyguanosine (8-OHdG) Check Kit (JaICA, Shizuoka,
Japan), a thiobarbituric acid reactive substances (TBARS) Assay Kit (Cayman Chemical, Ann Arbor,
MN, USA), and a Protein Carbonyl Colorimetric Assay Kit (Cayman Chemical, Ann Arbor, MN,
USA), respectively. Cellular DNA was extracted for 8-OHdG detection using a cellular genomic
DNA Extraction Kit (T-Pro Biotechenology, New Taipei County, Taiwan). Cellular homogenates were
prepared for TBARS or carbonyl colorimetric assays according to the manufacturer’s instructions.
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2.6. Determination of Mitochondrial Dysfunction

To detect the extent of mitochondrial dysfunction, we measured the mitochondrial membrane
potential of cells with JC-1 stain (Cayman Chemical, Ann Arbor, MN, USA). The RF/6A cells were
seeded at a density of 1 × 104 cells per well onto 96-well plates and incubated at 37 ◦C. We added
different concentrations of fenofibrate (25, 50, 75, 100 μM) to the cells exposed to 1.0 mM PQ. After a
24-h incubation, 50 μL of JC-1 staining solution buffer was added to 1 mL of culture medium, and the
plate was incubated at 37 ◦C for 15 min. The fluorescence signals for J-aggregates with Texas Red
(healthy cells, excitation/emission = 560/595 nm) and JC-1 monomers with FITC (apoptotic or unhealthy
cells, excitation/emission = 485/535 nm) were measured with a microplate reader (Bio-Rad Laboratories,
Hercules, CA, USA).

2.7. Preparation of RNA and cDNA

The RF/6A cells were incubated with 10 μM GW6471 (a PPAR-α antagonist, R&D systems,
Minneapolis, MN, USA) for 1 h. After removing GW6471, the cells were then pretreated with 50
or 100 μM fenofibrate for 1 h prior to 1.0 mM PQ treatment. After 24-h PQ exposure, we extracted
RNA from RF/6A cells with TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA). 1 μg of
total RNA was incubated with 300 ng of Oligo dT (Promega, Madison, WI, USA) for 5 min at 65 ◦C.
Samples were then reverse transcribed into cDNA using Moloney murine leukemia virus reverse
transcriptase (MMLV-RT; Thermo Fisher Scientific, Waltham, MA, USA) for 1 h at 37 ◦C. The reaction
was terminated by heating the samples for 5 min at 90 ◦C.

2.8. Analysis of mRNA Expression Levels

The resultant cDNA product was subjected to PCR using Prx, Trx-1, Trx-2, B-cell lymphoma 2
(Bcl-2), Bcl-xl, B-cell lymphoma 2-associated X protein (Bax), and β-actin primers. The amplification
was performed by thermocycler (MJ Research, Waltham, MA, USA). The 25 μL reaction mixture
was composed of 5 μL of cDNA, 200 μM of each deoxynucleotide (DTT), 1 μL of sense and
antisense primers, 1.25 U of GoTaq polymerase (Promega, Madison, WI, USA), and 5 μL of 10×
Taq polymerase buffer. PCR was performed at an annealing temperature of 56 ◦C with GoTaq
polymerase, cDNA, and the following primers: Prx: 5′-CTTCAGGAAATGCAAAAATTGGGCAT-3′
(forward), 5′-GAGTTTCTTAAATTC TTCTGCTCTA-3′ (reverse); Trx-1: 5′-CCCTTCTTTCA
TTCCCTCTGTG-3′ (forward), 5′-GAACTCCCCAACCTTTTGACC-3′ (reverse); Trx-2: 5′-CGTACAAT
GCTGGTGGTCTAAC-3′ (forward), 5′-GTCTTGAAAGTCAGGTCCATCC-3′ (reverse); Bcl-2:
5′-CTGGTGGACAACATCGCTCTG-3′ (forward), 5′-GGTCTGCTGACCTCACTTGTG-3′ (reverse);
Bcl-xl: 5′-CCCCAGAAGAAACTGAACCA-3′ (forward), 5′-AGTTTACCCCAT CCCGAAAG-3′
(reverse); Bax: 5′-TGGTTGCCCTTTTCTACTTTG-3′ (forward), 5′-GAAGTAGGAAAGGAGGCCA
TC-3′ (reverse); β-actin: 5′- CTGGAGAAGAGCTATGAGCTG-3′ (forward), 5′- AATCTCCTTCTGCAT
CCTGTC-3′ (reverse). The DNA fragments were amplified for 25–30 cycles (30 s at 94 ◦C; 1 min at
50–52 ◦C; and 1 min at 72 ◦C), followed by a 7 min extension step at 72 ◦C. The products were then
subjected to electrophoresis on a 1.5% agarose gel and analyzed by gel analyzer system. β-actin was
used as the internal control.

2.9. Protein Extractions and Western Blot Analysis

The RF/6A cells were incubated with 10 μM GW6471 for 1 h. After removing GW6471, the cells
were then pretreated with 50 or 100 μM fenofibrate for 1 h prior to 1.0 mM PQ exposure. After 24-h
or 1-h (for phospho-Ask1 and phospho-JNK) PQ exposure, we extracted proteins from RF/6A cells
with radioimmunoprecipitation assay (RIPA) lysis buffer, which contained 0.5 M Tris-HCl (pH 7.4),
2.5% deoxycholic acid, 10% NP-40, 1.5 M NaCl, 10 mM EDTA, and 10% protease inhibitors (Complete
Mini; Roche Diagnostics, Indianapolis, IN, USA). Mitochondrial proteins and cytosolic proteins were
isolated using a mitochondria isolation kit (Thermo Fisher Scientific, Waltham, MA, USA), following

220



Antioxidants 2020, 9, 712

the protocol description. For the western blot analysis, the protein samples were separated by a
10% sodium dodecyl sulfate (SDS)-polyacrylamide gel and then transferred to a polyvinylidene
difluoride (PVDF) membrane (Immobilon-P; Millipore, Burlington, MA, USA). The primary antibodies
used in the experiment were as follows: anti-PPAR-α (at a 1:500 dilution, Santa Cruz Biotechnology,
Dallas, TX, USA); anti-Prx-1 (at a 1:1000 dilution, Cell Signaling Technology, Danvers, MA, USA);
anti-Trx-1 (at a 1:500 dilution, Cell Signaling Technology, Danvers, MA, USA); anti-Ask-1 (at a 1:1000
dilution, Cell Signaling Technology, Danvers, MA, USA); anti-phospho-Ask1 (at a 1:2000 dilution, Bioss,
Woburn, MA, USA); anti-JNK (at a 1:3000 dilution, Cell Signaling Technology, Danvers, MA, USA);
anti-phospho-JNK (at a 1:3000 dilution, Cell Signaling Technology, Danvers, MA, USA); anti-Bcl-2
(at a 1:1000 dilution, Cell Signaling Technology, Danvers, MA, USA); anti-Bcl-xl (at a 1:500 dilution,
Cell Signaling Technology, Danvers, MA, USA); anti-Bax (at a 1:5000 dilution, Cell Signaling Technology,
Danvers, MA, USA); anti-cytochrome c (at a 1:1000 dilution, Abcam, Hong Kong, China); anti-VDAC1
(at a 1:5000 dilution, Abcam, Hong Kong, China); anti-Trx-2 (at a 1:2000 dilution, R&D System,
Minneapolis, MN, USA,); anti-apoptotic protease activating factor-1 (Apaf-1) (at a 1:1000 dilution,
Cell Signaling Technology, Danvers, MA, USA); anti-caspase-9 (at a 1:1000 dilution, Cell Signaling
Technology, Danvers, MA, USA); anti-caspase-7 (at a 1:1000 dilution, Cell Signaling Technology,
Danvers, MA, USA); anti- poly (ADP-ribose) polymerase-1 (PARP-1) (at a 1:1000 dilution, Abcam,
Hong Kong, China); and anti-β-actin (at a 1:5000 dilution, Bioss, Woburn, MA, USA). Immunodetections
were performed using enhanced chemiluminescence (Pierce Biotechnology, Waltham, MA, USA).
Protein levels were determined using densitometry analysis of the protein bands. Protein levels were
normalized to β-actin.

2.10. Caspase-3 Activity Assay

The RF/6A cells were incubated with 10 μM GW6471 for 1 h. After removing GW6471,
the cells were then pretreated with 50 or 100 μM fenofibrate for 1 h prior to 1.0 mM PQ exposure.
After 24 h PQ exposure, the caspase-3 activity of RF/6A cells was analyzed by the Caspase-3/CPP32
Colorimetric Assay Kit (BioVision, Milpitas, CA, USA). Assay procedures were performed following
the manufacturer’s instructions.

2.11. Statistical Analyses

The results are expressed as mean ± standard deviation. We used Mann–Whitney U-test to
compare the data between two groups. We used Kruskal–Wallis test with post hoc Dunn’s test
to compare the data among multiple different groups. P values of less than 0.05 were considered
statistically significant. Statistical analysis was performed using SPSS (version 17.0, SPSS, Chicago,
IL, USA).

3. Results

3.1. Fenofibrate Treatment Decreased PQ-Induced RF/6A Cell Death

MTT assay was used to evaluate cell viability. After exposure to several concentrations of PQ
for 24 h, the viability of RF/6A cells reduced to 88%, 77%, and 60% at PQ concentrations of 0.6 mM,
0.8 mM, and 1.0 mM, respectively (Figure 1a). Viability decreased substantially after exposure to
1.0 mM PQ. Therefore, we chose 1.0 mM as the concentration of PQ in the following experiments.
When the cells were pretreated with fenofibrate and then exposed to 1.0 mM PQ, the survival rate
increased in a dose-dependent manner (from 65% in only PQ-stimulated group to 83% at 100 μM
fenofibrate) (Figure 1b).
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Figure 1. Effects of fenofibrate on cell viability in paraquat (PQ)-stimulated RF/6A cells assessed using
MTT assay. (a) Cell viability after exposure to different concentrations of PQ for 24 h. (** p < 0.01
among the control group and 0.6, 0.8, and 1.0 mM PQ-stimulated groups using Kruskal–Wallis test
with post hoc Dunn’s test; n = 6 in each group) (b) Cell viability in PQ-stimulated RF/6A cells with
fenofibrate pre-treatment. RF/6A cells were pretreated with different concentration of fenofibrate for 1 h,
then exposed to 1.0 mM PQ for 24 h. (** p < 0.01 between the control group and 1.0 mM PQ-stimulated
group using Mann–Whitney U-test; # p < 0.05, ## p < 0.01 compared to only 1.0 mM PQ-stimulated
group using Kruskal–Wallis test with post hoc Dunn’s test; n = 6 in each group).

3.2. Fenofibrate Treatment Suppressed PQ-Induced Apoptosis in RF/6A Cells

We investigated the effects of fenofibrate on PQ-stimulated cell apoptosis by flow cytometry.
After exposure to 1.0 mM PQ, the level of cell apoptosis was significantly increased compared to that
in the control group. Prior treatment with fenofibrate before PQ stimulation protected RF/6A cells and
dose-dependently decreased the levels of cell apoptosis (Figure 2).

Figure 2. Effects of fenofibrate on apoptosis in paraquat (PQ)-stimulated RF/6A cells assessed by flow
cytometry. (a) RF/6A cells were pretreated with different concentrations of fenofibrate for 1 h and
then exposed to 1.0 mM PQ for 24 h. The x-axis and y-axis represent annexin V-FITC and propidium
iodide (PI) staining, respectively. PQ: 1.0 mM PQ; F25: 1.0 mM PQ with 25 μM fenofibrate; F50: 1.0 mM
PQ with 50 μM fenofibrate; F75: 1.0 mM PQ with 75 μM fenofibrate; F100: 1.0 mM PQ with 100 μM
fenofibrate. (b) Percentage of apoptotic cells treated with different concentrations of fenofibrate.
(** p < 0.01 between the control group and 1.0 mM PQ-stimulated group using Mann–Whitney U-test;
# p < 0.05, ## p < 0.01 compared to only 1.0 mM PQ-stimulated group using Kruskal–Wallis test with
post hoc Dunn’s test; n = 3 in each group).
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3.3. Fenofibrate Treatment Suppressed PQ-Induced ROS, 8-OHdG, Malondialdehyde, and Protein Carbonyl
Content Production in RF/6A Cells

PQ stimulation can induce oxidative stress by overproducing ROS in RF/6A cells. PQ stimulation
led to an increased ROS production, which was reduced by pretreatment with fenofibrate (Figure 3a,b).
To further investigate the effects of fenofibrate on oxidative stress, the levels of 8-OHdG (oxidative
DNA adduct), malondialdehyde (MDA, lipid peroxidation product), and protein carbonyl content
(protein oxidative marker) were evaluated. The levels of 8-OHdG, MDA and protein carbonyl content
were significantly increased after exposure to PQ. The levels of 8-OHdG and MDA decreased with
fenofibrate pretreatment in a dose-dependent manner (Figure 3c,d). The levels of protein carbonyl
content were reduced with higher concentration of fenofibrate (75 and 100 μM) (Figure 3e).

Figure 3. Effects of fenofibrate on reactive oxygen species (ROS) production and oxidative
stress indicators in paraquat (PQ)-stimulated RF/6A cells assessed by flow cytometry. RF/6A cells
were pretreated with different concentration of fenofibrate for 1 h, then exposed to 1 mM PQ
for 24 h. (a) PQ-induced ROS production under fenofibrate treatment. The x-axis represents
2′,7′-dichlorodihydrofluorescein diacetate (2′,7′-DCFDA) staining, and the Y-axis represents cell
numbers. PQ: 1 mM PQ; F25: 1 mM PQ with 25 μM fenofibrate; F50: 1 mM PQ with 50 μM fenofibrate;
F75: 1 mM PQ with 75μM fenofibrate; F100: 1 mM PQ with 100μM fenofibrate. Dose-dependent effect of
fenofibrate treatment on (b) ROS production; (c) the expression of 8-hydroxydeoxyguanosine (8-OHdG),
a DNA oxidation indicator; (d) the expression of malondialdehyde (MDA), a lipid peroxidation
indicator; (e) the expression of protein carbonyl content, a protein oxidation indicator. (** p < 0.01
between the control group and 1 mM PQ-stimulated group using Mann–Whitney U-test; # p < 0.05,
## p < 0.01 compared to only 1 mM PQ-stimulated group using Kruskal–Wallis test with post hoc
Dunn’s test; n = 3 in each group).

3.4. Fenofibrate Treatment Diminished Mitochondrial Damage in PQ-Induced RF/6A Cell

To determine whether fenofibrate can protect mitochondrial function, the extent of mitochondrial
damage was analyzed using a JC-1 assay. JC-1 spontaneously formed J-aggregates in healthy cells.
Our results showed that PQ stimulation significantly decreased the ratio of J-aggregates compared to
that in control group. Fenofibrate treatment dose-dependently increased the expression of J-aggregates
in RF/6A cells (Figure 4a). JC-1 remained in the monomeric form in apoptotic or unhealthy cells.
After PQ exposure, the expression of JC-1 monomers had a 1.58-fold increase compared to that in control
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group. Fenofibrate treatment decreased the expression of JC-1 monomers in a dose-dependent manner
(Figure 4b). The fluorescence signal revealed a high level of JC-1 monomers (FITC) in PQ-stimulated
cells; conversely, a high level of J-aggregates (Texas Red) was detected in the control group. Fenofibrate
pretreatment decreased the level of JC-1 monomers and increased the level of J-aggregates in a
dose-dependent manner (Figure 4c).

Figure 4. Effects of fenofibrate on mitochondrial damage in RF/6A cells assessed by JC-1 staining. RF/6A
cells were pretreated with different concentrations of fenofibrate for 1 h, then exposed to 1 mM paraquat
(PQ) for 24 h. Dose-dependent effect of fenofibrate treatment on (a) the expression of J-aggregates in
PQ-stimulated RF/6A cells, and (b) JC-1 monomers in PQ-stimulated RF/6A cells. (** p < 0.01 between
the control group and 1 mM PQ-stimulated group using Mann–Whitney U-test; # p < 0.05, ## p < 0.01
compared to only 1 mM PQ-stimulated group using Kruskal–Wallis test with post hoc Dunn’s test;
n = 4 in each group) PQ: 1 mM PQ; F25: 1 mM PQ with 25 μM fenofibrate; F50: 1 mM PQ with
50 μM fenofibrate; F75: 1 mM PQ with 75 μM fenofibrate; F100: 1 mM PQ with 100 μM fenofibrate.
(c) Fluorescence microscopy images showing the expression of JC-1 monomers (FITC) and J-aggregates
(Texas Red).
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3.5. Effects of Fenofibrate on PQ-Induced Oxidative Stress-Related mRNA Levels in RF/6A Cells

The mRNA levels of Prx, Trx-1, Trx-2, Bcl-2, Bcl-xl, and Bax were determined using
semi-quantitative PCR analysis (Figure 5). Compared to those of the control group, the expression
levels of Prx, Trx-1, Trx-2, Bcl-2, and Bcl-xl mRNA were significantly lower in the PQ-stimulated
group. Fenofibrate treatment significantly enhanced the expression of Prx, Trx-1, Bcl-2, and Bcl-xl
mRNA levels in a dose-dependent manner (Figure 5a–e). However, the increase of Trx-1 expression
was not concentration-dependent (Figure 5c). The mRNA level of Bax was significantly higher in the
PQ-stimulated group than that in control group. Only high-dose fenofibrate reduced Bax mRNA level
(Figure 5f). To further confirm the effects of fenofibrate, a PPAR-α antagonist, GW6471, was added to
the medium before fenofibrate treatment. The results revealed that 10 μM GW6471 could attenuate the
effect of fenofibrate on Prx, Trx-1, Trx-2, Bcl-2, Bcl-xl, and Bax mRNA expression (Figure 5a–f).

Figure 5. mRNA expression of peroxiredoxin (Prx), thioredoxin-1 (Trx-1), Trx-2, B-cell lymphoma
2 (Bcl-2), Bcl-xl, and B-cell lymphoma 2-associated X protein (Bax) in RF/6A cells detected using
semi-quantitative PCR. RF/6A cells were pretreated with a high or low dose of fenofibrate or 1 h,
then stimulated with 1 mM paraquat (PQ) for 24 h. In GW6471 (GW) treated groups, the cells were
incubated with 10 μM GW6471 for 1 h before fenofibrate treatment. (a) Relative expression of Prx.
(b) Relative expression of Trx-1. (c) Relative expression of Trx-2. (d) Relative expression of Bcl-2.
(e) Relative expression of Bcl-xl. (f) Relative expression of Bax. (* p < 0.05, ** p < 0.01 between the control
group and 1 mM PQ-stimulated group using Mann–Whitney U-test; # p < 0.05, ## p < 0.01 compared
to only 1 mM PQ-stimulated group using Kruskal–Wallis test with post hoc Dunn’s test; † p < 0.05,
†† p < 0.01 between GW6471 treated group and fenofibrate treated group (the same concentration of
fenofibrate) using Mann–Whitney U-test; n = 3 in each group; β-actin was used as an internal control.).

3.6. Effects of Fenofibrate on PQ-Induced Apoptosis and Stress-Signaling Pathway-Related Proteins in
RF/6A Cells

We evaluated the effects of fenofibrate on PQ-induced apoptosis and stress-signaling pathway-related
proteins in RF/6A cells. PQ stimulation decreased the expression of PPAR-α, Prx, Bcl-2, and Bcl-xl
compared to that of the control group. The expression of PPAR-α, Prx, Bcl-2, and Bcl-xl increased
with fenofibrate pretreatment. The expression of p-JNK and Bax increased after PQ exposure and
was suppressed by fenofibrate pretreatment. The effects of fenofibrate were partially counteracted by
10 μM of GW6471 (Figure 6).

We then assessed protein expression in mitochondria and cytosol. In mitochondria, PQ stimulation
enhanced p-Ask-1 expression but reduced cytochrome c and Trx-2 expression compared to that of the
control group. Fenofibrate treatment enhanced cytochrome c and Trx-2 expression and suppressed
p-Ask-1 expression. Stimulation of PQ facilitated cytochrome c release from the mitochondria into
cytosol, and fenofibrate treatment inhibited the release of cytochrome c. In addition, PQ stimulation
enhanced p-Ask-1 expression but reduced Trx-1 expression in cytosol. Fenofibrate treatment enhanced
Trx-1 expression and suppressed p-Ask-1 expression in cytosol. The effects of fenofibrate were also
partially counteracted by 10 μM of GW6471 (Figure 7).
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Figure 6. Effects of fenofibrate on the expression of paraquat (PQ)-induced apoptosis and stress-signaling
pathway-related proteins assessed by western blot analysis. RF/6A cells were pretreated with a high or
low dose of fenofibrate for 1 h, then exposed to 1 mM PQ for 1 h (for phospho-c-Jun amino-terminal
kinase (p-JNK)) or 24 h. In GW6471 (GW) treated groups, the cells were incubated with 10 μM
GW6471 for 1 h before fenofibrate treatment. The expression levels of peroxisome proliferator-activated
receptor type α (PPAR-α), peroxiredoxin (Prx), p-JNK, JNK, B-cell lymphoma 2 (Bcl-2), Bcl-xl, and B-cell
lymphoma 2-associated X protein (Bax) are shown and the fold changes compared to those in control
group are presented under the protein bands. β-actin was used as an internal control.

Figure 7. Effects of fenofibrate on the expression of paraquat (PQ)-induced thioredoxins (Trxs), apoptosis
signal-regulated kinase-1 (Ask-1), and cytochrome c assessed by western blot analysis. RF/6A cells
were pretreated with a high or low dose of fenofibrate for 1 h, then exposed to 1 mM PQ for 1 h
(for phospho-Ask-1 (p-Ask-1)) or 24 h. In GW6471 (GW) treated groups, the cells were incubated with
10 μM GW6471 for 1 h before fenofibrate treatment. Mitochondrial proteins and cytosolic proteins
were isolated and analyzed separately. The expression levels of mitochondrial Trx-2, Ask-1, p-Ask-1,
and cytochrome c and cytosolic Trx-1, Ask-1, p-Ask-1, and cytochrome c are shown, and the fold
changes compared to those in control group are presented under the protein bands. In cytosol, β-actin
was used as an internal control. In mitochondria, VDAC-1 was used as an internal control.
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PQ stimulation enhanced the expression of Apaf-1, cleaved caspase-9, and caspase-7 compared
to that in control group, and the expression levels of these proteins were suppressed by fenofibrate
treatment. The effects of fenofibrate were partially counteracted by 10 μM of GW6471. PARP-1 was
cleaved in PQ-stimulated cells, and the level of cleavage form of PARP-1 was diminished by fenofibrate
treatment (Figure 8a). We also assessed the activity of caspase-3 and the results demonstrated that
PQ stimulation significantly increased caspase-3 activity. The activity of caspase-3 was inhibited
by fenofibrate treatment in a dose-dependent manner. The effects of fenofibrate were also partially
counteracted by the addition of 10 μM GW6471 (Figure 8b).

Figure 8. Effects of fenofibrate on the expression of paraquat (PQ)-induced apoptosis-related proteins
assessed by western blot analysis. RF/6A cells were pretreated with a high or low dose of fenofibrate
for 1 h, then exposed to 1 mM PQ for 24 h. In GW6471 (GW) treated groups, the cells were incubated
with 10 μM GW6471 for 1 h before fenofibrate treatment. (a) The expression levels of anti-apoptotic
protease activating factor-1 (Apaf-1), cleaved caspase-9, caspase-7, and poly (ADP-ribose) polymerase-1
(PARP-1) are shown. The fold changes compared to those in control group are presented under the
protein bands. β-actin was used as an internal control. (b) Caspase-3 activity. (** p < 0.01 between
the control group and 1 mM PQ-stimulated group using Mann–Whitney U-test; # p < 0.05, ## p < 0.01
compared to only 1 mM PQ-stimulated group using Kruskal–Wallis test with post hoc Dunn’s test;
† p < 0.05 between GW6471 treated group and fenofibrate treated group (the same concentration of
fenofibrate) using Mann–Whitney U-test; n = 3 in each group.).

4. Discussion

In the present study, we demonstrated the protective effects of fenofibrate on RF/6A cells under
oxidative stress. Fenofibrate inhibited ROS accumulation, mitochondrial dysfunction, and modulated
the apoptosis and stress signaling pathway in oxidative stress-induced RF/6A cells.

Increasing evidence supports the idea that oxidative stress plays an important role in the pathogenesis
of DR. PPAR-α is a regulator of inflammation and oxidative stress that induces the activation of
antioxidant enzymes [45–47]. Evidence suggests that fenofibrate may modulate anti-oxidant pathways.
For example, fenofibrate inhibits the production of ROS in streptozotocin-induced diabetic rats and
reduces nephropathy development [48]. In the present study, the mRNA expression of anti-oxidant
enzymes Prx, Trx1, and Trx-2 decreased in PQ-stimulated RF/6A cells, whereas the mRNA levels of these
enzymes increased after fenofibrate treatment. This finding indicated that fenofibrate may induce the
expression of anti-oxidant proteins and protect cells from oxidative stress. Endothelial cell apoptosis has
been linked to oxidative damage through the production of 8-OHdG, nitrotyrosine, and MDA [49,50].
In the present study, the results showed that fenofibrate suppressed MDA production and protected
vascular endothelial cells from lipid peroxidation. We also observed that fenofibrate suppressed
8-OHdG adduct formation but only inhibited protein oxidation at higher concentrations. Previous
studies have also revealed that fenofibrate could suppress MDA production in rat models for low-density
lipoprotein-induced endothelial dysfunction and Parkinson’s disease [51,52]. Taken together, the results
from the present study suggested that fenofibrate could induce the expression of anti-oxidant enzymes,
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reduce the production of ROS and decrease the generation of oxidant products, thus protecting
endothelial cells from oxidative stress-induced damage.

Mitochondria are a major source of oxidative stress in DR because oxidative stress in the inner
membrane leads to imbalance in the electron transport chain and generates superoxide and hydrogen
peroxide, thereby damaging the membrane proteins. Furthermore, mitochondrial dysfunction activates
the apoptosis-related signaling pathway [53]. Fenofibrate has been reported to decrease apoptosis in
high-glucose-stimulated microvascular endothelial cells [54] and decrease the apoptotic rate of the
ganglion cells in the mouse model for type 2 diabetes [55]. In the present study, we observed that
fenofibrate reduced the apoptotic rate and could preserve mitochondrial function in PQ-stimulated
RF/6A cells. Our findings suggested that fenofibrate could inhibit cell death and DR progression by
preventing mitochondrial dysfunction.

Trxs belong to a group of small redox proteins that can be found in most cells. The anti-oxidative
activity of Trxs is indispensable for cells [56]. Trxs exert most anti-oxidant properties in cells through
thioredoxin peroxidase [18]. Niso-Santano et al. observed that PQ induces the phosphorylation of
Ask-1 and suppress Trx expression in SH-SY5Y cells (human neuroblastoma cells) [57]. Trx-1 levels
are also reduced in mycophenolic acid-induced apoptosis in pancreatic β-cells [58]. Fiuza et al.
demonstrated that the protective effects of diphenyl diselenide on endothelial cells against oxidative
stress are through the expression of different isoforms of Prx [59]. In our study, we found that the
mRNA and protein expression of Prx, Trx-1, and Trx-2 decreased, and phosphorylated Ask-1 increased
in PQ-stimulated RF/6A cells. In addition, thioredoxin-interacting protein (TRXIP) was reported to be
significantly up-regulated in DR. TRXIP may interact with Trx, block its anti-oxidant activity, and then
cause mitochondrial dysfunction and inflammation in DR [60,61]. The expression of Trx increased
after fenofibrate treatment in our experiments. Our results were consistent with that of the study
conducted by Billiet et al., in which PPAR-α activation induced Trx-1 expression [28]. The addition of
PPAR-α antagonist could attenuate but not completely abolish the effects of fenofibrate, indicating that
the effects of fenofibrate were not all PPAR-α dependent. In summary, our study suggested that the
anti-oxidative activity and anti-apoptotic effects of fenofibrate could be attributed to the increase of Trx
expression and the inhibition of Ask-1 phosphorylation.

We then investigated the effects of fenofibrate on the regulation of Trx-related signaling pathways.
Trx binds to Ask-1 in the mitochondria and cytosol, thereby blocking the initiation of the cellular apoptotic
process and inhibiting the activation of JNK/p38 MAP kinase [26]. In the cytosol, Ask-1 is required for the
activation of JNK/p38 MAP kinases. Bcl-2 and Bcl-xl are known to regulate mitochondrial dynamics
and play essential roles in anti-apoptosis; however, Bax promotes apoptosis [62,63]. JNK/p38 MAP
kinase also regulates mitochondrial-mediated apoptosis [64] and facilitates the release of mitochondrial
cytochrome c to the cytosol. Our study revealed that p-JNK and Bax expression were elevated
in PQ-stimulated RF/6A cells and fenofibrate treatment suppressed their expression. Conversely,
the expression of Bcl-2 and Bcl-xl increased after fenofibrate treatment. In mitochondria, Trx-2 inhibits
Ask-1-mediated apoptosis, which in turn causes the inhibition of cytochrome c release to the cytosol [65].
Our findings showed that pretreatment of fenofibrate in PQ-stimulated cells increased Trx-2 expression,
decreased the formation of p-Ask-1 and inhibited cytochrome c release. Cytochrome c release is an
initiator of the main apoptotic pathway [66]. When cytochrome c is released from the mitochondria to
cytosol, it binds to Apaf-1 and activates an apoptosis-related caspase cascade, consequently inducing
PARP-1 cleavage leading to apoptosis [67]. We observed that fenofibrate treatment reduced the levels of
cytosolic cytochrome c and the related caspase cascade in PQ-stimulated cells. In summary, our results
indicated that fenofibrate could protect against oxidative stress-induced retinal/choroidal endothelial
cell apoptosis by enhancing Trx-1 and Trx-2 expression, thereby suppressing Ask-1 activity, which in
turn inhibits the activation of the subsequent apoptotic signaling pathways.

Our study has some limitations. It is an in vitro analysis, and the protective effects of fenofibrate
and the underlying mechanisms need to be demonstrated with animal models. However, two large
randomized controlled trials (FIELD and ACCORD study) have shown significant benefits of fenofibrate
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in patients with DR. Our results supported the assertion that fenofibrate can slow the progression of
DR by modulating apoptosis- and stress-related signaling pathways.

5. Conclusions

Our study demonstrated that fenofibrate inhibited ROS accumulation, diminished mitochondrial
dysfunction, as well as modulating several apoptotic and survival signal pathways in oxidative
stress-induced RF/6A cells. The mechanism of action could be through enhancing Trxs expression
and suppressing Ask-1 activity, which in turn inhibited the subsequent apoptotic signaling pathways.
The anti-oxidative and anti-apoptotic beneficial effects of fenofibrate identified in this study may
provide new insights into the design of therapeutic strategies concerning the imbalance between
pro-apoptotic and survival pathways induced by oxidative stress in DR.
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Abstract: Retinal pigment epithelium (RPE) is a key regulator of retinal function and is directly
related to the transport, delivery, and metabolism of long-chain n-3 polyunsaturated fatty acids
(n3-PUFA), in the retina. Due to their functions and location, RPE cells are constantly exposed to
oxidative stress. Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) have shown to
have antioxidant effects by different mechanisms. For this reason, we designed an in vitro study
to compare 10 formulations of DHA and EPA supplements from different origins and combined
in different proportions, evaluating their effect on cell viability, cell proliferation, reactive oxygen
species production, and cell migration using ARPE-19 cells. Furthermore, we assessed their ability
to rescue RPE cells from the oxidative conditions seen in diabetic retinopathy. Our results showed
that the different formulations of n3-PUFAs have a beneficial effect on cell viability and proliferation
and are able to restore oxidative induced RPE damage. We observed that the n3-PUFA provided
different results alone or combined in the same supplement. When combined, the best results were
obtained in formulations that included a higher proportion of EPA than DHA. Moreover, n3-PUFA in
the form of ethyl-esters had a worse performance when compared with triglycerides or phospholipid
based formulations.

Keywords: eicosapentaenoic acid (EPA); docosahexaenoic acid (DHA); oxidative stress; diabetic
retinopathy; retinal pigment epithelium

1. Introduction

Diabetes mellitus (DM) epidemic is a global public health problem and the leading cause of
preventable blindness in the working-age population [1]. The International Diabetes Federation, in 2019,
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stated that DM affected an estimated 425 million adults worldwide and this number is likely to increase
over the next few years due to urbanization, increased obesity prevalence, and sedentary lifestyles.
According to epidemiologic predictions 1 in 10 adults across the globe, will live with diabetes by 2045 [2].
The physiopathology of DR is complex and several interconnecting biochemical pathways have been
proposed as contributors in its development. These include the polyol pathway [3], non-enzymatic
glycation [4], activation of protein kinase C (PKC) [5], oxidative stress [6–10], and inflammation through
proinflammatory cytokines, chemokines, and other inflammatory mediators [11,12]. Among these,
oxidative stress and inflammation are major causal factors involved in the endothelial dysfunction of
the retina microvasculature that occurs in DR [6–10]. In addition, this chronic low-grade inflammation
could finally lead to neovascularization [13]. While improvements in treatment have reduced the
macro and microvascular complications of the disease, the increasing number of diabetic patients
combined with the extended life expectancy means that more patients will live long enough to develop
DR. In fact, it is expected that the number of people with DR will grow from 126.6 million in 2010 to
191.0 million by 2030 [14].

Metabolic abnormalities of diabetes cause mitochondrial superoxide overproduction [15]. This is
the central and major mediator of diabetes endothelial dysfunction and tissue damage, with several
pathways involved in the pathogenesis: Polyol pathway, increased formation of advanced glycation
end-products (AGEs), increased expression of the receptor for AGEs and its activating ligands,
activation of protein kinase C (PKC) isoforms, and overactivity of the hexosamine pathway [15].

According to the above, long-chain n-3 polyunsaturated fatty acids (n3-PUFA), including eicosapentaenoic
acid (EPA), and docosahexaenoic acid (DHA) have been studied as an alternative therapy for retinal
diseases due to their pleiotropic effects including anti-inflammatory, antioxidant, antiproliferative,
and antiangiogenic properties. They are essential fatty acids in the human diet that exert
anti-inflammatory and antioxidant effects by binding cell membrane receptors to affect downstream
mediators and alter gene expression [16]. DHA is a major structural lipid in the sensory and vascular
retina. In fact, the highest body concentrations of DHA per unit weight are found in phospholipids of
retinal photoreceptor outer segments. Retinal pigmented epithelium (RPE) is a polarized epithelial
monolayer known to synthesize DHA [17]. Moreover, the RPE plays an important role in regulation
and delivery of DHA from the plasma to the photoreceptors [18]. EPA is converted intracellularly to
DHA at low basal levels, yet exogenous EPA supplementation does not increase DHA levels in human
plasma [19]. Rather than rapidly converting to DHA, EPA seems to have a clinically relevant biological
activity itself, distinct from that of DHA [20–22].

Several clinical trials have demonstrated the beneficial effects of the administration of n3-PUFA
in the development of DR. J. Howard-Williams et al. found that poorly controlled patients with
low levels of n3-PUFA intake had a significantly greater frequency of retinopathy [23]. Similarly,
a reduced severity of DR in well-controlled diabetes patients was observed with increasing n3-PUFA
intake [24]. The primary prevention of cardiovascular disease with a Mediterranean diet (PREDIMED)
demonstrated that participants taking at least 500 mg/day of long-chain v-3 PUFAs, showed a 48%
relatively reduced risk of incident sight-threatening DR compared with those not fulfilling this
recommendation [25]. Moreover, the addition of DHA supplement to intravitreal ranibizumab was
effective to achieve better sustained improvement of central subfield macular thickness compared with
ranibizumab alone [26].

In diabetic animal models, the ability of n3-PUFAs, especially EPA and DHA, to suppress IL-6,
TNF-a, ICAM-1, MCP-1, and VEGF production has been demonstrated, as well as the reduction
of free radical generation and the restoration of antioxidant homeostasis [27–30]. According to the
conclusions of a study conducted by Mahmoudabadi and Rahbar [31], the administration of EPA
increases several endogenous antioxidant enzymes, namely superoxide dismutase and glutathione
peroxidase, while simultaneously decreasing the levels of malondialdehyde, a classical biomarker of
oxidative stress, in type II diabetic patients.
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Despite their similarities in their nutritional sources and most of their biological actions, the type
of n3-PUFA formulation seems to matter in treating different diseases. DHA is associated with
decreased Alzheimer disease risk in humans [32]. Conversely, EPA has a more therapeutic effect in
treating depression [19–21] while cardiovascular outcomes have been shown to improve after the
intake of combined EPA and DHA supplements [33]. Nevertheless, it should be noted that many
of the observational studies published in DR only supplement one type of n3-PUFA (EPA or DHA),
while some of them did not measure the type of omega 3 consumed, but rather frequency of fish oil
consumption. In addition, the efficacy of the use of different formulations of DHA and EPA have not
been studied to date. Currently, the primary dietary source of these fatty acids is fish oil; however,
since the global consumption cannot be satisfied due to the increasing demand, alternative sources
such as microalgae have emerged [34,35].

Given this lack of evidence, we designed an in vitro study to compare 10 formulations of DHA
and EPA supplements from different origins, and assess their safety profile and their ability to rescue
retinal pigment epithelium (RPE) cells from the oxidative and inflammatory conditions seen in the DR.

2. Materials and Methods

2.1. Cell Culture

ARPE-19, obtained from the American Type Culture Collection (CRL-2302, ATCC®, Manassas,
VA, USA), were grown to confluence in a standard incubator at 37 ◦C in humidified 5% CO2 condition
in a DMEM/F12 medium (1:1) (Sigma-Aldrich, St. Louis, MO, USA) containing 10% fetal bovine serum
(FBS; Sigma-Aldrich, St. Louis, MO, USA), 1% fungizone, and L-glutamine penicillin-streptomycin
(Sigma-Aldrich, St. Louis, MO, USA). Cells were passaged every 3–4 days with 0.25% Trypsin-EDTA
(Invitrogen, Carlsbad, CA, USA). For all assays, cells were grown to 100% confluence with the exception
of BrdU, which requires non-confluent cells grown for 1–2 days.

2.2. Omega-3 Supplementation

Fatty acids (FA) were conjugated to albumin to solubilize them and to replicate the in vivo
environment. Cells were seeded with a lipid-free bovine serum albumin (BSA) media in a 2:1
FA/BSA ratio.

Ten different omega-3 supplements were tested grouped in three parts as shown in Table 1: I:
EPA and DHA, separately; II: EPA and DHA combined in different proportions and in the form of
ethyl esters (EE) or triglycerides (TG); III: DHA-TG combined with DHA phospholipids (PL) from
different origins (marine or vegetable). All the supplements were provided by Théa Laboratories
(Clermont-Ferrand, France). Details of the composition of each formulation and identification of
groups are displayed in Table 1.

2.3. Immunofluorescence Detection of Zonula Occludens

The effect of all FA groups on the integrity of the epithelial tight junctions was determined
by ZO-1 immunofluorescence to determine if any formulations compromised these intercellular
unions. One hundred thousand ARPE-19 cells were seeded onto polycarbonate inserts (Corning®

Transwell®, Phoenix, AR, USA,) and kept in a culture with 1% DMEM for four weeks to allow epithelial
polarization. Supplements were then added to ARPE-19 cells, which were fixed in cold methanol
after 24 h. After three washes with 1% PBS, cells were submerged in 1% PBS-BSA for 20 min to
block non-specific bonds before incubation with the polyclonal ZO-1 anti-rabbit antibody (1:100;
Life Technologies, Gaithersburg, MD, USA) in 1% PBS-BSA at 4 ◦C for 24 h. The cells were washed
with 1% PBS (three times of 5 min) and incubated with the secondary antibody goat anti-rabbit Alexa
Fluor® 488 (1:250; A11008 Invitrogen, Thermo Fisher, Madrid, Spain) in 1% PBS-BSA for 1 h in the
dark at room temperature. TOPRO-3 was used for nuclear staining. Membranes were cut from the
transwell insert with a scalpel and placed on a microscope slide and mounted with PBS-Glycerol
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1:1. Images were captured in the Z-stack mode with a laser scanning confocal imaging system (Zeiss
LSM-510 Meta, Oberkochen, Germany) using a 40× objective.

Table 1. Composition of the different groups of n3-PUFA (long-chain n-3 polyunsaturated fatty acids)
supplements. All fatty acids (FA) are presented as a percentage of n3-PUFA, the remaining percentage
in each group consisted of a non n3-PUFA diluent. EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic
acid; TG: Triglycerides; EE: Ethylesters; PL: Phospholipids.

n3-PUFA Supplement ID Composition

I
DHA 80% DHA (TG)

EPA 80% EPA (TG)

II

EPA/DHA 40/20 TG 40% EPA: 20% DHA (TG)

EPA/DHA 20/40 TG 20% EPA: 40% DHA (TG)

EPA/DHA 40/20 EE 40% EPA: 20% DHA (EE)

III

DHA 97/3V 97% DHA (TG): 3% DHA (PL, vegetable)

DHA 95/5V 95% DHA (TG): 5% DHA (PL, vegetable)

DHA 97/3M 97% DHA (TG): 3% DHA (PL, marine)

DHA 97/3 VM 1.5 97% DHA (TG): 3% DHA (PL, 1.5% vegetable + 1.5% marine)

DHA 95/5 VM 2.5 95% DHA (TG): 5% DHA (PL, 2.5% vegetable + 1.5% marine)

2.4. Cellular Viability and Proliferation Assays

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reduction assay was
used to determine cellular viability. Experiments were carried out on 96-well plates seeded with 10,000
ARPE-19 cells per well. Once cells were confluent, a culture medium was changed to 1% FBS and
maintained for two days. At this point, cells were exposed to 100 μM of each supplement. After 96 h,
cell viability was analyzed using the CellTiter 96® AQueous One Solution Cell Proliferation Assay
(Promega, Madison, WI, USA), following the manufacturer’s instructions. At 77 h MTT absorbance
was determined at 450 and 540 nm with a Sunrise-basic Microplate reader (Tecan, Austria).

To assess the effect of the different formulations under oxidative stress conditions, at 72 h some
cells were additionally exposed to 800 uM H2O2.

Cell proliferation was quantified by BrdU incorporation into the ARPE-19 genome using the
Calbiochem® BrdU Cell Proliferation Assay (Calbiochem, La Jolla, CA, USA). Between 10,000 to 20,000
cells were seeded onto 96-well plates. After 24 h, 50 μM of the 10 supplements were added to the
cells. BrdU was performed 48 h later, according to the manufacturer’s protocol. Some cells were also
challenged with H2O2 (as described above).

2.5. Reactive Oxygen Species (ROS) Detection

To measure the production of reactive oxygen species (ROS) generated by the n3-PUFA, the DCF
(2′,7′-dichlorofluorescein) (H2DCFDA) test was used. Upon being oxidized, DCF emits fluorescent
light at a wavelength of 540 nm when excited at 480 nm. The emitted fluorescence is captured and
quantified by fluorometry. Once ARPE-19 cells reached confluence, a 10% FBS culture medium was
replaced by 1% FBS medium for 24 h. Next, cells were exposed to the different supplements during
24 h. Apigenine was used as a positive control. Following this incubation, H2DCFDA was added to
the medium for 30 min; cells were then harvested from the wells and transferred into a black 96-well
plate to measure the emitted fluorescence.

2.6. Caspase-3 Immunofluorescence (IF)

The protein caspase-3 is an essential mediator of the activation of the apoptotic signaling cascade.
To detect if the omega-3 formulations activated cell death by apoptosis, this early apoptotic mediator

236



Antioxidants 2020, 9, 828

was visualized by confocal immunofluorescence microscopy. For these experiments, 50,000 ARPE-19
cells were cultured on 1 cm diameter cover slips (CB 100RA1, Menzel-Gläser, Braunschweig, Germany)
until confluence. Then, cells were treated with a supplement for 24 h and subjected to 800 μM H2O2 for
3 h to activate the caspase-mediated apoptotic cascade (positive control). At the end of the experiment,
glass coverslips were fixed and permeabilized in cold methanol. Afterwards, coverslips were washed
with 1% PBS and submerged in 1% PBS-BSA for 20 min to block nonspecific bonds. The polyclonal
rabbit anti-caspase-3 (G7481, Promega, WI, USA) was used at a 1:100 dilution in 1% PBS-BSA at 4 ◦C
for 24 h. The coverslips were then washed with 1% PBS and incubated with an Alexa Fluor® 488
goat anti-rabbit IgG antibody (A11008, Invitrogen, Carlsbad, CA, USA) diluted in 1% PBS-BSA in the
darkness for 1 h. TOPRO-3 was used as a nuclear marker. Next, the coverslips were mounted on
microscope slides with PBS-glycerol and gelatin at 1:1 and observed under the confocal fluorescent
microscope (LSM 750, Carl Zeiss, Oberkochen, German).

For caspase-3 quantification, each coverslip was divided into eight sectors and one image at 40×
was acquired from alternate sectors. A total of four images were acquired from each cover slip and were
analyzed using the LSM Zeiss software to compile them into one merged image, and caspase-3 granules
per nucleus were quantified using a home-made plugin tool developed for Fiji/ImageJ, an open-source
Java-based image analysis software. The plugin has been developed by the Imaging Platform of the
CIMA Universidad de Navarra.

2.7. Wound Healing Cell Migration Assay

A wound healing assay was used to quantify ARPE-19 migration in the presence of n3-PUFA
under standard conditions. For these experiments, 150,000 cells were seeded onto 24-well culture
plates until confluence. A linear wound was then created in the middle of each well using a 20 μL
sterile micropipette tip. Culture media was replaced to eliminate floating cells and debri and the
different n3-PUFA formulations were added. Five points on each well were captured every hour
for a total of 72 h using an automatic phase contrast inverted microscope equipped with a digital
camera (Carl Zeiss, Oberkochen, Germany). Every set of images was analyzed using the Fiji software
(a distribution of ImageJ) V1.48q (Fiji Wound Healing Tool by Nathalie Cahuzac, and Virginie
Georget, http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Wound_Healing_Tool) to determine the
speed of closure.

2.8. Western Blotting for Vascular Endothelial Growth Factor (VEGF)/Pigment Epithelium Derived Factor
(PEDF) Ratio

Following 24 h of treatment with the different omega-3 formulations, 5 μg of ARPE cells
homogenates were mixed with a Laemmli buffer (62.5 mM Tris-HCl, pH 6.8; 2% SDS; 10% glycerol;
0.1% bromophenol blue) and boiled for 5 min. Samples were separated on 12% SDS-PAGE gels
and transferred to a nitrocellulose membrane. After blocking with 5% skimmed milk (w/v), 0.1%
Tween-20 (w/v) in TBS for 1 h at room temperature, membranes were exposed to the primary
antibodies (0.2 μg/μL, monoclonal anti-VEGF, sc7269, Santa Cruz Biotechnology Inc., Santa Cruz,
CA, USA and 1:1000 monoclonal anti-PEDF; MAB1059; Millipore, Burlington, MA, USA), at room
temperature for 1 h. Membranes where then incubated at room temperature for 1 h with a horseradish
peroxidase-conjugated goat anti-mouse antibody (sc2005; 0.4 μg/μL, Santa Cruz Biotechnology Inc.,
Dallas, TX, USA). Signals were detected with an enhanced chemiluminescence (ECL) kit (ECL Western
blotting detection kit, GE Healthcare, Fairfield, CT, USA) and with ImageQuant 400 (GE Healthcare).
The relative intensities of the immunoreactive bands were analyzed with Quantity One software
(version 4.2.2, Bio-Rad Laboratories, Hercules, CA, USA). The loading was verified by Ponceau S red,
and the same blot was stripped and reblotted with an anti-β-actin monoclonal antibody (Sigma-Aldrich,
St Louis, Mo, USA) to normalize the VEGF and PEDF levels. Protein levels were used to calculate the
VEGF/PEDF ratio.
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2.9. Statistical Analysis

For quantitative variables, and after assessing application conditions, all parameters were subjected
to the one-way analysis of variance (ANOVA) followed by the Bonferroni post-hoc test. All groups
were normalized by each pass and compared versus a control group. Data are expressed as mean
± SEM. A difference p < 0.05 was considered statistically significant. GraphPad Prism 6.0 (GraphPad
Prism Software Inc., San Diego, CA, USA) was used for statistical analysis.

3. Results

3.1. Effect of Omega-3 Supplements on Epithelial Integrity

The distribution of the ZO-1 was similar after treatment with the 10 different n3-PUFA supplements.
No difference was found among any group of study (Figure 1).

 
Figure 1. Effect of omega-3 supplements on epithelial tight junctions. ZO-1 (red) immunofluorescence
were not affected by any of the omega-3 treatments. Nuclei are stained with TOPRO-3. Scale bar 20 μm.
(A): Control group; (B): H2O2 treatment group; (C): DHA (Docosahexaenoic acid) group; (D): EPA
(Eicosapentaenoic acid) group; (E): EPA/DHA 40/20; TG (Triglycerides) group; (F): EPA/DHA 20/40 TG
group; (G): EPA/DHA 40/20 EE (Ethylesters) group; (H): DHA 97/3V (Vegetable) group; (I): DHA 95/5V
group; (J): DHA 97/3M (Marine) group; (K): DHA 97/3 VM 1.5 group; (L): DHA 95/5 VM 2.5 group.
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3.2. Effect of Omega-3 Supplements on Viability and Proliferation in ARPE-19

First, we wanted to evaluate the effect of Docosahexaenoic acid (DHA) and Eicosapentaenoic acid
(EPA) on cell viability and proliferation. Treatment with both n3-PUFA produced a significant increase
in viability (Figure 2A) of ARPE-19 cells compared to untreated controls. Proliferation also seemed to
increase, but the effect was not statistically significant (Figure 2D). Secondly, we assessed the effect of
different combinations of DHA and EPA on these cellular parameters. Interestingly, only the EPA/DHA
40/20 TG combination was able to significantly increase both viability (Figure 2B) and proliferation
(Figure 2E), when compared to the untreated cells. Finally, we evaluated five different supplements
containing a mixture of DHA in the form of TG and PL (PL from marine, vegetable, or mixed origin).
In this last set of experiments, none of the formulations produced a significant change in cell viability
(Figure 2C) or proliferation (Figure 2E).

 

Figure 2. Graphs showing relative cell viability (A–C) and proliferation (D–F) compared to a control
group under normal conditions of groups 1, 2, and 3 of eicosapentaenoic acid/docosahexaenoic acid
(DHA/EPA) formulations, respectively (D–F). For comparisons, one-way ANOVA with the Bonferroni
post-hoc test were used. Data are expressed as mean ± SEM. * p < 0.05. EPA: Eicosapentaenoic acid;
DHA: Docosahexaenoic acid; TG: Triglycerides; EE: Ethylesters; PL: Phospholipids. V: Vegetable.
M: Marine.
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3.3. Effect of Omega-3 Supplements on Cell Viability and Cell Proliferation under Oxidative Stress and
Inflammatory Conditions

In order to replicate the local oxidative environment of the diabetic retina, we subjected some
ARPE-19 cells to H2O2 and measured the response after n3-PUFA treatment. As expected, exposure to
800 μM H2O2 produced a significant decrease in cell viability and proliferation. Treatment with EPA
and DHA was able counteract the H2O2 induced decrease on cell viability (Figure 3A), but their effect
on cell proliferation, although positive, was not statistically significant (Figure 3D). On the contrary,
both n3-PUFA were able to significantly counteract the effect of H2O2 on cell proliferation (Figure 3D).
In the combined formulations, all supplements were able to significantly reverse the oxidative effect of
H2O2 on viability and proliferation, with the exception of the 40/20 EPA/DHA EE supplement that was
not able to significantly mitigate the effect of H2O2 on cell viability (Figure 3B,C,E,F).

 

Figure 3. Graphs showing relative cell viability (A–C) and proliferation (D–F) results for ARPE-19 cells
treated with different DHA and EPA treatments groups under oxidative stress conditions (H2O2 For
comparisons, one-way ANOVA with the Bonferroni post-hoc test were used. Data are expressed as
mean ± SEM. * p < 0.05 and ** p < 0.01. EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic acid; TG:
Triglycerides; EE: Ethylesters; PL: Phospholipids. V: Vegetable. M: Marine.
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3.4. Effect of Omega-3 Supplements on ROS Production

Both DHA and EPA, alone or in combined formulations, produced a significant decrease in ROS
when compared with the untreated controls. The same effect was observed in cells treated with the
different DHA TG+PL formulations. The EPA/DHA 40/20 TG and DHA 95/5 VM 2.5 formulations had
a stronger antioxidant effect, but this difference was not statistically significant when compared with
the other combinations (Figure 4A–C).

 

Figure 4. Graphs showing relative Dichloride fluoresceine (DCF) detection results for ARPE-19 cells in
groups 1, 2, and 3 of DHA/EPA formulations, respectively (A–C). For comparisons, one-way ANOVA
with the Bonferroni post-hoc test were used. Data are expressed as mean ± SEM. ** p < 0.01 *** p < 0.001.
EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic acid; TG: Triglycerides; EE: Ethylesters; PL:
Phospholipids. V: Vegetable. M: Marine.

3.5. Effect of Omega-3 Supplements on Caspase-3 in ARPE-19

In order to test the safety of the different supplements, we evaluated their capacity to activate
the early apoptotic mediator caspase-3. As expected, none of the omega-3 formulations induced a
significant change in caspase-3 activation, when compared to the untreated control cells (Figure 5).

Figure 5. Graphs showing relative caspase-3 expression (positive granules per nucleus) (A–C) results
for ARPE-19 cells treated with different groups 1, 2, and 3 of DHA/EPA formulations, respectively.
For comparisons, one-way ANOVA with the Bonferroni post-hoc test were used. (D) Scale bar 20 μm
Data are expressed as mean ± SEM. EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic acid; TG:
Triglycerides; EE: Ethylesters; PL: Phospholipids. V: Vegetable. M: Marine.
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3.6. Effect of Omega-3 Supplements on Wound Healing Cell Migration Assay

Treatment with EPA or DHA did not produce any significant change in the migration capacity
of ARPE-19 cells (Figure 5D). In the EPA/DHA formulations, the EPA/DHA 20/40 TG supplement
produced a small, but significant decrease in the speed of wound closure, when compared with
untreated cells. The rest of the combined EPA/DHA formulations and those combining DHA in TG
and PL forms did not produce any significant changes in this cellular function (Figure 6).

Figure 6. Graphs showing relative migration ratio (A–C) results for ARPE-19 cells treated with
different groups 1, 2, and 3 of DHA/EPA formulations, respectively. For comparisons, one-way
ANOVA with the Bonferroni post-hoc test were used. Data are expressed as mean ± SEM. ** p < 0.01.
EPA: Eicosapentaenoic acid; DHA: Docosahexaenoic acid; TG: Triglycerides; EE: Ethylesters; PL:
Phospholipids. V: Vegetable. M: Marine.

3.7. Effect of Omega-3 Supplements on the VEGF/PEDF Ratio

Treatment with the different omega-3 formulations did not produce a significant effect in the
protein levels of VEGF or PEDF. However, combined formulations (especially those with EPA+DHA),
showed a tendency to decrease the VEGF/PEDF ratio when compared with untreated controls, but these
differences were not statistically significant (Figure 7).

Figure 7. Graphs showing relative VEGF/PEDF ratio (A–C) results for ARPE-19 cells treated with
different groups 1, 2, and 3 of DHA/EPA formulations, respectively. For comparisons, one-way ANOVA
with the Bonferroni post-hoc test were used. Data are expressed as mean ± SEM. EPA: Eicosapentaenoic
acid; DHA: Docosahexaenoic acid; TG: Triglycerides; EE: Ethylesters; PL: Phospholipids. V: Vegetable.
M: Marine.

4. Discussion

RPE is a key regulator of retinal function and is directly related to the transport, delivery, and
metabolism of n-3 PUFA in the retina. For this reason, we aimed to evaluate the effect of different
formulations of DHA and EPA on this important cell type. Both n-3 PUFAs produced favorable
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effects on RPE cells by increasing cell viability and proliferation, reducing the production of ROS and
decreasing oxidative damage induced by H2O2.

Recent research has demonstrated that the long chain n-3 PUFA, has antiangiogenic,
anti-vasoproliferative, and neuroprotective actions on factors and processes implicated in the
pathogenesis of degenerative/vascular retinal diseases of greatest public significance, including DR [18].
It has been demonstrated that diets with high levels of n-3 PUFA, have known anti-inflammatory
properties [36] due to their ability to promote the gene expression of various inflammatory mediators
via different intracellular signaling pathways [37] leading to the inhibition of the expressions of
pro-inflammatory cytokines, leukocyte chemotaxis, and adhesion molecules. It is also known that
they regulate the production of eicosanoids such as prostaglandins and leukotrienes and increase the
synthesis of anti-inflammatory mediators such as resolvins, protectins, and maresins [38]. All these
anti-inflamatory mechanisms add to their antioxidant effects by increasing the bioavailability of
nitric oxide (NO) and the expression of superoxide dismutase and glutathione peroxidase, known as
endogenous antioxidant enzymes, while decreasing the level of biomarkers of oxidative stress, such as
malondialdehyde, in type II diabetic patients [30].

Many of the n3 supplements used in the routine clinical practice have a combination of EPA and
DHA. For this reason, we explored the effect of supplements that mixed EPA and DHA in different
proportions. Interestingly, EPA/DHA 40/20 TG was the only formulation that showed a significant
increase in viability and proliferation of ARPE-19 cells and the most favorable antioxidant effect.
This observation is in agreement with previous publications that have shown different effects of
omega-3 supplements, depending on the proportion of EPA/DHA. In a study conducted on Wistar
rats, it was found that the dietary intervention with 1:1 and 2:1 EPA/DHA supplements were the most
effective treatments to reduce inflammation and oxidative stress when compared with a 1:2 EPA/DHA
formulation [39]. Similar results were reported in a study performed in spontaneously hypertensive
obese rats, where EPA/DHA supplementation at the ratios of 1:1 and 2:1 were more effective than a
1:2 formulation, lowering plasma total cholesterol and LDL concentrations, decreasing inflammation,
and increasing the activity of antioxidant enzymes [40]. The reasons that underlie these differences
are not completely clear, but it has been suggested that the higher unsaturation level of DHA may
increase the susceptibility of the molecule to be oxidized compared to EPA, rendering a higher level of
free radicals [39]. Furthermore, differences in their influence on transduction pathways, the release
of inflammatory cytokines, and the expression of genes involved in lipid metabolism have also been
reported [40]. In the field of ophthalmology, one article compared the effect of two different EPA/DHA
formulations (1/4.5 and 1.5/1) as adjuvants to topical tacrolimus in a model of keratoconjunctivitis
sicca (dry eye disease) in dogs [41]. Authors reported better clinical and biochemical outcomes after
supplementation with the oral formulation containing a higher proportion of EPA.

However, the proportion of EPA/DHA is not the only factor that distinguishes one supplement
from the other, and omega-3 formulations vary depending on whether they are present as TG, EE, or PL.
In the body, long PUFA stores exist mainly as PL and TG and in the retina, the latter represents the
predominant lipid class [18]. Although most of the large interventional studies in the field of omega-3
supplements have been conducted with EPA/DHA EE, several authors have commented on their lower
bioavailability when compared to TG and PL formulations [42–44]. Possible explanations include
differences in their digestion and absorption [42]. EPA and DHA may be obtained directly through the
diet or can be biosynthesized from linoleic acid (an 18-carbon essential fatty acid) in the liver or the
retina. However, the efficiency of tissue accretion is highest when they are ingested in the preformed
state [18]. n-3 PUFA are hydrolyzed by pancreatic enzymes and are re-esterified to triglycerides and
phospholipids within the intestinal epithelium. These triglycerides and phospholipids are integrated to
chylomicrons and very low density lipoproteins (VLDLs) which are transported to the choriocapillaris.
Further transport from the choriocapillaris to the RPE and the inner segments of photoreceptors
appears to be mediated by high affinity receptors [18]. Unlike TG and PL, which are hydrolyzed
mainly by a colipase dependent pancreatic lipase, EE requires additional digestion with carboxyl

243



Antioxidants 2020, 9, 828

ester lipase, a step that can slow down their absorption by 10 to 50 times [44,45]. In our experiments,
the supplement with EPA/DHA in the form of EE, did not improve cell viability or proliferation and
showed a lower antioxidant effect, despite having the same proportion of EPA/DHA (40/20) than the
TG supplement with the most favorable outcomes. These differences could be clinically relevant,
as suggested by data from The Age-Related Eye Disease Study 2 (AREDS2), where supplementation
with a 650 mg EPA/350 mg DHA EE formulation failed to show clinically significant benefits [46].

As recent evidence has suggested that dietary EPA-DHA PL are superior to TG and EE forms
in exerting their functional mechanisms [43], we evaluated the effect of DHA formulations that
combined TG and PL. The most relevant effect of these formulations was their antioxidant capacity.
They decreased the production of ROS production, and increased viability and proliferation of cells
challenged with H2O2. This effect is important as the oxidative stress in the human eye is also primarily
due to H2O2, which is naturally generated in RPE cells by solar radiation and POS phagocytosis [47].
Regarding the origin of DHA PL, some authors have suggested that n3-PUFA from a marine origin
might be more beneficial than those from a vegetable origin [39,43,48]. However, in our experiments
we did not find an association between the origin of the DHA PL and their results. This is probably
because the proportion of PL in our formulations was small (3% or 5%).

The above-mentioned beneficial effects of the n3-PUFA have been demonstrated in several clinical
studies. In patients with DR and well-controlled diabetes, increasing the n3-PUFA intake was associated
with a reduced likelihood of the presence and severity of DR [24]. A sub-study of the PREDIMED
randomized clinical trial showed that patients with type 2 diabetes who reported an intake of at least
500 mg/d of long-chain n3-PUFA at baseline had a 46% decreased risk of sight-threatening DR compared
to those not meeting this target [25]. In an early stage of DR, supplementation with a high-dose
DHA plus xanthophyll carotenoid multivitamin during 90 days was associated with a progressive
and significant improvement of macular function measured by microperimetry [34]. In normal
ocular tissues, angiogenic homeostasis is controlled by the balance between angiogenic stimulators,
mainly VEGF, and angiogenic inhibitors such as pigment epithelium derived factor (PEDF) [49].
Moreover, this balance is important in the regulation of vascular permeability. While VEGF is increased
in the vitreous of patients with diabetic macular edema, the vitreous level of PEDF is significantly
lower in these patients [50]. Therefore, therapeutic strategies that can lower the VEGF/PEDF ratio
are clinically beneficial. In a randomized single-blind controlled trial, the addition of a DHA dietary
supplement to intravitreal ranibizumab (a monoclonal antibody against VEGF) was effective to achieve
better sustained improvement of central subfield macular thickness outcomes after three years of
follow-up compared with intravitreal ranibizumab alone [26]. Interestingly, n3-PUFA formulations in
our study produced a small decrease in the VEGF/PEDF ratio, but the results were not statistically
significant. Further studies analyzing the expression of VEGF and PEDF mRNA could help clarify the
effect of EPA and DHA supplementation on the VEGF/PEDF ratio and their apparent clinical benefit in
the treatment of diabetic macular edema.

As with any other clinical intervention, the safety of omega-3 dietary supplements should
be considered. A recent meta-analysis that specifically addressed the safety and tolerability of
prescription omega-3 fatty acids did not find any definitive evidence of serious adverse events [51].
The most commonly reported treatment associated adverse reactions are digestive disturbances (mainly
dysgeusia or fishy taste) and skin reactions (eruption, itching, exanthema, or eczema). Although both
EPA and DHA reduce the TG levels, they can increase the concentration of low density lipoproteins
(LDL) [51]. However, this mild, but negative effect in lipid profile has not been observed in patients
treated with supplements that only contain EPA. Monitoring of the lipid profile may be advisable in
patients undergoing omega-3 supplementation.

To our knowledge, there has not been an in vitro study or clinical trial comparing the effects of so
many different formulations of EPA and DHA on ARPE-19 cells, not only under normal conditions,
but also following an oxidative challenge. It was very interesting to see that DHA and EPA had
different effects when applied separately than they did when used in combination. Another relevant

244



Antioxidants 2020, 9, 828

finding of our study was that the EE formulation had worse results, which cannot be explained by a
lower bioavailability due to differences in digestion and absorption. This suggests that the EE form
might decrease the biological effect of EPA and DHA. However, we know that our in vitro study has
certain limitations. As an in vitro study, cells were not exposed to the same physiological environment
as in the functioning retina. Moreover, analyzing the effect of the supplements in other retinal cell
types would have also been of interest.

5. Conclusions

In summary, the present study demonstrates that different formulations of n3-PUFAs have a
beneficial effect on cell viability and proliferation, and are able to restore oxidative induced RPE
damage. The protective effects of these formulations on RPE cells may translate to effective treatments
to prevent or delay DR progression, which will become increasingly important with the expected rise
in DM prevalence and its associated socioeconomic burden in years to come. Although differences
between the formulations in our study were small, our results are in accordance with previous reports
suggesting that supplements that combine both n3-PUFAs with a higher proportion of EPA might be
more beneficial, especially when present in the form of triglycerides or phospholipids. Clinical trials
specifically designed to confirm these observations in patients with retinal vascular pathologies
are needed.
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Abstract: Increased formation of advanced glycation end products (AGEs) plays an important role
in the development of diabetic retinopathy (DR) via blood-retinal barrier (BRB) dysfunction, and
reduction of AGEs has been suggested as a therapeutic target for DR. In this study, we examined
whether CPA4-1, a herbal combination of Cinnamomi Ramulus and Paeoniae Radix, inhibits AGE
formation. CPA4-1 and fenofibrate were tested to ameliorate changes in retinal capillaries and
retinal occludin expression in db/db mice, a mouse model of obesity-induced type 2 diabetes.
CPA4-1 (100 mg/kg) or fenofibrate (100 mg/kg) were orally administered once a day for 12 weeks.
CPA4-1 (the half maximal inhibitory concentration, IC50 = 6.84 ± 0.08 μg/mL) showed approximately
11.44-fold higher inhibitory effect on AGE formation than that of aminoguanidine (AG, the inhibitor of
AGEs, IC50 = 78.28± 4.24μg/mL), as well as breaking effect on AGE-bovine serum albumin crosslinking
with collagen (IC50 = 1.30 ± 0.37 μg/mL). CPA4-1 treatment ameliorated BRB leakage and tended
to increase retinal occludin expression in db/db mice. CPA4-1 or fenofibrate treatment significantly
reduced retinal acellular capillary formation in db/db mice. These findings suggested the potential of
CPA4-1 as a therapeutic supplement for protection against retinal vascular permeability diseases.

Keywords: diabetic retinopathy; db/db mice; Cinnamomi Ramulus; Paeoniae Radix; CPA4-1;
blood-retinal barrier; occludin

1. Introduction

Hyperglycemia induces the formation and accumulation of advanced glycation end products
(AGEs), and these products are present at high levels in the blood and tissue of diabetic patients [1,2].
AGEs are accumulated at high levels in the tissues of patients with age-related diseases, such as
chronic obstructive pulmonary disease, cardiovascular diseases, osteoporosis, and neurodegenerative
diseases [3]. AGEs are formed by oxidative and non-oxidative reactions, and they affect the biochemical
and physical properties of proteins in tissues. AGE formation is triggered by high glucose-induced
oxidative stress and fluorescent protein cross-linking [4].

Diabetic retinopathy (DR) is a complication of diabetes that causes damage to retinal blood
vessels [5]. Elevated AGE levels increase the breakdown of the blood-retinal barrier (BRB), adhesion of
leukocytes, and retinal vascular injury, leading to serious impairment of vision. The BRB consists of
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inner and outer nuclear layers. The inner nuclear layer of the BRB consists of tight junctions between
endothelial cells and pericytes, whereas the outer nuclear layer of the BRB is formed by tight junctions
between retinal pigment epithelial cells [6]. The advent of anti-vascular endothelial growth factor
(VEGF) has shown a remarkable effect in DR patients; however, most of DR patients have failed to
achieve significant clinical visual improvement. The treatment of DR remains challenging. Inhibition of
AGE formation has been suggested as a therapeutic target for improving insulin resistance in diabetes
with obesity [7]. For example, fenofibrate, a peroxisome proliferator-activated receptor alpha (PPARα)
agonist, was approved for slowing down the progression of DR in patients with type 2 diabetes mellitus
in October 2013 in Australia [8]. Moreover, pyridoxamine, an inhibitor of AGE formation, has been
shown to ameliorate insulin resistance in obese, type 2 diabetic mice [9]. The identification of inhibitors
of AGE formation from natural sources has gained much attention.

During the last 15 years, we have screened inhibitors of AGE formation from natural
products [10–12]. Aster koraiensis extract prevents retinal pericyte apoptosis in streptozotocin
(STZ)-induced diabetic rats [13]. Osteomeles schweinae extract inhibits methylglyoxal (an active
precursor in the formation of AGEs)-induced apoptosis in human retinal pigment epithelial cells [14].
Cinnamomi Ramulus (the twig of Cinnamomum cassia Blume; Lauraceae) and Paeoniae Radix (the
root of Paeonia lactiflora Pallas; Paeoniaceae) have been shown to exert efficacy in inhibiting the
formation of AGEs in our previous study. Cinnamomi Ramulus has traditionally been used for its
anti-inflammatory, antioxidant, and neuroinflammatory effects [15]. Its marker compounds include
coumarin, cinnamyl alcohol, and cinnamic acid. In humans, the effect of cinnamon is controversial;
it significantly decreases plasma glucose to the baseline levels, without causing adverse effects nor
significant glycemic and inflammatory indicators in patients with type 2 diabetes [16,17]. Paeoniae
Radix has been used in traditional medicine for treating inflammatory diseases owing to its anti-allergic,
immunoregulatory, and analgesic effects [18]. The marker compounds of Paeoniae Radix include gallic
acid, albiflorin, paeoniflorin, and benzoic acid [19]. In a preliminary study, we evaluated the efficacy of
inhibition of AGE formation with different combinations of the two herbs to obtain the best formulation.
It showed a different inhibitory effect according to the ratio, and it was the best at CPA 4-1 (Cinnamomi
Ramulus:Paeoniae Radix = 1:8). Here, we tested a mixture of the CPA4-1 to investigate the optimum
ratio for inhibiting AGE formation in the human retinal pigment epithelial cells (ARPE-19). In addition,
we examined the therapeutic efficacy of CPA4-1 in preventing DR in db/db mice, a well-established
model of obesity-induced type 2 diabetes with retinal neurodegeneration [20,21].

2. Materials and Methods

2.1. Preparation of the CPA4-1

Cinnamomi Ramulus and Paeoniae Radix were purchased from a traditional herbal medicine store
in Daejeon, Republic of Korea, in April 2016 and identified by Prof. Ki Hwan Bae (College of Pharmacy,
Chungnam National University, Republic of Korea). Voucher specimens of Cinnamomi Ramulus
(KIOM-CIRA-2016) and Paeoniae Radix (KIOM-PARA-2016) have been deposited in the Herbarium of
Korea Institute of Oriental Medicine (KIOM), Republic of Korea. The herbal combination was prepared
at a Cinnamomi Ramulus to Paeoniae Radix ratio of 1:8 (m/m). For preparing CPA4-1 extract, 20 g of
Cinnamomi Ramulus and 160 g of Paeoniae Radix were weighed accurately and mixed. Distilled
water (1080 mL) was added to the mixed herbs (180 g) and extracted at 100 ◦C for 3 h using a reflux
extractor (MS-DM607, M-TOPS, Seoul, Korea). The extract solutions were filtered and evaporated
under reduced pressure using a rotary evaporator (N-1200A; Eyela, Tokyo, Japan) at 50 ◦C and then
freeze-dried using a freeze dryer (FDU-2100; Eyela) at −80 ◦C for 72 h to obtain an extract powder of
CPA4-1 (18.5 g; yield, 10.3%). This sample extract (100 mg) was dissolved in 50% methanol (10 mL),
and the solution was filtered through a 0.45-μm syringe filter (Whatman, Clifton, NJ) prior to injection.
Standard stock solutions of five reference standards (all at 1 mg/mL) were prepared in HPLC-grade
MeOH, stored at <4 ◦C, and used for HPLC analyses after serial dilution in MeOH.
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2.2. HPLC Analysis

HPLC analyses were performed using an Agilent 1200 HPLC instrument (Agilent Technologies,
Santa Clara, CA, USA) equipped with a binary pump (G1312A), vacuum degasser (G1322A),
auto-sampler (G1329A), column compartment (G1316A), and diode array detector (DAD, 1365B).
Data were collected and analyzed using the Agilent ChemStation software. Chromatographic separation
was conducted using a Luna C18(2) (250 × 4.6 mm, 5.0 μm; Phenomenex, Torrance, CA, USA), and the
column temperature was maintained at 40 ◦C. The mobile phase consisted of 0.1% formic acid in water
(A) and acetonitrile (B) with gradient elution for better separation. The gradient solvent system was
optimized as follows: 95–55% A (0–40 min), 55–0% A (40–41 min), 100% B (41–45 min), and 95% A
(45–55 min). The flow rate was 1 mL/min. The detection was conducted at 240 nm, and the injection
volume of each sample was 10 μL. To test for linearity, standard solutions at five levels were prepared
by serially diluting the stock solution. Each analysis was repeated three times, and the calibration
curves were fitted by linear regression. The limit of detection (LOD) and limit of quantification (LOQ)
data obtained under the optimal chromatographic conditions were determined using signal-to-noise
(S/N) ratios of 3 and 10, respectively.

2.3. Determination of Preventive Effect of CPA4-1 on AGE Formation

Bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, MO, USA) was mixed with 0.2 M
glucose or fructose in 50 μM phosphate buffer at 10 mg/mL. Various concentrations of CPA4-1 extract
or aminoguanidine (AG) (Sigma-Aldrich) were added, and the mixture was incubated at 37 ◦C
for 14 days. After incubation, the fluorescence products of glycated BSA was determined using a
spectrofluorometer (Synergy HT; BIO-TEK, Winooski, VT, USA) at excitation/emission wavelength of
350/450 nm. The 50% inhibition concentration (IC50) for AGE formation was calculated via interpolation
from the concentration-inhibition curve.

2.4. Breaking Effect of CPA4-1 on Preformed AGE-Collagen Complexes

The ability of CPA4-1 to break preformed AGEs was evaluated using a previously described
method [22]. Briefly, 1 μg of glycated BSA (AGEs-BSA) (MBL International, Woburn, MA, USA)
was pre-incubated in collagen-coated 96-well plates for 24 h, and the collagen-AGEs-BSA complexes
were then incubated with CPA4-1. Collagen-AGE-BSA crosslinking was detected using mouse
anti-AGEs primary antibody (Clone No. 6D12; Trans Genic Inc., Kobe, Japan), horseradish
peroxidase-linked goat anti-mouse IgG secondary antibody, and H2O2 substrate containing
2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) chromogen. Breakdown levels were
measured as the percentage of decrease in optical density (OD = 410 nm). We calculated the IC50

(μg/mL) as 50% inhibition of collagen-AGE-BSA crosslinking, in which the crosslinking inhibition
percent was calculated as follows:

Inhibition of collagen-AGE-BSA crosslinking (%) = 100− abserbance of sample
abserbance of control × 100.

Breaking of AGE-induced crosslinking was expressed as the percentage decrease in optical density.
The breaking percentage was calculated according to the above equation.

2.5. Cell Culture and Determination of Preventive Effect of CPA4-1 on AGE Formation in ARPE-19 Cells

ARPE-19 cells were purchased from the American Type Culture Collection (ATCC CRL-2302;
Manassas, VA, USA) and maintained at 37 ◦C in a humidified 5% CO2 incubator [23]. To examine the
inhibitory effect of CPA4-1 on AGE formation, the cells were treated with CPA4-1 (10, 20, or 50 μg/mL
in DMSO) for 1 h before the addition of 25 mM glucose and 500 μg/mL BSA (Roche Diagnostics, Basel,
Swiss). After that, the cells were incubated for 48 h and then subjected to Western blotting analysis.
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2.6. Western Blot Analysis

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed,
as described previously [4]. Each sample (25 μg/mL) was fractionated on a 10% SDS-PAGE, after which
the proteins were transferred to a polyvinylamide gel membrane (Millipore, Billerica, MA, USA)
using traditional tank transfer system (Mini Trans-Blot cell, Bio-rad, Hercules, CA, USA). Membranes
were probed with antibodies against AGEs (Clone No. 6D12; Trans Genic Inc.), occludin (Invitrogen,
Carlsbad, CA, USA), and β-actin (Sigma-Aldrich), each at 1:1000 dilution. Signals were detected using
a WEST-one ECL solution (Intron, Korea) and captured on a Fuji Film LAS-3000 (Tokyo, Japan).

2.7. Animals and Experimental Design

Animal experiments were conducted by Qu-Best Bio Co., Ltd. (Yongin City, Korea), according to
the National Institutes of Health Guide for the Care and Use of Laboratory Animals (Approval number:
QJE14015). Male C57BL/KsJ db/db mice and their age-matched lean littermates (db/+) were purchased
from Japan SLC (Shizuoka, Japan). At 8 weeks of age, the db/db mice were randomly assigned into
four groups (n = 10): NOR, normal control mice; DM, db/db mice; FENO, db/db mice treated with
fenofibrate (100 mg/kg); CPA4-1-100, db/db mice treated with CPA4-1 (100 mg/kg). CPA4-1 was
dissolved in the vehicle (0.5% w/v carboxymethyl cellulose solution) at a concentration of 5 mg/mL.
The mice received daily gastric gavage of fenofibrate (100 mg/kg) or CPA4-1-100 (100 mg/kg), and
db/+mice received the same vehicle treatment for 12 weeks. Blood glucose level was measured with
an automated biochemistry analyzer (HITACHI917; Hitachi, Japan), and the glycated hemoglobin
(Hb1Ac) level was determined by a commercial kit (Roche Diagnostic, Mannheim, Germany).

2.8. Measurement of BRB Permeability

At autopsy, mice were anesthetized by intraperitoneal injection of 10 mg/kg zolazepam
(Zoletil, Virbac, Carros, France) and 10 mg/kg xylazine hydrochloride (Rumpun, Bayer, Frankfurt,
Germany). The peritoneal and thoracic cavities were opened to secure the heart, and 50 mg/mL
fluorescein-dextran (10 kDa Mw, Sigma-Aldrich) and 10 mg/mL Hoechst 33342 (Sigma-Aldrich)
dissolved in 1 mL sterile phosphate-buffered saline (PBS) were injected into the left ventricle. After 5 min,
the eyeballs were removed, fixed in 4% paraformaldehyde for 2 h, and the retina was separated from
the eyecup. The separated retina was placed on a slide, mounted with an aqueous mounting medium,
and observed under a fluorescence microscope with digital capture (BX41 microscope; Olympus,
Tokyo, Japan).

2.9. Preparation of Trypsin-Digested Retinal Vessel

The isolated retinas were placed in 10% formalin for 2 days. After fixation, the retina was incubated
in trypsin (3% in sodium phosphate buffer containing 0.1 M sodium fluoride) for 60 min. The vessel
structures were separated from retinal cells by gentle rinsing in distilled water. The vascular specimens
were mounted on a slide and subjected to periodic acid-Schiff staining. The specimens were then
analyzed under a microscope with digital capture (BX41 microscope; Olympus). The number of acellular
capillaries per mm2 of the capillary area was determined by counting 10 selected microscopic fields.

2.10. Immunohistochemical Staining

Each eye was enucleated and fixed with 4% paraformaldehyde for 24 h. The retina was isolated
under a dissecting microscope and entirely washed with water and incubated in 3% trypsin in
sodium phosphate buffer for 1 h. The trypsin digests were subjected to immunofluorescence staining,
as previously described [13]. The slides were incubated with a mouse anti-occludin antibody
(Invitrogen) for 1 h at room temperature. Signals were detected using a rhodamine-conjugated goat
anti-mouse antibody (Santa Cruz Biotechnology, Paso Robles, CA, USA) and detected by fluorescence
microscopy (BX51; Olympus).
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2.11. Statistical Analysis

Data were expressed as mean ± SD or mean ± SE. ANOVA with Tukey’s test was used for multiple
comparisons using the Prism 7.0 software (GraphPad software, San Diego, CA, USA).

3. Results

3.1. HPLC Analysis of CPA4-1

The regression equations for the five reference standards, together with the LOD and LOQ
values, are shown in Table 1. All of the calibration curves showed good linearity (R2 > 0.999) within
the test ranges. An established analytical HPLC method was applied to quantitatively analyze five
compounds in CPA4-1. The main chromatographic peaks in CPA4-1 were identified by comparing their
retention times and UV spectra with those of the corresponding commercial standards. Representative
chromatograms of CPA4-1 and five standard compounds monitored at a wavelength of 240 nm are
shown in Figure 1. The content of the five compounds, namely, gallic acid, albiflorin, paeoniflorin,
benzoic acid, and cinnamic acid, in CPA4-1 were 1.1%, 5.3%, 8.5%, 0.4%, and 0.1%, respectively (Table 2).

Table 1. Regression equation, linearity, LOD, and LOQ for five marker compounds (n = 3).

Compound
Regression
Equation a

Linear Range
(μg/mL)

Linearity (R2)
LOD b

(μg/mL)

LOQ c

(μg/mL)

Gallic acid y = 11.507x − 8.142 6.25–200 0.9998 0.06 0.20
Albiflorin y = 7.425x − 7.816 31.25–1000 0.9998 0.35 1.17

Paeoniflorin y = 6.751x − 46.907 31.25–1000 0.9998 0.38 1.27
Benzoic acid y = 29.191x − 0.899 3.15–100 0.9999 0.02 0.07

Cinnamic acid y = 22.359x − 2.634 1.0–50 0.9997 0.01 0.03
a y, the peak area of the compound; x, concentration (μg/mL) of the compound. b LOD, limit of detection,
signal-to-noise, S/N = 3. c LOQ, limit of quantification, S/N = 10.

 
Figure 1. HPLC chromatograms of CPA4-1 (Cinnamomi Ramulus:Paeoniae Radix = 1:8) (A) and five
standard compound mixtures (B). The chromatographic conditions are described in the text. Detection
was conducted at 240 nm.
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Table 2. Content of the five compounds in CPA4-1 as determined by HPLC analysis.

Compounds Source Content in CPA4-1 (%)

Gallic acid Paeoniae Radix 1.1
Albiflorin Paeoniae Radix 5.3

Paeoniflorin Paeoniae Radix 8.5
Benzoic acid Paeoniae Radix 0.4

Cinnamic acid Cinnamomi Ramulus 0.1

CPA4-1 (Cinnamomi Ramulus:Paeoniae Radix = 1:8).

3.2. Inhibitory Effects of CPA4-1 on AGE Formation In Vitro and in ARPE-19 Cells

As shown in Table 3, CPA4-1 inhibited AGE formation compared with the positive control, AG.
The IC50 value of CPA4-1 was 6.84 ± 0.08 μg/mL, and that of AG was 78.28 ± 4.24 μg/mL. CPA4-1 was
approximately 11.44-fold more potent than AG in inhibiting AGE formation.

Table 3. Inhibitory effect of CPA4-1 on the formation of advanced glycation end product (AGE).

Sample Conc., μg/mL Inhibition, % IC50, μg/mL

2.5 16.64 ± 0.58
CPA4-1 5 43.06 ± 0.71 6.84 ± 0.08

10 69.68 ± 1.67

55.55 (750 μM) 44.53 ± 2.33
AG 74.06 (1000 μM) 49.97 ± 0.59 78.28 ± 4.24 (1056.47 ± 57.25 μM)

111.10 (1500 μM) 56.37 ± 0.67

CPA4-1 was added into BSA solution and 0.2 M glucose and fructose and incubated for 14 days. AGE-specific
fluorescence was analyzed using a spectrofluorometer, as described in the Methods section. IC50 (50% inhibition
concentration) value was calculated from the dose-inhibition curve (n = 3). Aminoguanidine (AG) was used as a
positive control.

AGE-specific fluorescence was detected after incubation of AGEs-BSA with CPA4-1. The results
showed that CPA4-1 was inhibited in a dose-dependent manner (Figure 2A). As shown in Figure 2B,C,
CPA4-1 inhibited AGE formation in ARPE-19 cells in a dose-dependent manner.

(A) 

Figure 2. Cont.
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(B) 

(C) 

Figure 2. Inhibitory effect of CPA4-1 on the formation of advanced glycation end product (AGE).
(A) AGE-fluorescence. *** p < 0.001 vs. Con; ## p < 0.01, ### p < 0.001 vs. AGE (n = 8). (B,C) Inhibitory
effect of CPA4-1 on AGE formation in ARPE-19 cells. Data are expressed as mean± SD. * p< 0.05 vs. Con;
## p < 0.01, # p < 0.05 vs. High glucose (HG) + BSA (n = 4).

3.3. Breaking Effect of CPA4-1 on Preformed AGE-Collagen Complexes

The ability of CPA4-1 to break the cross-links in the preformed AGE-collagen complexes was
tested (Figure 3). CPA4-1 destroyed the cross-links in the complexes in a dose-dependent manner (IC50

= 1.30 ± 0.37 μg/mL).
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Figure 3. Breaking effect of CPA4-1 on AGE-BSA cross-linking with collagen. IC50 (50% inhibition
concentration) values were calculated from the dose-inhibition curve. Data are expressed as mean ± SD
(n = 4). * p < 0.001 vs. Con (0 μg/mL).

3.4. Metabolic and Physical Parameters

Blood glucose and HbA1c levels are summarized in Table 4. Blood glucose and HbA1c levels
significantly increased in the DM group (p < 0.05), but decreased in the FENO group. However,
in the CPA4-1 group, glucose level was not changed, and HbA1c was slightly reduced, although not
significant (Table 4).

Table 4. Blood and liver parameters in the serum of db/db mice treated with FENO and CPA4-1.

NOR DM FENO CPA4-1

Blood glucose (mg/dl) 137.6 ± 16.2 447.2 ± 113.7 * 423.5 ± 266.4 # 459.6 ± 146.9
HbA1c (%) 2.66 ± 1.74 11.29 ± 3.81 * 6.32 ± 5.14 # 10.63 ± 1.96

NOR, normal control mice; DM, db/db mice; FENO, db/db mice treated with fenofibrate (100 mg/kg); CPA4-1-100,
db/db mice treated with CPA4-1 (100 mg/kg). All data are expressed as mean ± SD. * p < 0.05 vs. Nor group,
# p < 0.05 vs. DM group. HbA1c, glycated hemoglobin.

As shown in Figure 4, compared with the normal mice group, the DM mice group exhibited
significantly elevated body weight. However, treatment with CPA4-1 or FENO did not lead to any
significant changes in body weight compared with that of DM mice.

 

Figure 4. Body weight. NOR, normal control mice; DM, db/db mice; FENO, db/db mice treated
with fenofibrate (100 mg/kg); CPA4-1, db/db mice treated with CPA4-1-100 (100 mg/kg). All data are
expressed as mean ± SE.
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3.5. Preventive Effects of CPA4-1 on BRB Breakage in db/db Mice

Fluorescence leakage due to BRB damage was observed and analyzed. In the normal group, no
fluorescence leakage was observed. However, in the db/db mice group (DM), retinal vessels showed
bright fluorescence due to the BRB breakage. As shown in Figure 5, the DM group showed a significant
increase in BRB leakage compared with the normal group. FENO- or CPA4-1-treated db/db mice
groups showed a significant decrease in BRB leakage compared with the db/db mice group.

 

Figure 5. Effects of FENO and CPA4-1 on blood-retinal barrier (BRB) breakage in db/db mice. NOR,
normal control mice; DM, db/db mice; FENO, db/db mice treated with fenofibrate (100 mg/kg); CPA4-1,
db/db mice treated with CPA4-1-100 (100 mg/kg). All data are expressed as mean ± SE. * p < 0.05 vs.
NOR group. # p < 0.05 vs. DM group.

3.6. Preventive Effects of CPA4-1 on Tight Junction Protein Loss in db/db Mice

To examine the therapeutic efficacy of CPA4-1 on the BRB, we detected loss of tight junction
proteins in the retinal vascular endothelial cells of db/db mice. These proteins are important factors that
increase the permeability of blood vessels. As shown in Figure 6A, the damage of vessels significantly
increased in the retinas of db/db mice compared with that of the normal group. To elucidate whether
this phenomenon was related to the expression of tight junction proteins, we assessed occludin levels
in the retina of db/db mice. Figure 6B shows that the expression of occludin was downregulated in
db/db mice compared with that in the normal control group. However, CPA4-1 treatment restored
occludin expression in db/db mice.
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(A) 

(B) 

Figure 6. Effect of CPA4-1 on tight junction protein loss. (A) Immunofluorescence staining for occludin
in trypsin-digested retinal vessels acellular capillaries (green arrow). (B) Expression of retinal occludin.
The total protein was isolated from retinal tissues and subjected to Western blotting using occludin and
beta-actin antibodies. Values in the bar graphs represent the mean (n = 2).

3.7. Effects of CPA4-1 on Acellular Capillary Formation in db/db Mice

The formation of the acellular capillary, due to the loss of vascular endothelial cells and pericytes
among blood vessels, occurred in DR. As shown in Figure 7, the db/db mice group showed a significant
increase in retinal acellular capillary formation (black arrow) compared with the normal group. As
expected, the acellular capillary of FENO- or CPA4-1-treated db/db mice significantly decreased
compared with that of vehicle-treated db/db mice.

258



Antioxidants 2020, 9, 627

 
(A) 

 
(B) 

Figure 7. Effects of FENO and CPA4-1 on retinal acellular capillary formation in db/db mice. Retinal
vessels were stained with H&E (A). Acellular capillaries (black arrow) were measured to assess the
extent of retinopathy (B). NOR, normal control mice; DM, db/db mice; FENO, db/db mice treated
with fenofibrate (100 mg/kg); CPA4-1, db/db mice treated with CPA4-1-100 (100 mg/kg). All data are
expressed as mean ± SE (n = 6 ~ 7). * p < 0.05 vs. NOR group. # p < 0.05 vs. DM group.

4. Discussion

In our previous studies, we examined the effects of herbal extracts in inhibiting AGE formation
(CPA1-1 (1:1) IC50 = 9.94 ± 0.20 μg/mL; CPA2-1 (1:2) IC50 = 7.54 ± 0.18 μg/mL; CPA3-1 (1:4)
IC50 = 8.16 ± 0.23 μg/mL; CPA4-1 (1:8) IC50 = 6.84 ± 0.08 μg/mL) and we showed potential therapeutic
targets of DR in animal and in vitro models. In this study, we investigated whether CPA4-1, a herbal
combination, inhibits AGE formation and breaks the cross-linking of AGE with collagen in vitro.
We tested whether CPA4-1 affects the expression of occludin in the retina and whether this effect is
correlated with inhibition of BRB breakage. Our findings showed that CPA4-1 significantly prevented
retinal vascular leakage and retinal acellular capillary formation. These results indicated that CPA4-1
attenuated the downregulation of tight junction protein occludin in the retinas of db/db mice. The tight
junction acts as a semipermeable barrier for paracellular transports of solutes, ions, water, and cells.
Occludin is the first identified component of the tight junction strand, a transmembrane protein of
approximately 60 kDa [24]. In diabetic patients, retinal occludin protein expression is selectively
decreased, and BRB permeability is increased [25]. Decreased expression of tight junction proteins is
important in diabetic patients, as it causes increased vascular permeability, vasodilation, and edema.
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As CPA4-1 was shown to increase the expression of occludin in the retina of db/db mice in this study,
CPA4-1 might serve as an inhibitor of AGE formation to protect against DR.

Fasting blood glucose and HbA1c levels are important factors in diabetes. HbA1c is monitored in
the long-term follow-up of patients with DR, and diabetic patients are primarily treated with insulin to
lower blood glucose levels. Fenofibrate decreased blood glucose level and HbA1c level in the db/db
mice group (Table 3). Fenofibrate treatment induces lowing of blood glucose levels and HbA1c by
reducing adiposity, thus improving peripheral insulin action [26]. Previous studies have suggested that
that fenofibrate exerts robust protective effects against DR in type 2 diabetic patients and type 1 diabetic
animal models [27,28]. The potential therapeutic mechanisms of fenofibrate on retinal microvascular
dysfunctions induced by diabetes include the restoration of VEGF and the reduction of oxidative stress
in diabetic rats [29]. As CPA4-1 did not alter blood glucose level and HbA1c of db/db mice compared
with those of the db/db mice group, CPA4-1 might act as a supplement for the prevention of BRB
breakage and retinal acellular capillary formation, without altering blood glucose level or HbA1c of
diabetic patients.

Herbal medicine has been used to treat diabetes and diabetic complications, including DR,
for thousands of years worldwide. Many researchers have tried to provide evidence of the therapeutic
effectiveness and mechanisms of herbal medicine. Panax notoginseng (Araliaceae) has been reported
to exert antidiabetic activities, and it contains saponins, such as ginsenoside Re 14, ginsenoside Rd,
ginsenoside Rg1, ginsenoside Rb1, and notoginsenoside R1. These saponins have also been reported to
exert antioxidant action [30]. As free radical damage is critically involved in the pathophysiology of DR,
P. notoginseng saponins can be used in the treatment of DR owing to their beneficial effects. Pueraria lobata
(Fabaceae) is one of the most used herbs in traditional Korean medicine, and it contains puerarin,
genistein, and daidzein. Puerarin directly inhibits the formation of AGEs in vitro [31]. CPA4-1 is
formulated at the optimum conditions to inhibit AGE formation. Cinnamic acid from Cinnamomi
Ramulus promotes the management of diabetes and its complications [32]. Cinnamic acid and its
derivatives stimulate insulin and hepatic gluconeogenesis, enhance glucose uptake, and inhibit AGE
formation [33,34]. Paeoniae Radix extract contains 5% paeoniflorin, the most important component that
suppresses high glucose-induced retinal microglial matrix metalloproteinase 9 (MMP-9) expression
and inflammation by reducing capillary permeability [35]. Paeoniflorin also exerts a neuroprotective
effect on inflammation and apoptosis in Alzheimer’s disease and regulates hepatic cholesterol synthesis
and metabolism by reducing oxidative stress [36,37].

5. Conclusions

The present study showed that CPA4-1 exerted an inhibitory effect on AGE formation and breaking
effect on AGE-collagen cross-linking. CPA4-1 treatment ameliorated BRB leakage and retinal acellular
capillary formation in db/db mice. These results suggested the potential of CPA4-1 as a therapeutic
supplement for protection against retinal vascular permeability diseases.

6. Patents

The patent related to this study has been registered in Korea (no. 10-2015-0176274).
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Abstract: Background: Hyperglycemia-induced oxidative stress plays a key role in diabetic
complications, including diabetic retinopathy. The main goal of this study was to assess whether the
topical administration (eye drops) of glucagon-like peptide-1 (GLP-1) has any effect on oxidative
stress in the retina. Methods: db/db mice were treated with eye drops of GLP-1 or vehicle for
three weeks, with db/+ mice being used as control. Studies included the assessment by western
blot of the antioxidant defense markers CuZnSOD, MnSOD, glutathione peroxidase and reductase;
immunofluorescence measurements of DNA/RNA damage, nitro tyrosine and Ki67 and Babam2
proteins. Results: GLP-1 eye drops protected from oxidative stress by increasing the protein levels of
glutathione reductase, glutathione peroxidase and CuZnSOD and MnSOD in diabetic retinas. This was
associated with a significant reduction of DNA/RNA damage and the activation of proteins involved
in DNA repair in the retina (Babam2) and Ki67 (a biomarker of cell proliferation). Conclusions: GLP-1
modulates the antioxidant defense system in the diabetic retina and has a neuroprotective action
favoring DNA repair and neuron cells proliferation.

Keywords: diabetic retinopathy; GLP-1; oxidative stress; superoxide dismutase; free radicals

1. Introduction

In recent years emerging evidence has indicated that glucagon-like peptide 1 (GLP-1) exerts
beneficial effects in experimental diabetic retinopathy (DR) [1–4]. The underlying mechanisms involve
a downregulation of vascular endothelial growth factor (VEGF), proinflammatory cytokines and
proapoptotic signaling, reduction of the excitotoxicity mediated by glutamate and a protective role for
the tight junctions and cells of the blood-retinal barrier [1–4]. However, little is known regarding he
effect of GLP-1 on oxidative stress.

Oxidative stress as a result of chronic hyperglycemia play a key role in diabetic complications,
including DR [5]. Reactive oxygen species (ROS) and reactive nitrogen species (RNS) are physiologically
produced and are needed for redox signaling, but they can also alter the normal cellular homeostasis.
For this reason, a precise balance between ROS/RNS production and antioxidant activity is required [6].
The retina is more susceptible to oxidative events than other tissues due to high oxygen uptake and
glucose oxidation. In fact, it has been shown that diabetic patients present lower activity of antioxidant
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enzymes (superoxide dismutase (SOD), glutathione reductase and glutathione peroxidase) and high
ROS/RNS levels in the retina [7,8]. Recent experimental evidence suggests that oxidative stress not
only contributes to the DR development, but also causes resistance to the beneficial effects of good
glycemic control [9].

The aim of this study was to investigate the antioxidant and antinitrosative properties of topical
GLP-1 in an experimental model of DR.

2. Experimental Section

2.1. Experimental Design

A total of 30 diabetic male db/db [BKS.Cg-Dock7m +/+ Leprdb/J] mice and 15 non-diabetic mice
db/+; [BKS.Cg-Dock7m + Leprdb/+] were purchased at the age of 8 weeks (Charles River Laboratories,
Calco, Italy). Db/db mice present a mutation in the leptin receptor that triggers obesity-induced
type 2 diabetes. The mice had access to ad libitum food (ENVIGO Global Diet Complete Feed for
Rodents, Mucedola, Milan, Italy) and filtered water. They were housed at 20 ◦C temperature and 60%
humidity throughout all the study. With the aim of minimizing variability, the animals were randomly
distributed (block randomization) in groups of 4 mice per cage. Each cage held absorbent bedding and
nesting material (BioFresh Performance Bedding 1/800 pelleted cellulose, Absorption Corp, Ferndale,
WA, USA).

2.2. Interventional Study

When the mice reached the age of 21 weeks, GLP-1 eye drops (n = 15) and vehicle
(phosphate-buffered saline (PBS) eye drops (n = 15) were randomly dispensed directly onto the
superior corneal surface of both eyes with the help of a micropipette. They received one drop in each
eye (5 μL) twice daily for 21 days. On the last day of treatment, at the age of 24 weeks, a drop of
GLP-1 (2 mg/mL) or vehicle was administered to each eye 1 h before euthanasia. This study obtained
the approval of the Animal Care and Use Committee of VHIR (Vall d’Hebron Research Institute,
Barcelona, Spain). All experiments were performed in accordance with the guidelines of the European
Community (86/609/CEE) and the Association for Research in Vision and Ophthalmology (ARVO).

2.3. Retinal Tissue Processing

On the last day of the topical administrations, 8 db/db mice and 4 db/+ were transcardially
perfused with paraformaldehyde 4% (Santa Cruz Biotechnology, Dallas, TX, USA), and the eyes
were promptly enucleated, fixed again in paraformaldehyde 4% for 5 h and embedded in paraffin
blocks. Previously, each animal had received an intraperitoneal injection of 200 μL of anesthesia (a mix
containing 1 mL ketamine (GmbH, Hameln, Germany) and 0.3 mL xylazine (Laboratorios Calier S.A.,
Barcelona, Spain)). The remaining mice (22 db/db and 11 db/+mice) were euthanized through cervical
dislocation, their eyes were instantaneously enucleated, and retinas were separated depending on the
experimental purposes. For experiments that required protein samples, retinas were introduced in
sterilized PBS pH 7.4 and frozen in nitrogen liquid. For RNA assessments retinas were submerged in
TRIzol reagent (InvitrogenTM, Carlsbad, CA, USA) and stored at −80 ◦C until analysis.

2.4. Western Blotting

Retinal proteins were extracted through sonication in 80 μL of lysis buffer
(phenylmethanesulfonylfluoride (PMSF), 1 mM; NaF, 100 mM; Na3VO4, 2 mM; all diluted in RIPA
buffer (Sigma, St Louis, MO, USA)) and containing 1X protease inhibitor cocktail (Sigma, St Louis,
MO, USA). Twenty-five micrograms protein of each sample were loaded in a 10% (w/v) SDS-PAGE,
and electrophoresis was assessed at 90 V and 120 V for 30 and 60 min, respectively. The proteins were
then transferred to a polyvinylidene difluoride (PVDF) membrane (Bio-Rad Laboratories, Madrid,
Spain) at 400 mA for 90 min at 4 ◦C and blocked in 5% skimmed milk powder (Central Lechera
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Asturiana, Siero, Spain) in 0.1% TBS-Tween. Primary antibodies (Table 1) were incubated at 4 ◦C
overnight. Secondary antibodies goat anti-rabbit and goat anti-mouse (Dako Agilent, Santa Clara, CA,
USA) were diluted 1:10,000 and the following day they were applied for 1 h at room temperature.
Immunoreactive bands were detected using WesternBright ECL kit (WesternBright ECL HRP substrate,
K-12045-D50, Advansta, CA, USA). Anti-vinculin (1:7000, sc-73,614; Santa Cruz, Dallas, TX, USA) and
anti-cyclophilin A (1:10,000; BML-SA296; Enzo, NY, USA) were used to normalize protein levels. The
densitometric analysis was carried out with Image J software (National Institutes of Health, Bethesda,
MD, USA).

Table 1. Primary antibodies, targets, specific dilutions and sources used in western blot analysis.

Antibodies Description

Babam2 Rabbit monoclonal; 1:1000; ab177960; Abcam, Cambridge, UK

Cyclophilin A Rabbit polyclonal; 1:10,000; BML-SA296; Enzo Life Sciences, Lausen,
Switzerland

CuZnSOD Rabbit polyclonal; 1:1000; GTX100554; GeneTex, Hsinchu, Taiwan
Gadph Mouse monoclonal; 1:10,000; sc-32233; Santa Cruz, Dallas, Texas, USA

Glutathione peroxidase Rabbit polyclonal; 1:1000; GTX116040; GeneTex, Hsinchu, Taiwan
Glutathione reductase Rabbit polyclonal; 1:1000; GTX114199; GeneTex, Hsinchu, Taiwan

MnSOD Rabbit polyclonal; 1:1000; ab13533; Abcam, Cambridge, UK
Vinculin Mouse monoclonal; 1:7000; sc-73614; Santa Cruz, Dallas, Texas, USA

2.5. Immunofluorescence Analysis

Ocular globes were paraffined, sectioned (4 μm) and mounted on poly L-lysine positive charged
slides (Leica Biosystems, Nussloch, Germany). The samples were deparaffinized in xylene (VWR,
Barcelona, Spain), rehydrated in grade ethanol series (100%, 96%, 70% and 50%), fixed again in ice-cold
acid methanol (−20 ◦C) and washed 3 × 5′ with phosphate-buffered saline 0.01 M (PBS) at pH 7.4.
Successively, slides were warmed in a pressure cooker for 4 min at 150 ◦C in 250 mL of antigen retrieval
with sodium citrate 10 mM, pH 6. Then, the sections were blocked with blocking solution (protein
block serum-free, X0909 Agilent, Santa Clara, CA, USA) for 1 h at room temperature and they were
subsequently incubated overnight at 4 ◦C with specific primary antibodies (Table 2). Next day, after
3 × 10′ washes in PBS, the samples were incubated for 1 h in darkness with secondary antibodies
(Alexa 488 and Alexa 594; 1/600, Molecular Probes, Eugene, OR, USA). The sections were washed again
3 × 5′ with PBS, counterstained with Hoechst 33,342 (bisbenzimide) (Thermo Fisher Scientific, Eugene,
OR, USA) and mounted with mounting medium fluorescence (Prolong, Invitrogen, Thermo Fisher
Scientific, Eugene, OR, USA) and coverslips. Images were acquired using laser confocal microscopy
(Fluoview FV 1000 laser scanning confocal microscope Olympus, Hamburg, Germany) at a resolution
of 1024 × 1024 pixels. Immunofluorescence was quantified with Image J software.

Table 2. Targets, dilutions and sources of applied antibodies used in the immunofluorescence analysis.

Primary Antibodies Description

DNA/RNA damage (8-hydroxy-guanosine) Mouse monoclonal; 1:100; ab62623; Abcam, Cambridge, UK
Babam2 Rabbit monoclonal; 1:100; ab177960; Abcam, Cambridge, UK

CuZnSOD Rabbit polyclonal; 1:100; GTX100554; GeneTex, Hsinchu, Taiwan
Ki67 Rabbit polyclonal; 1:500; ab15580 (Abcam, Cambridge, UK)

MnSOD Rabbit polyclonal; 1:100; ab13533; Abcam, Cambridge, UK
NeuN Mouse monoclonal; 1:200; ab104224; Abcam, Cambridge, UK

Nitro tyrosine Mouse monoclonal; 1:100; ab7048; Abcam, Cambridge, UK
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Table 2. Cont.

Secondary Antibodies Description

Alexa Fluor 488 Goat anti-mouse Goat polyclonal; 1:600; #A-11032; Abcam, Cambridge, UK
Alexa Fluor 488 Goat anti-rabbit Goat polyclonal; 1:600; ab150081; Abcam, Cambridge, UK

Alexa Fluor 594 Goat anti-mouse Goat polyclonal; 1:600; ab150113; Life Technologies (Thermo
Fisher Scientific) Waltham, MA, USA

Alexa Fluor 594 Goat anti-rabbit Goat polyclonal; 1:600; A-110012; Life Technologies (Thermo
Fisher Scientific) Waltham, MA, USA

2.6. Statistical Analysis

Data are presented as mean ± SEM. Quantitative comparisons were analyzed by using Student’s
t-test and one-way ANOVA followed by Bonferroni’s multiple comparison post hoc test. Statistical
significance was set at p < 0.05 (*).

3. Results

3.1. Topical Administration of GLP-1 has no Effect on Body Weight and Systemic Blood Glucose Levels

No significant difference was observed in body weight and blood glucose concentrations during
the experiment between db/db mice treated with GLP-1 eye drops and db/db mice treated with vehicle
(Figure 1A,B).

Figure 1. Evolution of (A) body weight and (B) blood glucose levels in the experimental groups.
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3.2. Topical Administration of GLP-1 Reduces DNA/RNA Damage through the Decrease of Reactive Oxygen
Species (ROS) and Reactive Nitrogen Species (RNS) Induced by Diabetes in the Retina

The impaired equilibrium between ROS and the antioxidant defenses promotes oxidative stress
that affects the structure of several molecules, including nucleic acids. The hydroxyl radicals can
damage DNA by converting deoxyguanosine into 8-hydroxyguanosine. Here we provide evidence
that this phenomenon occurred in an experimental model of DR (db/db mice) and that the topical
administration of GLP-1 could prevented this process (Figure 2A,B).

Figure 2. Immunofluorescence analysis of DNA/RNA damage (8-hydroxiguanosine) and nitro
tyrosine. (A,B) Comparison and quantification of 8-hydroxiguanosine (red) protein levels through
immunofluorescence among representative samples of diabetic retinas treated with vehicle eye drops
(black bars) or GLP-1 eye drops (gray bars) and non-diabetic retinas (white bars). Hoechst staining
(blue) was used for nuclei labeling. Optical magnifications of the ganglion cell layer (GCL) and the inner
nuclear layer (INL) are also displayed. Scale bars, 30 μm. n = 4; (C,D) comparison and quantification
of nitro tyrosine (red) protein levels through immunofluorescence among representative samples
of diabetic retinas treated with vehicle eye drops (black bars) or GLP-1 eye drops (gray bars) and
non-diabetic retinas (white bars). Hoechst staining (blue) used for nuclei labeling. Scale bars, 30 μm.
n = 4; * p < 0.05. GCL—ganglion cell layer; INL—inner nuclear layer; IPL—inner plexiform layer;
ONL—outer nuclear layer; OPL—outer plexiform layer.
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RNS act similar to ROS in terms of cell damage. In fact, nitro tyrosine protein levels were also
increased in the retinas of diabetic mice in comparison with non-diabetic mice. GLP-1 significantly
reduced them too (Figure 2C,D).

3.3. GLP-1 Eyedrops Protect from Oxidative Stress by Increasing the Protein Levels of Glutathione Reductase,
Glutathione Peroxidase and Copper–Zinc and Manganese Superoxide Dismutases (CuZnSOD and MnSOD) in
Diabetic Retinas

Glutathione (GSH) effectively scavenges free radicals and other ROS and RNS (e.g., hydroxyl
radical, lipid peroxyl radical, superoxide anion and hydrogen peroxide) directly and indirectly through
enzymatic reactions. The reduced GSH can be regenerated from oxidized GSH by glutathione
redox cycle. However, in the diabetic retina, the enzymes responsible for glutathione redox cycle
(glutathione peroxidase and glutathione reductase) are compromised [6,8,10]. We observed a statistically
insignificant increase of protein levels of glutathione peroxidase (Figure 3A,B) and glutathione reductase
(Figure 3C,D) in diabetic retinas treated with GLP-1 eye drops in comparison with those treated
with vehicle.

 
Figure 3. Protein levels of glutathione peroxidase and glutathione reductase. (A,B) Densitometric
analysis and western blot bands of glutathione peroxidase corresponding to retinas of db/db mice
treated with vehicle eye drops (black bars), GLP-1 eye drops (gray bars) and to non-diabetic mice
retinas (white bars). Protein levels normalized with cyclophilin A. n = 3; (C,D) densitometric analysis
and western blot bands of glutathione reductase corresponding to retinas of db/db mice treated with
vehicle eye drops (black bars), GLP-1 eye drops (gray bars) and to non-diabetic mice retinas (white
bars). Protein levels normalized with cyclophilin A. n = 3; * p < 0.05.

Ultimately, the radical chain reactions will be blocked by the antioxidant enzymes superoxide
dismutase (SOD). The activities of both CuZnSOD, located in the cytosol, and MnSOD in the
mitochondria are decreased in diabetic retina [6,8,10]. In the present study, we found that CuZnSOD
and MnSOD levels were significantly increased by the topical administration of GLP-1 (Figure 4A–D
and Figure 4E–H, respectively); (p < 0.05).
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Figure 4. Protein levels of copper–zinc and manganese superoxide dismutase (CuZnSOD and MnSOD)
(A,B) Comparison and quantification of CuZnSOD (green) protein levels through immunofluorescence
among representative samples of diabetic retinas treated with vehicle eye drops (black bars) or GLP-1
eye drops (gray bars) and non-diabetic retinas (white bars). Hoechst staining (blue) used for nuclei
labeling. GCL—ganglion cell layer; INL—inner nuclear layer; IPL—inner plexiform layer; ONL—outer
nuclear layer; OPL—outer plexiform layer. Scale bars, 20 μm. n = 4; (C,D) densitometric analysis
and western blot bands of CuZnSOD corresponding to retinas of db/db mice treated with vehicle eye
drops (black bars), GLP-1 eye drops (gray bars) and to non-diabetic mice retinas (white bars). Protein
levels normalized with vinculin. n = 3; (E,F) comparison and quantification of MnSOD (green) protein
levels through immunofluorescence among representative samples of diabetic retinas treated with
vehicle eye drops (black bars) or GLP-1 eye drops (gray bars) and non-diabetic retinas (white bars).
Hoechst staining (blue) used for nuclei labeling. Scale bars, 20 μm. n = 4; (G,H) densitometric analysis
and western blot bands of MnSOD corresponding to retinas of db/db mice treated with vehicle eye
drops (black bars), GLP-1 eye drops (gray bars) and to non-diabetic mice retinas (white bars). Protein
levels normalized with vinculin. n = 3; * p < 0.05. GCL—ganglion cell layer; INL—inner nuclear layer;
IPL—inner plexiform layer; ONL—outer nuclear layer; OPL—outer plexiform layer.
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3.4. Topical Administration of GLP-1 Activates the Expression in the Retina of Proteins Involved in DNA
Repair (Babam2) and Cell Proliferation (Ki67)

Reactive oxygen and nitrogen species damage cellular macromolecules including DNA. Babam2
or BRE (brain and reproductive organ-expressed protein) is part of the BRCA1, a complex which is
implicated in both DNA repair and maintenance of G2/M arrest in reaction to DNA damage [11,12].
For this reason, we wanted to assess Babam2 in our experiment. We found that the retina of untreated
diabetic mice had considerably increased DNA/RNA damage compared with controls and that
treatment with GLP-1 eye drops significantly increased the protein levels of Babam2 in retina in
diabetic mice (Figure 5A–C). Moreover, GLP-1 increases Ki67 protein levels in neuroretina and favors
its translocation to the nucleus, thus indicating the promotion of neurogenesis in the diabetic retina
(Figure 6A,B).

 
Figure 5. Babam2 protein levels. (A) Comparison of colabelling immunofluorescence assay for Babam2
(red) with NeuN (neuronal specific marker) (green) in db/db mice among representative samples of
diabetic retinas treated with vehicle eye drops or GLP-1 eye drops and non-diabetic retinas. Nuclei
labeled with Hoechst stain nuclei specific marker) (blue). GCL—ganglion cell layer; INL—inner
nuclear layer; IPL—inner plexiform layer; ONL—outer nuclear layer; OPL—outer plexiform layer. An
orthogonal view of Babam2 to analyze nuclear translocation in GCL of db/db mice treated with vehicle,
db/bb mice treated with GLP-1 eye drops and non-diabetic mice are also displayed in this figure. Scale
bars, 30 μm. n = 4; (B,C) densitometric analysis and western blot bands of babam2 corresponding to
retinas of db/db mice treated with vehicle eye drops (black bars), GLP-1 eye drops (gray bars) and
to non-diabetic mice retinas (white bars). Protein levels normalized with Gadph. n = 3; * p < 0.05.
GCL—ganglion cell layer; INL—inner nuclear layer; IPL—inner plexiform layer; ONL—outer nuclear
layer; OPL—outer plexiform layer.
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Figure 6. (A) Comparison of ki67 (red) protein levels through immunofluorescence among representative
samples of diabetic retinas treated with vehicle eye drops or GLP-1 eye drops and non-diabetic retinas.
Ki67 is colabelled with NeuN (neuronal specific marker) (green) and Hoechst staining (nuclei specific
marker) (blue); (B) Optical magnifications of GCL and INL are also presented in this figure. Scale
bars, 30 μm. n = 4. GCL—ganglion cell layer; INL—inner nuclear layer; IPL—inner plexiform layer;
ONL—outer nuclear layer; OPL—outer plexiform layer.
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4. Discussion

DR physiopathology embraces several metabolic pathways triggered by the hyperglycemic state.
One of them is the overproduction of free radicals and the consequent nitro-oxidative imbalance that
leads to cell damage [5]. GLP-1 and GLP-1R agonists have emerged as potential drugs against DR due
to their neuroprotective properties, but their effect on DR oxidative stress has not been assessed [1,3,13].
Herein, we provide evidence that an antioxidant effect can be added to the underlying mechanism by
which GLP-1R agonists exert their beneficial action on the diabetic retina.

In the present study, we found diabetes-induced oxidative stress resulting in DNA/RNA damage
through guanine oxidation and protein damage by tyrosine nitration. In this regard, retinas of
diabetic mice presented higher levels of both markers (8-hydroxy-2′-deoxyguanosine and nitrotyrosine,
respectively) in comparison with non-diabetic mice, which implies the appearance of nitro-oxidative
stress as a consequence of the DR state. Notably, these deleterious effects were prevented by the
topical administration of GLP-1. Several studies have reported the relationship between GLP-1 and the
decrease of cellular ROS levels [14]. Wang et al. showed that GLP-1 could reduce high-glucose-induced
ROS in cardiac microvascular endothelial cells and Erdogdu et al. obtained similar results with
exendin-4 (GLP-1 receptor agonist) using human coronary artery endothelial cells [15,16]. Here we
demonstrate that the topical administration of GLP-1 prevents the RNA/DNA and proteins damage
induced by RNS and ROS in an experimental model of DR. To the best of our knowledge this is the
first study showing these beneficial effect of GLP-1 in the diabetic retina. It should be noted that
systemic administration of GLP-1 analogs, by reducing blood glucose levels, may led to similar results
in terms of oxidative stress, but our study provides evidence that these effects are directly mediated by
GLP-1 and cannot be attributed to an improvement of blood glucose levels. In this regard, it should
be emphasized that the topical (eye drops) administration of GLP-1 does not alter the blood glucose
levels and that, therefore, the effects cannot be attributed to an improvement in these levels.

In the present study, we evaluated the protein levels in the retina of some antioxidant enzymes
such as glutathione peroxidase, glutathione reductase, CuZnSOD and MnSOD after topical treatment
with GLP-1. We found that glutathione peroxidase and glutathione reductase were higher in diabetic
mice treated with GLP-1 eye drops, but without reach the statistical significance. This result agree
with those obtained by Fernández-Millán et al. who found that GLP-1 was able to enhance the
activity of both enzymes in beta cells (rat INS-1E cells) [17]. Regarding CuZnSOD and MnSOD,
significantly higher levels in db/db mice treated with GLP-1 eye drops in comparison with vehicle were
observed. Therefore, the topical administration of GLP-1 was able to prevent the diabetes-induced
downregulation of CuZnSOD and MnSOD in the retina. Overall, our findings point to the enhancement
of all these antioxidant enzymes as a significant mechanism of action of GLP-1.

In order to investigate the potential role of GLP-1 in the process of DNA repair we measured the
Babam2 protein, which is encoded by the Babam2 gene, also named Bre. The Babam2 gene forms the
Brca1-a complex in the nucleus of multiple cell types where its function consists in repairing DNA
double strands breaks. Babam2 enables the Brca1-a complex to reach DNA damage sites. Shi et al.
demonstrated that the deletion of Babam2 in fibroblasts leads to the accumulation of unrepaired DNA
damage [11]. In the present study, we provide first evidence that GLP-1 increases the Babam2 protein,
thus suggesting that DNA repair is another pleiotropic action of GLP-1. Co-labeling with the specific
neuronal marker NeuN points to the ganglion cells as the main neuronal source of the Babam2 protein.
In addition, we have confirmed our previous observation that GLP-1 upregulates Ki67 (an excellent
marker of cellular proliferation), which also colocalized with NeuN. Taken together these findings
suggest that the antioxidant properties of GLP-1 are linked to its capacity to promote neurogenesis.

5. Conclusions

Topical administration of GLP-1 in an experimental model of DR (db/db mice) confers protection
against the damage caused by nitro-oxidative stress. The GLP-1-mediated increase of some antioxidant
enzymes such as MnSOD and CuZnSOD is an important contributing factor. The prevention of

272



Antioxidants 2020, 9, 846

DNA/RNA damage, the increase in DNA repair and the enhancement of cellular proliferation observed
after treating with GLP-1 all reinforce the concept that GLP-1 promotes neurogenesis in the diabetic
retina. However, further studies not only to confirm this important issue, but also to unravel the
underlying mechanisms linking the antioxidant effects and cellular proliferation are needed.
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Abstract: Fibrocellular membrane or epiretinal membrane (ERM) forms on the surface of the inner
limiting membrane (ILM) in the inner retina and alters the structure and function of the retina.
ERM formation is frequently observed in ocular inflammatory conditions, such as proliferative
diabetic retinopathy (PDR) and retinal detachment (RD). Although peeling of the ERM is used as a
surgical intervention, it can inadvertently distort the retina. Our goal is to design alternative strategies
to tackle ERMs. As a first step, we sought to determine the composition of the ERMs by identifying
the constituent cell-types and gene expression signature in patient samples. Using ultrastructural
microscopy and immunofluorescence analyses, we found activated microglia, astrocytes, and Müller
glia in the ERMs from PDR and RD patients. Moreover, oxidative stress and inflammation associated
gene expression was significantly higher in the RD and PDR membranes as compared to the macular
hole samples, which are not associated with inflammation. We specifically detected differential
expression of hypoxia inducible factor 1-α (HIF1-α), proinflammatory cytokines, and Notch, Wnt,
and ERK signaling pathway-associated genes in the RD and PDR samples. Taken together, our results
provide new information to potentially develop methods to tackle ERM formation.

Keywords: human retina; epiretinal membrane; internal limiting membrane; vitreoretinal surgery;
macular hole; proliferative diabetic retinopathy
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1. Introduction

The retina is a multilayered light-sensing neural tissue located at the back of the eye [1]. The outer
retina is composed of photoreceptors, which convert light into electrical signals and transmit them to
the inner neurons and to the ganglion cells in the inner retina. The ganglion cell layer is also composed
of Muller glia, whose foot processes are embedded into a thin transparent layer in the basal lamina of
the inner retina called the inner limiting membrane (ILM). The ILM forms a boundary between the
retina and the underlying vitreous [2–4].

Epiretinal membrane (ERM), a fibrocellular tissues forms on the surface of ILM, mainly on the
macula. ERMs can be either: (a) idiopathic or (b) associated with ocular inflammatory diseases such as
diabetic retinopathy and retinal detachment [5,6]. ERMs distort the underlying ILM and alter retinal
morphology and function. Survival and proliferation of the cells present on the ERM also depends
upon the oxygen level. Ischemic conditions lead to accumulation/activation of the transcription factor,
hypoxia-inducible factor (HIF-1α), which causes secretion of vasoactive cytokines vascular leakage
and macular edema [7]. Growth factors such as hepatocyte growth factor (HGF), heparin-binding
epidermal growth factor (HB-EGF), and epidermal growth factor (EGF) others and other inflammatory
molecules released due to any retinal insults also induce the migration of retinal cells like RPE to the
vitreous to proliferate and induce the retinal membrane formation.

Currently, ILM removal along with ERM peeling is considered the gold standard treatment and
results in minimal recurrence of the ERMs. However, the extent of successful restoration of vision
varies as ERM peel can lead to retinal breaks and perturb outer retina function. Therefore, ILM peeling
requires a decision on the inevitability of ERM removal only for selected needful patients.

We propose that understanding the cellular composition and gene expression signature of the
ERMs will assist in designing strategies to tackle ERM formation with minimal effects on the ILM or
avoid ERM peeling in patient where it may play a beneficial role, such as in preventing macular hole
formation [8,9]. Previous remarkable studies have identified hyalocytes, glial cells, retinal pigment
epithelial cells, fibrocytes and myofibroblast along with non-cellular component like fibronectin,
and actin [10,11]. However, a comprehensive analysis of the different components and a gene
expression profile related to oxidative stress and pro-inflammatory signaling associated genes have
not been investigated.

In the present study, we carried out a comparative histological, ultrastructural and gene
expression analysis of fibrocellular membranes associated with inflammatory conditions of the
eye. Our results expand our understanding on the role of activated microglia in ERMs and suggest
that immunomodulation by targeting microglia could be a potential therapy for a better clinical
management of the condition.

2. Materials and Methods

2.1. Enrollment of Subjects

Initially, ILM specimens (n = 30) were collected during vitreo-retinal surgery from June 2016
to September 2017 at the L.V. Prasad Eye Institute by a single vitreoretinal surgeon (Jay Chhablani)
and were used for Hematoxylin and Eosin (H&E), transmission electron microscopy (TEM) and
immunohistochemistry (IHC)-based evaluations. Additional membranes (n = 15, 3 in MH, 8 in PDR
and 4 in RD) were collected from the additional ORs of two other vitreo-retinal surgeons (Mudit Tyagi
and Rajeev Reddy Pappuru) for the targeted gene expression profiling. This prospective study was
approved (Ethic Ref No. LEC 02-14-029) by the Institutional Review Board (IRB) of L.V. Prasad Eye
Institute, Hyderabad, India (LVPEI) and adhered to the tests of the Declaration of Helsinki. A prior
informed consent was obtained from each study subject. All subjects underwent a comprehensive
ophthalmic examination with Snellen’s visual acuity, slit lamp examination, intraocular pressure
measurement using applanation tonometry and dilated fundus examination. All eyes except eyes
with RRD underwent preoperative spectral domain optical coherence tomography (OCT) Cirrus
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High Definition-OCT (Carl Zeiss Meditec, Dublin, CA, USA). Five-line high definition raster scan
was performed.

The membranes removed as part of the routine surgical management were collected from different
pathological conditions. Subjects with the diagnosis of vitreoretinal interface disorders including
idiopathic macular hole (MH), proliferative diabetic retinopathy (PDR) and rhegmatogenous retinal
detachment (RD) who underwent pars plana vitrectomy (PPV) with Brilliant blue-G (BBG)—assisted
inner limiting membrane peeling (ILM peeling) were included in the study.

2.2. Surgical Details

Surgical procedure included 23- or 25-gauge vitrectomy. After induction of posterior vitreous
detachment, vitrectomy was completed. Epiretinal membranes were removed using end-gripping
forceps. For ILM staining, 0.02% brilliant blue was used under air infusion. After one minute of
staining, ILM at the macular area was removed using ILM forceps. In eyes undergoing macular
hole repair, C3F8 gas (12–15%) was used as tamponade. Cataract surgery was performed during the
follow-up in cases where it was needed with standard phacoemulsification procedure, and posterior
chamber intraocular lens was implanted. In cases with rhematogenous RD, brilliant blue staining of
ILM was performed under fluid with infusion canula off.

2.3. Histopathological Investigation

All surgically peeled membrane samples were embedded in the optimal cutting temperature
compound (OCT)-medium (Leica Biosystems, Nussloch GmbH, Germany) and stored at−20 ◦C initially
for slow freezing. After freezing, sections of 4 μm thickness were prepared using cryostat (Leica
CM1950 Clinical Cryostat-Leica Biosystems, Nussloch GmbH, Germany) for each subject. The sections
were stained with hematoxylin and eosin (H&E) dyes and images were taken at 4× and 10×with an
inverted microscope (Olympus Corporation, Shinjuku, Tokyo, Japan).

2.4. Ultrastructural Evaluations of Membranes Using Transmission Electron Microscopy

The surgically excised membranes were stored in 3% glutaraldehyde at room temperature for
24 h followed by the standard procedures [11,12] for sample preparation. Ultra-thin (70 nm) sections
were made with a diamond knife on ultramicrotome (Leica Ultra cut UCT-GA-D/E-1/00), mounted on
gold grids and stained with saturated aqueous uranyl acetate (UA) and counter stained with Reynolds
lead citrate (LC) and viewed under TEM (Model: CM10,Philips, North Worcester, MA, USA).

2.5. Cellular Characterization Using Immunohistochemistry

The tissue sections were processed for immunohistochemistry using cell type specific primary
antibodies including rabbit anti-glial fibrillary acid protein antibody (GFAP) (glial marker, 1:400, Z0334,
Dako, Glostrup, Denmark), rabbit anti-ALDH1L1 (astrocytes, 1:500, ab190298, Abcam, Cambridge, MA,
USA), mouse anti-cellular retinaldehyde-binding protein (CRALBP) (retinal astrocytes, 1:80, ab15051,
Abcam), rat anti-F4/80 (macrophages, 1:30, ab16911, Abcam,), and rabbit anti-oxidation resistance
1 (Oxidative stress, 1:100, HPA027395,Sigma, St. Louis, MO, USA), against OXR1; a protein that
controls the resistance of neuronal cells to oxidative stress. After sectioning the slides were stored at
−20 ◦C. For the experiment, slides were taken out from the −20 ◦C and kept at room temperature for
30 min to bring them to room temperature. Next, the slides were dipped in fixative (chilled methanol:
acetone (95:5) solution) for 15 min and dired for 30 min at room temperature. The slides were then
washed three times with 1× PBS. 1% BSA (Himedia, Lab Pvt. Ltd., Mumbai, Maharashtra, India)
and incubated with blocking buffer containing 0.1%-Tween20 (Fisher Scientific, Guldensporenpark,
Merelbeke, Belgium) for 2 h. The sections were then incubated with the primary antibody overnight.
The primary antibodies were diluted in 0.1% blocking buffer. After overnight incubation, the slides
were washed three times with 1X PBS, for 5 min each, followed by secondary antibody incubation at a
dilution 1:300 (Alexa Fluor® 488 Goat Anti-Rabbit IgG, (A-11008, Invitrogen, Waltham, MA, USA)
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and Alexa Fluor® 488 Goat Anti-Mouse IgG, (ab150117, Abcam). Negative control IHC was done to
test the specificity of antibody and to identify false positive results shown in Figure S1. Details of the
antibodies are provided in Table S1.

2.6. Imaging and Image Analysis

The digital inverted microscope (EVOS FL Cell Imaging System, Life Technology, Paisley, UK)
was used for the imaging at X200 final magnification. Further, total number of cells based on DAPI
staining and the total number of positively stained cells for each marker were counted on individual
sections corresponding to different pathological conditions. Average and standard deviation of the
mean number of cells for each marker from specimens (n = 3) in different pathological conditions were
calculated. Percentage of OXR1 positive cells was calculated using: (total number of OXR1 positive
cells divided by total number of DAPI stained cells) × 100.

2.7. Targeted Gene Expression Profiling by qRT-PCR

Total RNA was isolated from membranes using PureLink™ RNA Mini Kit (Invitrogen™, catalog
no. 12183018A) following the manuals as instructed. RNA was converted to cDNA using verso cDNA
synthesis kit (Thermo Scientific™, Waltham, MA, USA, catalog no. AB1453B). A reaction mixture of
volume 10μL was made using iTaq™ Universal SYBR® Green Supermix (BIO-RAD, Hercules, CA,
USA, catalog no. 38220090), 200nM of primer and cDNA and further, subjected to Applied Biosystems
7900 HT system. A relative measurement of the concentration of target gene (CT) was calculated by
using software SDS 2.4 (Applied Biosystems, Foster City, CA, USA). Differential gene expression was
analyzed using the 2−ΔΔC

T method. Statistical analyses were performed using the 2−ΔΔC
T ± SEM.

β-actin; a housekeeping gene was used as a normalizing control. The primer sequences used for
semi-quantitative real time PCRs are given in the Table S2.

2.8. Statistical Analysis

The total number of cells were counted manually in a defined fixed quadrant and equal area of
each images. Average number of the cells were accounted for further the descriptive statistical analysis
included mean and standard deviation (SD) described in Section 2.6. t-Test was used to calculate
significance for qPCR data and mean fold changes ± SE were plotted in a graph. A p-value less than
0.05 was taken as statistically significant.

2.9. Bioinformatic Analysis

For gene expression analysis, a heat map was generated using the online tool Heatmapper (http:
//www.heatmapper.ca/expression/). Protein-protein interaction was predicted using STRING (v 11.0)
(https://www.string-db.org/). Where network edges were defined based on evidence. The minimum
required interaction score was kept at minimum confidence of 0.400, with no more than 50 interactors.
The active interaction sources were text mining, experimentally proved, database, co-expression data,
neighborhood joining, gene fusion, and co-occurrence.

3. Results

3.1. Demographical Data

The mean age (mean age ± standard deviation) of the subjects included in this study was
55.22 ± 7.35. The number of males and females were 33 and 12 respectively.

3.2. Histological Evaluations and Cellular Profiling

Histological analysis of the ERMs revealed spindle cells with round or oval hyperchromatic nuclei
(black arrow; Figure 1 and Figure S1) and pale eosinophilic cytoplasm with or without uveal pigment.

278



Antioxidants 2020, 9, 654

The cellularity varied among specimens; it was lower in macular hole samples as compared to PDR
and RD. We did not detect a significant difference in cellularity between PDR and RD samples.

 

Figure 1. H&E staining of epiretinal membrane (A) macular hole, (B) retinal detachment,
(C) proliferative diabetic retinopathy. Photomicrographs in all except macular hole show the presence
of spindle shaped cells (black pointed arrows) and the adjacent fibro-collagenous tissue. (H&E;
scale bar = 400 μm).

3.3. Ultrastructural Characterizations

Next, we performed ultrastructural characterization by TEM of the membranes extracted from
three subjects belonging to the PDR and MH groups. The membranes from RD cases were not included
due to insufficient numbers.

The retinal cell-types were characterized based on previously published morphological details [13–18].
Varying thickness of collagen fibrils, the main component of the ERMs was observed in both PDR
and MH. We frequently detected astrocytes, Müller glia with long processes, microglia like cells with
thick dark heterochomatic cell body and a few dark pigmented cells (Figure 2) in the PDR versus the
MH specimens.

 

Figure 2. Transmission electron microscopy images of fibrocellular membranes from; (A–C); macular
hole, and (D–E); proliferative diabetic retinopathy membrane showing the presence of astrocytes,
Müller glia processes and microglia. The cell body of a Müller cell can be identified by its nucleus and
dark cytoplasm (red color filled triangular shape). An astroglial cell process with flattened intermediate
filaments (yellow colored asterisk) can be observed next to the Müller cell. The microglia can be seen
with round shaped dark cell bodies (brown arrow) and glial cells processes with skyblue star shaped
structure. (B,E) show collagenous fibrils of membrane indicated by black arrow and; (C,F) show their
corresponding magnified image.
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3.4. Characterization of Different Cell Types in Each Group

We next validated the presence of the specific cell types by indirect immunofluorescence using
appropriate marker antibodies. We used nine samples, with three samples from each group (MH, RD
and PDR). The MH samples were used as negative controls.

Our analyses confirmed the presence of both macroglial and microglial cells along with other
proliferative spindle shaped cells. While GFAP and ALDH1L1, markers for astrocytes (and gliosis)
were mostly detected in all specimens, the PDR samples showed greater number of GFAP positive cells
present in the membrane as compared to MH and RD specimens (Figure 3 and Figure S2). CRALBP
staining did not significantly differ in the Müller glia among PDR and RD samples. The number of
CD11b (microglia marker) positive cells was higher in the RD membranes as compared to the others.

 
Figure 3. Representative images showing IHC of membranes from pathological conditions MH, RD
and PDR with intense cytoplasmic and membranous expression of GFAP, CRALBP, and CD11b proteins.
(Scale bar; 100 μm).

Quantification of the cells present on the membrane validated the higher number of CD11b
positive cells in RD than MH and PDR. On the other hand, increased number of GFAP positive cells
was seen in PDR as compared to all cases (Table 1).

Table 1. The number of different cell types identified by immunohistochemistry using different specific
markers where GFAP; astrocytes/gliotic changes, CRALBP; Müller glia, CD11b; microglia are used.

S. No. Pathology H&E Cell Specific Marker
Mean no. of Positive

Cells (n = 3) ± SD

1. MH No pigmentation
GFAP 0 ± 0

CRALBP 0 ± 0

CD11b 0 ± 0

2. RD Pigmentation
GFAP 8 ± 8.4

CRALBP 19 ± 7.0

CD11b 2.5 ± 3.5

3. PDR No pigmentation
GFAP 11 ± 8.7

CRALBP 6.3 ± 6.6

CD11b 1.6 ± 1.5
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3.5. Evaluation of Oxidative Stress among Different Pathological Condition

To further explore the involvement of oxidative stress in the ERMs, we performed
immunofluorescence analysis using anti-OXR1 antibody in the same tissue specimens (n = 3) of
MH, RD and PDR cases. OXR1 is expressed at elevated levels in cells undergoing oxidative stress [19].
We found a greater number of OXR1-positive cells in the RD sample than PDR (p = 0.04) shown in
Figure 4; none of the cells was positive for OXR1 in the membranes from MH.

p

Figure 4. Representative images of IHC showing the expression of OXR1 in MH, RD, and PDR.
The graph shows the mean percentage of OXR1 positive cells for each pathological condition (n = 3)
(scale bar; 100 μm) ** p-value < 0.05.

3.6. Gene Expression Analysis of Oxidative Stress and Inflammation-Related Pathway Genes

Oxidative stress though being closely interlinked to inflammation, could also be the cumulative
effect of continued insults to the eye such as ischemia and hyperglycemia [20]. To further quantitate
the underlying oxidative stress and inflammation in membrane formation and DR pathogenesis,
a targeted gene expression profiling was undertaken by semi-quantitative real time PCR using SYBR
green chemistry. We used MH as control and the expression was measured among MH, PDR and
RD. Initially, to measure the underlying oxidative stress, we used Nrf2, and HIF1-α while MMP9,
and IL1-β were used as markers of inflammation. Expression of CD11b and VEGF was also measured
for activated microglia and angiogenesis. In comparison to MH, the gene expression of Nrf2, HIF1-α
and MMP9 was higher in the RD (Nrf2: 31.81 ± 0.76, *** p = 0.00066; HIF1-α: 13.423 ± 0.63, *** p = 0.005;
MMP9: 8.851 ± 0.86, * p = 0.04) followed by PDR (Nrf2: 2.76 ± 0.16, ** p = 0.007; HIF1-α: 3.88 ± 0.47, ns,
p ≥ 0.05 and; MMP9: 4.901 ± 0.86, * p = 0.03). Consistently, we noticed increased expression of IL1-β in
RD (8.648 ± 0.43, * p = 0.03) and PDR (5.282 ± 0.27, ns, p ≥ 0.05) compared to MH. VEGF, an angiogenic
marker showed almost similar elevated level of expression in both RD (2.542 ± 0.63, * p = 0.031) and
PDR (1.42 ± 0.13, * p = 0.01). Likewise, CD11b, also showed significantly higher expression in RD
(10.333 ± 0.23, *** p = 0.000076), and PDR (3.092 ± 0.25, * p = 0.011) than MH (Figure 5a).
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Figure 5. (a,b) Differential gene expression analysis of oxidative stress, inflammatory markers and their
associated pathway involved in the pathogenesis of epiretinal membrane of RD, PDR compared to
macular hole (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001) (c) Heat map showing the expression pattern of the
differentially expressed genes in PDR and RD.

We then analysed the expression of the genes associated with major signaling pathways including
NOTCH1, DKK1 and ERK1 in the ERMs from RD and PDR. Besides oxidative stress and inflammation,
the additional genes and pathway chosen for this analysis were selected based on the existing proposed
pathogenic theories in the literature and those known to be involved in retinal cellular proliferation
and maintenance. There was significant upregulation of NOTCH1 gene expression in RD (8.427 ± 0.64,
** p-value=0.008) and PDR (6.459 ± 0.81, * p-value = 0.02) as compared to control (MH) (Figure 5b).
Although DKK1 and ERK1 were downregulated, the effect was not statistically significant.

Further, the heatmap, a clustering based method that groups genes and/or samples together based
on the similarity of their gene expression pattern, showed the differential expression profile of the
genes for PDR and RD shown in Figure 5c. Except for NRF2 all other genes that clustered together
seems to be regulated by common processes.

To further validate the presence of activated microglial, we again performed immunofluorescence
analyses of both resting microglia and activated microglia markers: F4/80 and Iba1 respectively.
The results showed the presence of both resting as well as activated microglia in all pathologies except
MH as shown in Figure 6.
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Figure 6. Validation of activation of microglia on the membrane shown by immunohistochemistry
using marker for resting; F4/80 and activated stage; Iba1 in different pathological conditions MH, RD
and PDR; scale bar; 100 μm.

3.7. Protein-Protein Interactions for the Differentially Expressed Genes by In-Silico Analysis

To further understand functional overlap among the significantly expressed genes in different
pathways, we performed bioinformatic analysis using STRING (v 11.0). The examined genes (HIF1-α,
Nrf2, VEGF, IL1-β, CD11b, NOTCH1, MMP9, ERK1, and DKK1) showed interaction among each
at the protein level (Figure 7a). Several other proteins were also identified that interact with the
studied proteins to modulate specific signaling pathways. Genes differentially expressed in the ERMs
of PDR and RD are also shared with the genes belonging to the innate immune system, hypoxia
related signaling, inflammatory pathways mediated by microglia, VEGF signaling, TNF-α signaling,
MAP kinase signaling and extra cellular reorganization (Table 2).

Further, functionally associated proteins involved in the disease pathogenesis were also determined
by studying their co-expression. We found MMP9, IL1-β and ITGAM (alias for CD11B) are functionally
associated and co-expressed. Similarly, HIF1-α, and Nrf2 were co-expressed together showing their
strong association in disease pathogenesis (Figure 7b).
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Figure 7. (a) Prediction of protein-protein interaction for the differentially expressed genes among PDR
and RD in the present study. Protein 3D structure are enclosed in the circles. The colors of bond between
the proteins indicate the evidences for their interaction (known interactions; skyblue-curated database,
purple-experimently determined, other predicted interactions; lime-textmining, black-co-expression).
Protein of interest studied are enclosed in dotted black circle (b) triangle-matrices, where the intensity
of color indicates the level of confidence of two proteins which are functionally associated.

Table 2. List of the important pathways involved in ERM pathogenesis.

S. No. #Term ID Term Description
Observed

Gene Count
Background
Gene Count

False Discovery Rate
Matching Proteins in the

Network (Labels)

1 hsa04066 HIF-1 signaling pathway 17 98 7.73 × 10−23

AKT1,ARNT,CREBBP,CUL2,EGLN1,
EGLN2,EP300,FLT1,HIF1A,HMOX1,

MAPK3,STAT3,TCEB1,TCEB2,
TIMP1,VEGFA,VHL

2 hsa04330 Notch signaling pathway 10 48 5.83 × 10−14
CREBBP,EP300,MAML1,MAML2,

MAML3,NOTCH1,NOTCH2,
NOTCH3,NOTCH4,RBPJ

3 hsa04010 MAPK signaling pathway 14 293 1.23 × 10−11
AKT1,DUSP6,FIGF,FLT1,IL1A,
IL1B,IL1R1,JUN,KDR,MAPK3,
PGF,VEGFA,VEGFB,VEGFC

4 hsa04933
AGE-RAGE signaling

pathway in
diabetic complications

10 98 2.75 × 10−11 AKT1,FIGF,IL1A,IL1B,JUN,MAPK3,
STAT3,VEGFA,VEGFB,VEGFC

5 hsa04610 Complement and
coagulation cascades 8 78 2.56 × 10−9 C3,CD46,CD55,CFB,CFH,CFI,

CR1,ITGAM

6 hsa04060 Cytokine-cytokine receptor
interaction 11 263 7.33 × 10−9 FIGF,FLT1,IL10,IL1A,IL1B,IL1R1,

IL1R2,KDR,VEGFA,VEGFB,VEGFC

7 hsa04014 Ras signaling pathway 10 228 2.3 × 10−8 AKT1,FIGF,FLT1,KDR,MAPK3,PGF,
PTPN11,VEGFA,VEGFB,VEGFC

8 hsa04668 TNF signaling pathway 6 108 6.86 × 10−6 AKT1,IL1B,JUN,MAPK3,
MMP9,VEGFC

9 hsa04151 PI3K-Akt signaling
pathway 9 348 6.87 × 10−6 AKT1,FIGF,FLT1,KDR,MAPK3,PGF,

VEGFA,VEGFB,VEGFC

10 hsa04310 Wnt signaling pathway 6 143 2.51 × 10−5 CREBBP,DKK1,EP300,JUN,
LRP5,LRP6

11 hsa04630 Jak-STAT signaling
pathway 6 160 4.36 × 10−5 AKT1,CREBBP,EP300,IL10,

PTPN11,STAT3
12 hsa04370 VEGF signaling pathway 4 59 1.4 × 10−4 AKT1,KDR,MAPK3,VEGFA

4. Discussion

Here, we show that activated microglia are a major component of the ERMs from RD and
PDR patient samples. Microglial cells are involved in neurotrophic and neurodegenerative disease
mechanisms in the retina under stress conditions. In mature retina, microglia reside in the inner and
outer plexiform layers and exhibit an abundantly ramified morphology spanning the complete nuclear
layers with their long protrusions [21]. Their most important role is to maintain a constant active
surveillance of retinal homeostasis where they are indispensable for the immune response and synaptic
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pruning and transmission [22,23]. Under injury or ischemic stress, they get activated, proliferate
and migrate to the site of damage, while releasing pro-inflammatory cytokines and ROS to counter
the damage [24]. We recently demonstrated the role of microglial mediated aberrant complement
activation in the pathogenesis of DR [25]. That study showed that a gradual increase in the expression
of CFH (inhibitor of alternate complement pathway) and CD11b (activated microglial marker) in the
retina (at an early stage) culminated in epiretinal membranes changes in DR patients further supporting
for a major role of microglia and the alternative complement pathway in disease progression.

While there were not many differences in the cell types present in the membranes from different
pathologies, higher number of GFAP positive cells in PDR and RD confirmed the presence of
astrocytes and Müller glia and the glial activation (reactive gliosis). Reactive gliosis is known to cause
inflammation, which leads to neurodegeneration [26]. The presence of GFAP positive cells could be
due to phagocytosis and gliotic responses of Müller glia in the retina. Astrocytes are predominantly
localized to the subretinal space near the ILM, where they activate and proliferate during vascular
injury and neovascularization. Along with endothelial cells and pericytes, they are also involved
in the formation of epiretinal vessels under ischemic condition [27,28]. Besides Müller glia and
astrocytes, a large number of activated microglia was also detected in these membranes (RD and PDR).
The presence of these cells indicates their role in ERM formation besides underlying gliosis. Such
mechanisms may underlie the extensive gliotic changes, which pose surgical challenges.

Activated microglia secrete different types of cytokines [29]. Underlying gliosis causes the
induction of inflammation, which in turn promotes oxidative stress. This is supported by our results
of immunohistochemistry using anti-OXR1, an oxidative stress responsive gene. The fibrocellular
membranes from RD and PDR showed significantly higher number of anti-OXR1 positive cells as
compared to MH. Higher expression of CD11b along with significant increase of oxidative stress
markers (HIF1-α and Nrf2), inflammatory markers (IL1-β and MMP9) and vascular endothelial growth
factor (VEGF) in RD and PDR further suggested oxidative stress activates the resident microglia in
the retina and adopt inflammatory phenotype. The activated ramified microglia migrate and secrete
inflammatory cytokines and growth factors that promote cellular proliferation, neuronal apoptosis and
phagocytosis. Inflammatory cytokines could serve as chemoattractants for invading macrophages.
Higher expression of VEGF increases the endothelial cell permeability that would leads to further
immune cell recruitment and disease manifestation. A study on histopathological analysis of eyes
from patients with non-PDR and PDR showed increased numbers of hypertrophic microglia which
correlated with disease severity [30].

Activated microglia also express activated C3a and C3b receptors on cell surface and in turn, induce
astrocytes to adopt a reactive and proinflammatory phenotype. Such phenomena compromise the ability
of neurons to form synapses and phagocytose dead neurons in the central nervous system. Increased
deposition of dead neurons could further induce neuroinflammation and neovascularization [31].
We therefore, propose that activated microglia and astrocytes in the ERMs from RD and PDR could
result from the proinflammatory phenotype of activated astrocytes in the retina. Further studies are
needed to test this hypothesis.

In retinal pigment epithelium cells, Notch2 has been shown to be the major Notch receptor,
and its inhibition significantly reduces the intracellular ROS production and cellular apoptosis upon
ultraviolet B-induced damage. On the other hand, hypoxic stress to retinal ganglion cells induces
Notch1 expression and activation. A study by Jiao et al. 2018, examined the effects of NOX4 mediated
Notch signaling under hyperglycemic (HG) stress. The study observed that HG upregulates Nox4
expression via the activation of Notch signaling, resulting in increased ROS production and cell death
in HRECs and thus the inhibition of Notch signaling or Nox4 expression was suggested to be potential
therapeutic strategy for the treatment of DR [32].

Several theories have been suggested based on cellular evidences for the processes involved
in the membrane formation. Some studies reported that PVR exposes the retina to blood derived
fibroblast and other cytokines that causes RPE cells to undergo epithelial to mesenchymal transition
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and forming proliferative spindle like cells that initiate retinal remodelling and membrane formation
over the ILM. Epithelial to Mesenchymal Transition (EMT) facilitates the adoption of a mesenchymal
phenotype by an epithelial cell by undergoing multiple biochemical changes. The process of EMT has
been well-documented in different types of cancers, leading to tumor progression and increased tumor
invasiveness. Besides the other know mechanisms, release of inflammatory cytokines by immune
cells has also been shown to cause EMT. Recently, a link between MMP9 and NOTCH1 signalling was
also demonstrated [33]. Overexpression of MMP9 acts as a strong activator of NOTCH1 signalling.
An earlier study by our group demonstrated increased expression of MMP 9 in PDR vitreous humor that
is contributed by activated microglia. The present study also demonstrated an increased expression of
CDllb, MMP9, IL-1β and Notch in the membranes as seen by heatmap and co expression using STRING
analysis. All together these observations definitely provide a link between increased activation of
microglia with RPE undergoing EMT thereby leading to membrane formation as seen in PDR and RD
cases by activating Notch 1 signaling and thus inhibiting Notch 1/MMP9 signaling can be a potential
therapy to prevent DR severity.

Studies have shown that ERMs impair oxygen and nutrient supply to the retina under ischemic
condition [34]. It may also cause tractional retinal detachment by pulling on the neurosensory retina.
Our study demonstrated higher level of oxidative stress along with inflammation in RD. Hence,
the removal of ERMs may help in improving the oxygenation, nutrient supply and ion transport
for retinal potassium buffering [35]. Interestingly, the surgical treatment ILM peeling is found to
significantly depend on the type of ERM adherence and area where ERM attaches to the retina. ILM
peeling causes mechanical trauma to the retinal nerve fiber layer (RNFL) [36], making this procedure
controversial [37].

Our study shows overexpression of oxidative stress-related pathways genes in the fibrocellular
membranes (Figure 8). We suggest that modulating the levels of oxidative stress and inflammation in
PDR and RD could assist in predicting the need of simultaneous ERM/ILM peeling and may be helpful
in improving surgical outcomes.

 

Figure 8. Schematic representation of proposed microglial activity in the epiretinal membrane of the
retina. In healthy retina, resident microglia are involved in immune surveillance of all the layers
of the retina and maintain retinal homeostatis by synaptic pruning, regulation of neurogenesis and
axonal growth. With their phenotypic change of shape, they phagocytose cellular debris. Different
kinds of stress/insults lead to abnormal functioning of retinal neurons, microglia, astrocyte, Müller
glia and RPE cells. The resident/resting microglia in the retina get activated by transforming into an
amoeboid shape and further interact with other neighboring retinal cells, causing abnormal functioning
and trans-differentiation into proliferative cells types [10,11]. It also induces the secretion of several
chemokines, proinflammatory cytokines and growth factors etc (results from the present study) that
could aid in membrane formation by remodeling of the extracellular matrix proteins in retina and
thereby contribute to disease pathogenesis.
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5. Conclusions and Future Scope

We have shown the involvement of microglial cells, inflammation and oxidative stress in fibrocellular
membranes (ERM/ILM) of different pathological conditions. Under oxidative stress microglia cells
get activated and interact with other glial cells and retinal cells to cause neuroinflammation and
neurodegeneration. Reducing oxidative stress and resultant inflammation may help in reducing the
risk of ERM formation. Since ILM peeling also has detrimental role on the retina, these findings not
only expand our knowledge about ERM pathogenesis but are helpful in identifying newer potential
therapies to clinically manage blinding diseases like RD and PDR.

Further investigations on role of microglia and immunomodulation of its phenotype are underway
to expand our understanding of its role in DR pathogenesis and better management of this disease and
related retinopathies.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3921/9/8/654/s1,
Table S1: List of antibodies, Table S2: List of qPCR primers, Figure S1: Representative images of ERMs after
H&E at 40X showing the glial cells with clear spindle shaped structure of the cells and their long thin processes.
Macrophages were also seen with round darkly stained structure. Pigmentation was also observed in the
membranes. Figure S2: Characterization of Müller glia cells using AldH1L1 (a specific marker for Müller glia) in
MH, iERM, PDR and RD membranes.

Author Contributions: Conceptualization, I.K. and J.C.; Data curation, I.K., S.V., R.K.G., S.J., M.T., R.R.P. and J.C.;
Formal analysis, I.K., S.V., R.K.G., S.J. and H.K.; Funding acquisition, I.K., H.K. and J.C.; Investigation, S.V., S.J.,
M.T., R.R.P., K.R. and J.C.; Methodology, I.K., S.V., R.K.G., G.H. and M.R.V.; Project administration, I.K. and J.C.;
Resources, I.K., M.T., R.R.P., K.R., G.H., M.R.V. and J.C.; Software, I.K., S.V., R.K.G. and H.K.; Supervision, I.K. and
J.C.; Validation, I.K., S.V., R.K.G., S.J., M.T., R.R.P. and H.K.; Visualization, I.K., S.V. and M.R.V.; Writing –original
draft, I.K., S.V. and J.C.; Writing–review & editing, I.K., R.K.G., S.J., K.R., G.H., M.R.V. and H.K. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the Department of Biotechnology, Government of
India (BT/01/COE/06/02/10), Hyderabad Eye Research Foundation and the Department of Biotechnology
(BT/PR/16582/BID/667/2016) to IK, Department of Science and Technology, Government of India (SB/YS/LS-183/2014)
to JC and from the National Institutes of Health: SI0OD021580 (to GH) and R01-EY022372 to HK.

Acknowledgments: We thank the patients and their families for their participation in this study. We also thank
Subhabrata Chakrabarti and Shahna Shahulhamed at LVPEI for his help during the course of this study and Wei
Zhang at UMMS for help with tissue procurement for TEM analyses. We are thankful to Sreedhar and Naidu,
department of Pathology at LVPEI for their support in procuring frozen tissue sections. We sincerely thank
the fellow doctors Chetan Videkar, Hitesh Agrawal, Mahima Jhingan, and Komal Agrawal for their support
incollecting the membranes.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Hoon, M.; Okawa, H.; Della Santina, L.; Wong, R.O. Functional architecture of the retina: Development and
disease. Prog. Retin. Eye Res. 2014, 42, 44–84. [CrossRef] [PubMed]

2. Bishop, P.N. Structural macromolecules and supramolecular organisation of the vitreous gel. Prog. Retin.
Eye Res. 2000, 19, 323–344. [CrossRef]

3. Fraser-Bell, S.; Guzowski, M.; Rochtchina, E.; Wang, J.J.; Mitchell, P. Five-year cumulative incidence and
progression of epiretinal membranes: The Blue Mountains Eye Study. Ophthalmology 2003, 110, 34–40.
[CrossRef]

4. Hisatomi, T.; Enaida, H.; Sakamoto, T.; Kagimoto, T.; Ueno, A.; Nakamura, T.; Hata, Y.; Ishibashi, T.
A new method for comprehensive bird’s-eye analysis of the surgically excised internal limiting membrane.
Am. J. Ophthalmol. 2005, 139, 1121–1122. [CrossRef]

5. Bu, S.C.; Kuijer, R.; Li, X.R.; Hooymans, J.M.; Los, L.I. Idiopathic epiretinal membrane. Retina 2014, 34,
2317–2335. [CrossRef]

6. Sandali, O.; El Sanharawi, M.; Basli, E.; Bonnel, S.; Lecuen, N.; Barale, P.O.; Borderie, V.; Laroche, L.; Monin, C.
Epiretinal membrane recurrence: Incidence, characteristics, evolution, and preventive and risk factors. Retina
2013, 33, 2032–2038. [CrossRef]

287



Antioxidants 2020, 9, 654

7. Anderson, R.E.; Rapp, L.M.; Wiegand, R.D. Lipid peroxidation and retinal degeneration. Curr. Eye Res. 1984,
3, 223–227. [CrossRef]

8. Schechet, S.A.; DeVience, E.; Thompson, J.T. The Effect of Internal Limiting Membrane Peeling on Idiopathic
Epiretinal Membrane Surgery, with a Review of the Literature. Retina 2017, 37, 873–880. [CrossRef]

9. Kwok, A.; Lai, T.Y.; Yuen, K.S. Epiretinal membrane surgery with or without internal limiting membrane
peeling. Clin. Exp. Ophthalmol. 2005, 33, 379–385. [CrossRef]

10. Morino, I.; Hiscott, P.; McKechnie, N.; Grierson, I. Variation in epiretinal membrane components with clinical
duration of the proliferative tissue. Br. J. Ophthalmol. 1990, 74, 393–399. [CrossRef]

11. Bellhorn, M.B.; Friedman, A.H.; Wise, G.N.; Henkind, P. Ultrastructure and clinicopathologic correlation of
idiopathic preretinal macular fibrosis. Am. J. Ophthalmol. 1975, 79, 366–373. [CrossRef]

12. Cheville, N.F.; Stasko, J. Techniques in electron microscopy of animal tissue. Vet. Pathol. 2014, 51, 28–41.
[CrossRef] [PubMed]

13. Verardo, M.R.; Lewis, G.P.; Takeda, M.; Linberg, K.A.; Byun, J.; Luna, G.; Wilhelmsson, U.; Pekny, M.;
Chen, D.F.; Fisher, S.K. Abnormal reactivity of muller cells after retinal detachment in mice deficient in GFAP
and vimentin. Investig. Ophthalmol. Vis. Sci. 2008, 49, 3659–3665. [CrossRef] [PubMed]

14. Uga, S.; Ikui, H.; Kono, T. Electron microscope study on astrocytes in the human retina (author’s transl).
Nippon Ganka Gakkai Zasshi 1974, 78, 681–685. [PubMed]

15. Castejon, O.J. Electron microscopy of astrocyte changes and subtypes in traumatic human edematous cerebral
cortex: A review. Ultrastruct. Pathol. 2013, 37, 417–424. [CrossRef]

16. Mori, S.; Leblond, C.P. Identification of microglia in light and electron microscopy. J. Comp. Neurol. 1969, 135,
57–80. [CrossRef]

17. García-Cabezas, M.Á.; John, Y.J.; Barbas, H.; Zikopoulos, B. Distinction of Neurons, Glia and Endothelial
Cells in the Cerebral Cortex: An Algorithm Based on Cytological Features. Front. Neuroanat. 2016, 10, 107.
[CrossRef]

18. Savage, J.C.; Picard, K.; González-Ibáñez, F.; Tremblay, M.È. A Brief History of Microglial Ultrastructure:
Distinctive Features, Phenotypes, and Functions Discovered Over the Past 60 Years by Electron Microscopy.
Front. Immunol. 2018, 9, 803. [CrossRef]

19. Shahid, M.; Idrees, M.; Butt, A.M.; Raza, S.M.; Amin, I.; Rasul, A.; Afzal, S. Blood-based gene expression
profile of oxidative stress and antioxidant genes for identifying surrogate markers of liver tissue injury in
chronic hepatitis C patients. Arch. Virol. 2020, 165, 809–822. [CrossRef]

20. Wu, M.Y.; Yiang, G.T.; Lai, T.T.; Li, C.J. The Oxidative Stress and Mitochondrial Dysfunction during the
Pathogenesis of Diabetic Retinopathy. Oxid. Med. Cell. Longev. 2018, 18, 3420187. [CrossRef]

21. Karlstetter, M.; Scholz, R.; Rutar, M.; Wong, W.T.; Provis, J.M.; Langmann, T. Retinal microglia: Just bystander
or target for therapy? Prog. Retin. Eye Res. 2015, 45, 30–57. [CrossRef] [PubMed]

22. Akhtar-Schäfer, I.; Wang, L.; Krohne, T.U.; Xu, H.; Langmann, T. Modulation of three key innate immune
pathways for the most common retinal degenerative diseases. EMBO Mol. Med. 2018, 10, e8259. [CrossRef]
[PubMed]

23. Wang, Y.; Ulland, T.K.; Ulrich, J.D.; Song, W.; Tzaferis, J.A.; Hole, J.T.; Yuan, P.; Mahan, T.E.; Shi, Y.; Gilfillan, S.;
et al. TREM2-mediated early microglial response limits diffusion and toxicity of amyloid plaques. J. Exp. Med.
2016, 213, 667–675. [CrossRef] [PubMed]

24. Ferrer-Martín, R.M.; Martín-Oliva, D.; Sierra-Martín, A.; Carrasco, M.C.; Martín-Estebané, M.; Calvente, R.;
Martín-Guerrero, S.M.; Marín-Teva, J.L.; Navascués, J.; Cuadros, M.A. Microglial Activation Promotes
Cell Survival in Organotypic Cultures of Postnatal Mouse Retinal Explants. PLoS ONE 2015, 10, e0135238.
[CrossRef]

25. Shahulhameed, S.; Vishwakarma, S.; Chhablani, J.; Tyagi, M.; Pappuru, R.R.; Jakati, S.; Chakrabarti, S.; Kaur, I.
A Systematic Investigation on Complement Pathway Activation in Diabetic Retinopathy. Front. Immunol.
2020, 11, 154. [CrossRef]

26. Vázquez-Chona, F.R.; Swan, A.; Ferrell, W.D.; Jiang, L.; Baehr, W.; Chien, W.M.; Fero, M.; Marc, R.E.;
Levine, E.M. Proliferative reactive gliosis is compatible with glial metabolic support and neuronal function.
BMC Neurosci. 2011, 12, 98. [CrossRef]

27. Méhes, E.; Czirók, A.; Hegedüs, B.; Szabó, B.; Vicsek, T.; Satz, J.; Campbell, K.; Jancsik, V. Dystroglycan is
involved in laminin-1-stimulated motility of Müller glial cells: Combined velocity and directionality analysis.
Glia 2005, 49, 492–500. [CrossRef]

288



Antioxidants 2020, 9, 654

28. Caspi, R.R.; Roberge, F.G. Glial cells as suppressor cells: Characterization of the inhibitory function.
J. Autoimmun. 1989, 2, 709–722. [CrossRef]

29. Wang, W.Y.; Tan, M.S.; Yu, J.T.; Tan, L. Role of pro-inflammatory cytokines released from microglia in
Alzheimer’s disease. Ann. Transl. Med. 2015, 3, 136.

30. Zeng, H.Y.; Green, W.R.; Tso, M.O. Microglial activation in human diabetic retinopathy. Arch. Ophthalmol.
2008, 126, 227–232. [CrossRef]

31. Liddelow, S.A.; Guttenplan, K.A.; Clarke, L.E.; Bennett, F.C.; Bohlen, C.J.; Schirmer, L.; Bennett, M.L.;
Münch, A.E.; Chung, W.S.; Peterson, T.C.; et al. Neurotoxic reactive astrocytes are induced by activated
microglia. Nature 2017, 541, 481–487. [CrossRef] [PubMed]

32. Jiao, W.; Ji, J.; Li, F.; Guo, J.; Zheng, Y.; Li, S.; Xu, W. Activation of the Notch Nox4 reactive oxygen species
signaling pathway induces cell death in high glucose treated human retinal endothelial cells. Mol. Med. Rep.
2019, 19, 667–677. [CrossRef] [PubMed]

33. Fazio, C.; Piazzi, G.; Vitaglione, P.; Fogliano, V.; Munarini, A.; Prossomariti, A.; Milazzo, M.; D’Angelo, L.;
Napolitano, M.; Chieco, P.; et al. Inflammation increases NOTCH1 activity via MMP9 and is counteracted by
Eicosapentaenoic Acid-free fatty acid in colon cancer cells. Sci. Rep. 2017, 6, 20670. [CrossRef] [PubMed]

34. Oliver, P.L.; Finelli, M.J.; Edwards, B.; Bitoun, E.; Butts, D.L.; Becker, E.B.; Cheeseman, M.T.; Davies, B.;
Davies, K.E. Oxr1 is essential for protection against oxidative stress-induced neurodegeneration. PLoS Genet.
2011, 7, e1002338. [CrossRef]

35. Robaszkiewicz, J.; Chmielewska, K.; Figurska, M.; Wierzbowska, J.; Stankiewicz, A. Müller glial cells–the
mediators of vascular disorders with vitreomacular interface pathology in diabetic maculopathy. Klin. Ocz.
2010, 112, 328–332.

36. Clark, A.; Balducci, N.; Pichi, F.; Veronese, C.; Morara, M.; Torrazza, C.; Ciardella, A.P. Swelling of the arcuate
nerve fiber layer after internal limiting membrane peeling. Retina 2012, 32, 1608–1613. [CrossRef]

37. Bovey, E.H.; Uffer, S.; Achache, F. Surgery for epimacular membrane: Impact of retinal internal limiting
membrane removal on functional outcome. Retina 2004, 24, 728–735. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

289





antioxidants

Article

Inhibition of HDAC6 Attenuates Diabetes-Induced
Retinal Redox Imbalance and Microangiopathy

Hossameldin Abouhish 1,2, Menaka C. Thounaojam 1, Ravirajsinh N. Jadeja 3,

Diana R. Gutsaeva 1, Folami L. Powell 3, Mohamed Khriza 2, Pamela M. Martin 3 and

Manuela Bartoli 1,*

1 Department of Ophthalmology, Medical College of Georgia, Augusta University, Augusta, GA 30912, USA;
habouhish@augusta.edu (H.A.); mthounaojam@augusta.edu (M.C.T.); dgutsaeva@augusta.edu (D.R.G.)

2 Department of Clinical Pharmacology, Faculty of Medicine, Mansoura University, Mansoura 35516, Egypt;
mohamedkhriza@gmail.com

3 Department of Biochemistry and Molecular Biology, Medical College of Georgia, Augusta University,
Augusta, GA 30912, USA; rjadeja@augusta.edu (R.N.J.); FPOWELL@augusta.edu (F.L.P.);
pmmartin@augusta.edu (P.M.M.)

* Correspondence: mbartoli@augusta.edu; Tel.: +706-721-9797 or +706-721-7910; Fax: +706-721-9799

Received: 1 July 2020; Accepted: 7 July 2020; Published: 9 July 2020

Abstract: We investigated the contributing role of the histone deacetylase 6 (HDAC6) to the early
stages of diabetic retinopathy (DR). Furthermore, we examined the mechanism of action of HDAC6
in human retinal endothelial cells (HuREC) exposed to glucidic stress. Streptozotocin-induced
diabetic rats (STZ-rats), a rat model of type 1 diabetes, were used as model of DR. HDAC6 expression
and activity were increased in human diabetic postmortem donors and STZ-rat retinas and were
augmented in HuREC exposed to glucidic stress (25 mM glucose). Administration of the HDAC6
specific inhibitor Tubastatin A (TS) (10 mg/kg) prevented retinal microvascular hyperpermeability
and up-regulation of inflammatory markers. Furthermore, in STZ-rats, TS decreased the levels of
senescence markers and rescued the expression and activity of the histone deacetylase sirtuin 1 (SIRT1),
while downregulating the levels of free radicals and of the redox stress markers 4-hydroxynonenal
(4-HNE) and nitrotyrosine (NT). The antioxidant effects of TS, consequent to HDAC6 inhibition, were
associated with preservation of Nrf2-dependent gene expression and up-regulation of thioredoxin-1
activity. In vitro data, obtained from HuREC, exposed to glucidic stress, largely replicated the in vivo
results further confirming the antioxidant effects of HDAC6 inhibition by TS in the diabetic rat retina.
In summary, our data implicate HDAC6 activation in mediating hyperglycemia-induced retinal
oxidative/nitrative stress leading to retinal microangiopathy and, potentially, DR.

Keywords: diabetic retinopathy; HDAC6; oxidative stress; tubastatin A; retinal endothelial cells;
retinal endothelial cell senescence

1. Introduction

Diabetic retinopathy (DR) is a neurovascular complication of diabetes mellitus and the leading
cause of blindness in working age adults [1]. Diabetic retinal microangiopathy significantly contributes
to DR pathogenesis and strategies targeting its occurrence and progression are important for preventing
vision loss in affected patients [2,3].

Hyperglycemia-induced retinal vascular pathology is a multi-step process characterized by retinal
endothelial cell dysfunction and death, increased vascular permeability leading to diabetic macular
edema (DME), and abnormal retinal neovascularization, as seen in proliferative diabetic retinopathy
(PDR) [2,3]. Prolonged hyperglycemia affects the retinal microvasculature by altering multiple
molecular pathways involving redox imbalance and induction of pro-inflammatory responses [3].
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Previously, we showed that hyperglycemia-induced oxidative/nitrative stress accelerates retinal
endothelial cell senescence and that this is an important early pathogenic event during the development
of diabetic retinal microangiopathy [4]. Retinal oxidative/nitrative stress results from increased
production of reactive oxygen and nitrogen species (ROS and RNS, respectively) from cellular and
mitochondrial oxidases [5,6] as well as from loss of endogenous antioxidant activities [7,8].

Histone deacetylase 6 (HDAC6) is a class IIb histone deacetylase known to exert important
biological functions due to its ability to regulate the acetylation state of nuclear and cytoplasmic
proteins [9]. Most known targets of HDAC6 are cytoskeletal proteins, transcription factors [9] and
endogenous antioxidants such as peroxiredoxin 1 (Prx1) [10,11]. As a consequence of its multiple
biological targets, altered HDAC6 expression and activity is linked to inflammation, oxidative stress
and the pathogenesis of a number of neurodegenerative [12] and cardiovascular disorders [13] as well
as cancer [14].

The potential impact of HDAC6 on diabetic microvascular complications is understudied. Previous
studies have shown beneficial effects of HDAC6 inhibition in diabetic kidney disease [15] and diabetic
heart disease [16]. Moreover, while little is known on HDAC6 contribution to retinal diabetic disorders,
studies have implicated pro-oxidative effects of HDAC6 in animal models of retinal neurodegenerative
diseases [17,18], potentially suggesting a role for this histone deacetylase in retinal pathologies involving
oxidative stress, such as DR.

Based on this evidence, we assessed the effects of diabetes on HDAC6 retinal expression and
activity in human and experimental DR and we investigated the molecular mechanisms involved in
this process in a rat model of type 1 diabetes (streptozotocin-induced diabetic rat = STZ-rat) and in
cultures of human retinal microvascular endothelial cells exposed to glucidic stress.

2. Materials and Methods

2.1. Human Postmortem Samples

De-identified human postmortem retinal samples were obtained from Georgia Eye Bank, Inc.
(Alanta, GA, USA). Retinas were obtained from a total of 8 diabetic and 8 non-diabetic donors that
were selected based on DR history or lack of reported ocular pathologies (control). Supplementary
Table S1 summarizes the demographic and clinical history information available for all donors.

2.2. Animals and Treatment

All animal experiments strictly adhered to the Statement of the Association for Research in Vision
and Ophthalmology (ARVO) for the humane use of laboratory animals for ophthalmological research
and to Augusta University approved protocols (#2009-0181). All animals were housed in the vivarium
of Augusta University with a 12-h day/night light cycle with light intensity in the room maintained
at 130 lux at cage level, and fed ad libitum. Adult male Sprague–Dawley (SD) rats (250−300 g)
obtained from Envigo (Indianapolis, IN, USA) were made diabetic by a single intraperitoneal injection
of streptozotocin (STZ) (55 mg/kg dissolved in 0.1 mol/L sodium citrate, pH 4.5) (Sigma-Aldrich,
St. Louis, MO, USA). Control rats received injections of vehicle alone. Rats with fasting blood glucose
≥250 mg/dL were considered diabetic. A group of STZ-rats was injected intraperitoneally with
10 mg/kg Tubastatin A (TS) (MedChemExpress, Monmouth Junction, NJ, USA) starting two weeks
after the STZ injections and continuing every other day for the next six weeks. Control rats received
vehicle phosphate-buffered saline (PBS) injection. The diabetic rats were sacrificed by an overdose of
anesthesia (ketamine 200 mg/kg and xylazine 60 mg/kg) followed by thoracotomy. Blood glucose levels
were measured by ReliOn prime blood glucose monitoring system (Bentonville, AR, USA) and glycated
hemoglobin A1c (HbA1c) was measured using A1c Now+ System (PTS Diagnostic, Winter Park, FL,
USA). A number of other metabolites were also monitored in diabetic and control rat plasma using a
biochemistry panel analyzer (Piccolo Xpress analyzer, Princeton, NJ, USA). Rats metabolic profiles in
response to the different treatment protocols are reported in Supplementary Table S2.
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2.3. Cells and Treatment

Human retinal endothelial cells (HuREC) were purchased from Cell Systems Corporation (Kirkland,
WA, USA) and maintained using complete medium with normal glucose formulation (Cell Systems) at
37 ◦C and 5% CO2 in a humidified atmosphere. All the experiments were carried out using HuREC
between passages 3 to 7 and all the tissue culture flasks/plates were pre-coated with attachment factor
(Cell Systems). The cells were switched to serum-free medium (Cell Systems) 10 to 12 h before the
experiments. To mimic the effects of the hyperglycemia (glucidic stress), HuREC were cultured for 48 h
in serum-free medium containing 25 mM d-glucose (high glucose, HG). Similarly, control cells were
cultured in serum-free and normal glucose medium (5.5 mM d-glucose, NG). Cells grown in normal
glucose media with the addition of l-glucose (5.5 mM d-glucose + 19.5 mM l-glucose, LG) served as
an osmotic control. Some of the HuREC were treated with 5 μM TS. To determine TS toxicity towards
HuREC, a dose-response curve using MTT cell viability assay (Abcam, Cambridge, MA, country)
was conducted following the manufacturer’s instructions. MTT dye absorbance was read using a
microplate reader at 540 nm (Supplementary Figure S1).

2.4. Histology

Rat eyes from each experimental group were enucleated and embedded in optimal cutting
temperature (OCT) mounting medium (Tissue-Tek, Torrance, CA, USA). Samples were then sectioned
(10 μm), stained with hematoxylin and eosin (H&E), and examined centrally and on each side (temporal
and nasal) of the optic nerve. Retinas were examined using a Zeiss Axioplan-2 microscope (Carl Zeiss,
Göttingen, Germany) equipped with a high-resolution camera and processed using imaging Spot
Software (version 4.0.2; Diagnostic Instruments, Sterling Heights, MI). Morphometric analysis was
conducted to measure total retinal thickness.

2.5. Immunofluorescence

Rat eyes were embedded in OCT mounting medium (Tissue-Tek), frozen on dry ice and then
cryostat sectioned. A 4% paraformaldehyde fixative was applied to the slides for 10 min. Slides
were incubated overnight at 4 ◦C with one of the following primary antibodies: Rabbit anti-HDAC6
(Lifespan Biosciences, Seattle, WA, USA) and mouse anti-phosphorylated form of H2A histone family
member X (γH2AX) (Cell Signaling Technology, Danvers, MA, USA). Slides were washed three times
with 0.1% Triton X-100 in 0.1 M PBS (pH 7.4) followed by a 1-h incubation with one of the following
secondary antibodies, all purchased from Molecular Probes-Life Technologies (Grand Island, NY, USA):
goat anti-rabbit IgG-conjugated Alexa Fluor 488, goat anti-mouse IgG-conjugated Alexa Fluor 488.
Slides were mounted using Fluoroshield mounting medium containing 4′,6-diamidino-2-phenylindole
(DAPI) to visualize nuclei (Sigma-Aldrich). Sections were examined for epifluorescence using a Zeiss
Axioplan-2 fluorescence microscope (Carl Zeiss) equipped with the Axiovision program (version 4.7;
Carl Zeiss).

2.6. Assessment of HDAC6 Activity

HDAC6 activity was assessed in both rat and human cell samples using a commercially available
fluorimetric assay kit (Biovision, Milpitas, CA, USA), employing a synthetic acetylated-peptide
substrate resulting in the release of an AFC fluorophore, which can be detected and quantified with
Ex/Em, 380/490 nm at 37 ◦C.

2.7. Assessment of Thioredoxin-1 Activity

Thioredoxin activity fluorescent assay kit (Cayman Chemical, Ann Arbor, MI, USA) was used
to assess the activity of thioredoxin-1 (Trx-1) in rat retinal extracts and HuREC lysates. This assay
measures the ability of endogenous Trx-1 to reduce the disulfides of fluorescently labeled insulin.
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The resulting fluorescent signal, measured at Ex/Em, 520/545 nm, is a direct measurement of Trx-1
reducing activity.

2.8. Protein Analysis

Retinal tissue was homogenized in lysis buffer (ThermoFisher, Waltham, MA, USA) containing
1% phosphatase and protease inhibitor cocktail (Sigma-Aldrich). Protein concentration was measured
using the Bio-Rad protein assay kit (Bio-Rad, Hercules, CA, USA) according to the manufacturer’s
recommendation. Proteins from whole rat retinal tissue and HuREC lysates were separated by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene
difluoride (PVDF) membrane. The membrane was blocked using 5% skim milk and incubated with the
following primary antibodies: anti-HDAC6 (Abcam, Cambridge, MA, USA), anti-Trx-1, anti-sirtuin
1 (SIRT1) and anti-albumin (all from Cell Signaling Technology). After incubation with horseradish
peroxidase–conjugated secondary antibody (GE Healthcare, Pittsburg, PA, USA), bands were detected
using the enzymatic chemiluminescence reagent, ECL (GE Healthcare). Subsequently, the membranes
were stripped using stripping buffer (Bio-Rad) and re-probed with anti-β-actin antibody (Sigma-Aldrich)
to assess equal loading. Scanned images of blots were used to quantify protein expression using NIH
ImageJ software (http://rsb.info.nih.gov/ij/).

2.9. Dot BlotAanalysis

Equivalent amount of proteins prepared from whole rat retinas and HuREC lysates were
spotted on nitrocellulose membranes and dried for 5 min at room temperature. The membranes
were blocked for 1 h by using 5 % non-fat dry milk in PBS and then probed for 1 h with either
anti-3-nitrotyrosine (NT, Cayman) or anti 4-hydroxynonenal (4-HNE, Abcam) antibodies in PBS-tween
buffer. The membranes were then washed three times in PBS-tween buffer and probed again
with horseradish peroxidase-conjugate secondary antibody (Cell Signaling). After washing the
membrane, the immuno-positive spots were visualized by using Clarity ECL- Blotting substrate
(Bio-Rad). Scanned images of blots were used to quantify protein expression using NIH ImageJ
software (http://rsb.info.nih.gov/ij/).

2.10. Quantitative PCR Analysis

Gene expression at mRNA level was assessed in retinal and HuREC extracts by quantitative
polymerase chain reaction (qPCR). Total RNA was isolated from the HuREC and rat retinas using
RNeasy Kit (Qiagen, Germantown, MD, USA). cDNA was prepared using iScript™ cDNA Synthesis Kit
(Bio-Rad). Amplification of HDAC6, Trx-1, GCLC, GCLM, NQO1, and HO-1 mRNA was performed
using power SYBR green PCR master mix (Applied Biosystems, Foster City, CA, USA). The conditions
used for the PCR were as it follows: 95 ◦C for 3 min (1 cycle) and 94 ◦C for 20 s, 55 ◦C for 30 s, and 72 ◦C
for 40 s (40 cycles). The relative mRNA abundance was determined by normalizing to mRNA for
hypoxanthine phosphoribosyltransferase 1 (HPRT-1) for tissue or 18 s for cells, using the 2Ct method
(Ct refers to the threshold value). A complete list of the different primers used in this study is included
in Supplementary Table S3.

2.11. Reactive Oxygen Species Assays

For detection of superoxide in retinal tissue, 10 μm-thick retinal cryosections, from different
experimental groups, were covered (at room temperature) with a 10 μM dihydroethidium (DHE)
solution and incubated in a light-protected humidified incubator at 37 ◦C for 30 min. At the end of the
incubation, sections were mounted with a coverslip and images were taken using Zeiss Axioplan-2
fluorescence microscope (Carl Zeiss). The fluorescence intensity was measured using NIH ImageJ
software (http://rsb.info.nih.gov/ij/).

ROS detection from cellular sources was accomplished by CellROX green assay (ThermoFisher)
performed according to the manufacturer’s protocol. HuREC were loaded with 5 μM CellROX green
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in culture medium and stained in the dark for 30 min at 37 ◦C. Stained cells were washed in PBS twice,
mounted using Fluoroshield mounting medium containing DAPI (Sigma-Aldrich) to visualize nuclei.
Images were then immediately captured using a Zeiss Axioplan-2 fluorescence microscope (Carl Zeiss).

Mitochondrial superoxide production was measured using MitoSOX Red (ThermoFisher). HuREC
were loaded with 5 μM MitoSOX red in Hank’s balanced salt solution (HBSS) with calcium and
magnesium for 30 min at 37 ◦C in the dark. Stained cells were then washed and suspended in HBSS,
mounted using Fluoroshield mounting medium containing DAPI (Sigma-Aldrich) and immediately
analyzed under a Zeiss Axioplan-2 fluorescence microscope (Carl Zeiss).

2.12. Assessment of Senescence Markers

To evidence senescent HuREC, we used senescence-associated β-Galactosidase (SA-β-Gal)
reactivity-based assay using a commercially available kit (Cell Signaling) as previously shown [7].
Positive reactivity to SA-β-Gal, assessed at pH 6, is measured on images captured (10 frames per well)
at 20×magnification by light microscopy using Zeiss Axioplan-2 microscope (Carl Zeiss). Percentage
of SA-β-Gal positive cells/well was determined as number of cells positive for a blue color versus total
number of cells counted in a blind fashion.

2.13. Statistical Analysis

Graphs were prepared using Graph Pad Prism 8.0 software for Windows (Graph Pad Software,
San Diego, CA, USA). Data are shown as means ± standard error of mean (SEM). Statistical significance
among experimental groups was established using one-way ANOVA, followed by the Bonferroni
multiple-comparison test. Differences were considered significant when p was <0.05.

3. Results

3.1. HDAC6 Expression and Activity are Increased in the Diabetic Retina

HDAC6 expression and activity were measured in human DR using postmortem human retinas
from diabetic and non-diabetic donors and STZ-rats compared to normoglycemic age-matched control.
As shown in Figure 1A,B, Western blotting analysis showed a 2.5-fold increase in HDAC6 expression
in retinas of postmortem diabetic donors as compared to retinas of non-diabetic donors (p < 0.003;
n = 8). We then measured the expression and retinal tissue distribution of HDAC6 in STZ-rats (8 weeks
of hyperglycemia) compared to normoglycemic age-matched control rats. Western blotting analysis
(Figure 1C,D) showed a 2.2-fold increase of HDAC6 protein levels in retinas of STZ-rats at 8 weeks of
hyperglycemia in comparison to age-matched normoglycemic control rats (p < 0.006; n = 6). Further,
HDAC6 enzymatic activity, measured with a fluorimetric assay, was significantly increased in retinas
of STZ-rats when compared to normoglycemic age-matched control rats (p < 0.001; n = 6) (Figure 1E).
Finally, immunohistochemical analysis of normal and diabetic rat retinal sections (Figure 1F), confirmed
HDAC6 increased expression in diabetic rat retinas and showed its immunolocalization in several
retinal layers, particularly in the inner nuclear layer (INL), retinal pigmented epithelium (RPE),
and around retinal blood vessels in the ganglion cell layer (GCL) (white arrows in Figure 1F).

3.2. Tubastatin A Decreases the Expression and Activity of HDAC6 in the Diabetic Retina

Next, we determined the effect of the HDAC6 specific inhibitor Tubastatin A (TS),
on diabetes-induced increase in HDAC6 expression and activity in the retina of diabetic rats. STZ-rats
were treated with 10 mg/kg of TS, administered intraperitoneally every other day starting two weeks
after the onset of diabetes and prolonged for another 6 weeks (total 8 weeks of diabetes). As shown
in Figure 2A, TS treatment resulted in a marked reduction of HDAC6-specific immunoreactivity in
comparison to untreated STZ-rats (DB). Western blotting analysis confirmed these data by showing a
significant reduction in HDAC6 protein levels in retinas of TS-treated STZ-rats (DB + TS) in comparison
with untreated STZ-diabetic rats (DB) (p < 0.05; n = 6) (Figure 2B,C). As expected, we also observed
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a significant decrease in HDAC6 enzymatic activity (Figure 2D) in retinas of TS-treated STZ-rats
(DB + TS) in comparison to untreated STZ-rats (DB) (p < 0.01; n = 6).

Figure 1. Histone deacetylase 6 (HDAC6) expression in the diabetic retina. (A) Western blotting
analysis measuring HDAC6 protein levels in human postmortem retinas from diabetic and non-diabetic
donors (control). (B) Bar histograms representing relative optical densities from the immunoblotting
shown in (A) and normalized versus the loading control actin. Values are expressed as mean ± SEM
for n = 8. * p < 0.01 vs. control. (C) Western analysis of HDAC6 protein expression in retinas of
streptozotocin-induced diabetic rats (STZ-rats) (DB) at 8 weeks of hyperglycemia and age-matched
normoglycemic control rats (control). (D) Bar histograms representing densitometric quantification
of HDAC6 protein levels normalized to actin. (E) HDAC6 activity measured, by a fluorimetric
assay, in retinas of STZ-rats and control normoglycemic rats. (F) Representative microimages of
immunohistochemical analysis of HDAC6 (green) in retinas of STZ-rats at 8 weeks of hyperglycemia and
of age-matched normoglycemic control rats. Nuclei were stained with 4′,6-diamidino-2-phenylindole
(DAPI). White arrows indicate areas of increased immunoreactivity. Scale bar, 50 μm. Values are
expressed as mean ± SEM for n = 6. * p < 0.01 vs. control.
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Figure 2. Effects of Tubastatin A on HDAC6 expression and activity. (A) Representative images of
immunohistochemical analysis of HDAC6 (green) of retinal cryosections of STZ-rats (DB) (8 weeks
of hyperglycemia), age-matched normoglycemic control rats, and STZ-rats receiving TS 10 mg/kg
(DB + tubastatin A (TS)). Nuclei were stained with DAPI. Scale bar, 50 μm. (B) Western analysis
assessing HDAC6 protein levels in STZ-rats after 8 weeks of hyperglycemia (DB), STZ-rats treated with
10 mg/kg TS (DB +TS) and age-matched normoglycemic rats (control). (C) Bar histograms representing
densitometric values of HDAC6 protein expression measured in the different experimental groups and
normalized to actin. (D) HDAC6 activity measured, by fluorimetric assay, in the three experimental
groups (control, DB and DB + TS). Values are mean ± SEM for n = 6. * p < 0.05 vs. control and
# p < 0.05 vs. DB.

3.3. Tubastatin A Preserves Retinal Structural Morphology and Reduces Vascular Leakage in Diabetic Retina

Morphological and morphometric analyses were conducted evaluating retinal cryosections stained
with hematoxylin and eosin to assess the effects of TS treatment on retinal histopathology (Figure 3A,B).
Figure 3B shows that total retinal thickness was significantly reduced in diabetic rats after 8 weeks of
hyperglycemia (DB) in comparison to control age-matched normoglycemic rats (control) (p < 0.03).
Treatment of diabetic rats with TS (DB + TS) normalized the morphology of the retinal layers as shown

297



Antioxidants 2020, 9, 599

by a significant preservation of total retinal thickness (Figure 3B) (p < 0.05) compared to untreated
diabetic rats (DB).

Figure 3. Effects of Tubastatin A on retinal histopathology and vascular leakage. (A) Hematoxylin and
eosin (H&E) staining of retinal cryosections assessing retinal morphology of STZ-rats (DB), STZ-rats
receiving TS (10 mg/kg) (DB + TS) and normoglycemic control rats (control). Scale bar, 50 μm. (B) The
bars represent retinal thickness values measured in H&E retinal cryosections obtained from the different
treatment groups. (C) Western analysis of albumin extravasation in retinas of diabetic STZ-rats (DB),
STZ-rats receiving 10 mg/kg TS (DB + TS) and normoglycemic control rats (control). (D) Bar histograms
representing optical density of albumin normalized to actin. Values are mean ± SEM for n = 6. * p < 0.05
vs. control and # p < 0.05 vs. DB.

Blood–retinal barrier (BRB) dysfunction, measured as an increase in vascular permeability, is
an important evidence of diabetes-induced retinal vascular abnormalities [19,20]. To determine the
effect of TS on hyperglycemia-induced vascular leakage in the diabetic retina, we assessed albumin
extravasation after perfusion in retinas of control, DB and DB + TS rats by Western blotting. As shown
in Figure 3C,D, extravascular albumin levels were significantly higher in retinas of STZ rats (DB)
when compared to normoglycemic age-matched rats (control), whereas treatments with TS (DB + TS)
significantly reduced albumin leakage in diabetic rats (p < 0.02 vs. control and p < 0.05 vs. DB; n = 6).
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3.4. Tubastatin A Decreases the Levels of Senescence Markers in the Diabetic Retina

We previously showed that diabetes promotes retinal vascular senescence and this effect is
associated with loss of the NAD + -dependent histone deacetylase sirtuin 1 (SIRT1) and up-regulation
of senescence markers [4,7]. We, therefore, determined whether inhibition of HDAC6 by TS affected
this mechanism in the diabetic retina.

Expression of SIRT1 was analyzed by Western blotting in retinas of rats from the different
experimental groups (control, DB and DB + TS rats). As shown in Figure 4A,B, we found that SIRT1
expression was significantly decreased in the diabetic group (DB) compared to normoglycemic control
and treatments of the diabetic rats with TS partially rescued it (p < 0.05 vs. control and p < 0.01 vs. DB;
n = 6). Furthermore, immunohistochemical analysis of the senescence marker the phosphorylated
form of H2A histone family member X (γH2AX) showed (Figure 4C) increased immunoreactivity
in the diabetic rat retinas as compared to control group, particularly in the INL and in GCL (white
arrows, Figure 4C). However, in TS-treated diabetic retinas, γH2AX-specific immunofluorescence was
markedly decreased compared to STZ-rat retinas (Figure 4C).

Figure 4. Effects of Tubastatin A on senescence in diabetic retina. (A) Immunoblot showing protein
expression levels of SIRT1 measured in retinal extracts of STZ-rats (DB), STZ-rats receiving TS (10 mg/kg)
(DB + TS) and age-matched normoglycemic control rats. (B) Bar histograms representing densitometric
quantification of SIRT1 immunoblotting normalized to the loading control actin. (C) Representative
images of immunohistochemical analysis of γH2AX (red) in retinas of STZ-rats (DB), STZ-rats treated
with TS (DB + TS) and age-matched normoglycemic control rats (control). Nuclei were stained with
DAPI. Scale bar, 50 μm. Values are mean ± SEM for n = 6. * p < 0.05 vs. control and # p < 0.01 vs. DB.

3.5. Tubastatin A Decreases Hyperglycemia-Induced Oxidative/Nitrative Stress in Retina

Increased oxidative/nitrative stress has been shown to be a key pathogenic hub for the development
of DR [4,21]. To understand the potential role of HDAC6 in this process, we investigated TS
effects on hyperglycemia-induced oxidative/nitrative stress by measuring retinal levels of superoxide,
by dihydroethidium (DHE) staining and nitrotyrosine (NT) and 4-hydroxynonenal (4-HNE) by dot-blot

299



Antioxidants 2020, 9, 599

analysis. Retinal cryosections probed with DHE fluorescent staining, showed increased fluorescence
intensity in the diabetic rat retinas (DB) compared to normoglycemic group (control) (Figure 5A).
This effect was markedly reduced by treatment of the diabetic rats with TS (Figure 5A). Quantification
of fluorescence intensity confirmed our staining data (p < 0.01 vs. control and p < 0.01 vs. DB; n = 6)
(Figure 5B). Accordingly, dot blot analysis of retinal levels of NT and 4-HNE showed that TS treatment
prevented the increase of both these markers that we observed in diabetic rats (p < 0.05 vs. control and
p < 0.05 vs. DB for NT and p < 0.01 vs. control and p < 0.01 vs. DB for 4-HNE; n = 6) (Figure 5C–E).

Figure 5. Effects of Tubastatin A on retinal redox homeostasis. (A) Representative images of
retinal cryosections from the different experimental groups (control, DB and DB + TS) probed with
dihydroethidium (DHE) to detect superoxide. Scale bar, 50 μm. (B) Quantification of relative
fluorescence intensity of DHE staining. Values are mean ± SEM for n = 6. Results are presented as a
fold change of control. * p < 0.01 vs. control and # p < 0.01 vs. DB. (C) Dot blot analysis assessing levels
of nitrotyrosine (NT) and 4-hydroxynonenal (4-HNE) in retinas of three experimental groups (control,
DB and DB + TS rats). (D,E) Quantification of optical density of NT and 4-HNE immunoblotting
normalized versus actin. Values are mean ± SEM for n = 6. * p < 0.05 vs. control and # p < 0.05 vs. DB
for NT. * p < 0.01 vs. control and # p < 0.01 vs. DB for 4-HNE. (F–I) mRNA levels of heme oxygenase-1
(HO-1), NAD(p)H dehydrogenase quinone 1 (NQO1), glutamate-cysteine ligase regulatory subunit
(GCLM) and glutamate-cysteine ligase (GCLC) evaluated by qPCR and normalized to mRNA for
hypoxanthine phosphoribosyltransferase 1 (HPRT-1). Values are mean ± SEM for n = 6. * p < 0.05 vs.
control and # p < 0.05 vs. DB.
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3.6. Tubastatin A Restores Antioxidant Activity in the Diabetic Retina

Redox stress in the diabetic retina could result from increased oxidase activities, but also from
reduced endogenous antioxidant activities. Nuclear factor erythroid-2-related factor 2 (Nrf2) is a
master regulator of endogenous antioxidants gene expression [22], therefore, we tested the effect of
TS on the regulation of Nrf2-dependent antioxidant signaling, by monitoring, the expression levels
of well-established Nrf2–dependent gene targets. QPCR analysis revealed that diabetes promoted
a significant reduction in the expression levels of the Nrf2-dependent genes: Heme oxygenase-1
(HO-1), NAD(p)H dehydrogenase quinone 1 (NQO1), glutamate-cysteine ligase regulatory subunit
(GCLM), and glutamate-cysteine ligase (GCLC) (Figure 5F–I) However, treatment of diabetic rats with
TS restored the mRNA levels of all these genes (p < 0.005 (HO-1), p < 0.01 (NQO1), p < 0.02 (GCLM),
p < 0.02 (GCLC) vs. control and p < 0.002 (HO-1), p < 0.01 (NQO1), p < 0.02 (GCLM), p < 0.03 (GCLC)
vs. DB; n = 6), thus, suggesting that TS restored Nrf2-dependent signaling in the diabetic retina.

Furthermore, we assessed the expression and activity of the endogenous antioxidant Trx-1
(Figure 6A,B). As previously reported [8], Trx-1 expression was significantly increased in retinas of
STZ-rats (DB) in comparison to normoglycemic control rats (Figure 6A,B). Treatment of the diabetic
rats with TS, however, significantly decreased Trx-1 expression in diabetic rats (p < 0.0051; n = 6). Trx-1
activity, measured with a fluorimetric assay, was found to be significantly lower in retinas of STZ-rats
(DB) than in normoglycemic age-matched rats (control) (Figure 6C). However, treatment of diabetic
rats with TS rescued/normalized this antioxidant enzymatic activity (p < 0.01 vs. DB; n = 6) (Figure 6C).

Figure 6. Effect of Tubastatin A on thioredoxin-1 expression and activity. (A) Western analysis of
thioredoxin-1 (Trx-1) protein expression measured in retinas of STZ-rats (DB), STZ-rats receiving TS
(10 mg/kg) (DB + TS) and normoglycemic control rats (control). (B) Quantification of optical density
of Trx-1 immunoblotting normalized versus actin. (C) Trx-1 enzymatic activity measured in STZ-rats
(DB), STZ-rats treated with TS (10 mg/kg) (DB + TS). Values are mean ± SEM for n = 6. * p < 0.01 vs.
control and # p < 0.01 vs. DB.
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3.7. Effect of High Glucose and Tubastatin A on HDAC6 Expression and Activity in Human Retinal
Endothelial Cells

To determine the specific impact of HDAC6 on retinal endothelial cells and microvascular
dysfunction, we performed experiments in vitro using HuREC exposed to different glucose levels.
First, we confirmed that HDAC6 mRNA expression levels, measured in HuREC by qPCR analysis,
were significantly increased when the cells were treated with high glucose concentrations (HG, 25 mM)
as compared to cells treated with the osmotic control l-glucose (LG) or exposed to normal glucose
containing media (NG, 5.5 mM) (p < 0.01 vs. NG; n = 3) (Figure 7A). Accordingly, HDAC6 protein
expression (Figure 7B) was also significantly augmented in HG-treated HuREC in comparison with LG
or NG (p < 0.01; n = 3). Parallel to HDAC6 protein up-regulation, we also found that HG increased
HDAC6 activity 48 h post-treatment in comparison to NG and LG controls (Figure 7C) (p < 0.005;
n = 3). Moreover, treatment of HuREC with TS (5 μM, 6 h pre-treatment + 48 h in combination with
HG) significantly down-regulated the activity of HDAC6 in HuREC exposed to HG (p < 0.01; n = 3)
and had no significant effects on cells exposed to normal glucose control (NG) (Figure 7D).

Figure 7. Effects of high glucose and Tubastatin A on HDAC6 expression and activity in HuREC.
(A) HDAC6 mRNA expression, measured by qPCR, in HuREC exposed to different glucose levels (NG
= 5.5 mM d-glucose, HG = 25 mM d-glucose) and the osmotic control l-glucose (25 mM) for 48 and 72 h.
(B) Immunoblotting showing HDAC6 protein levels measured 48 h after exposure of HuREC to HG or
the controls NG or LG. (C) HDAC6 activity measured in HuREC by fluorimetric assay at 48 h exposure
of the cells to HG, NG or LG. (D) HDAC6 activity measured in HuREC by fluorimetric assay after 48 h
of exposure of the cells to HG or HG plus TS (5 μM starting 6 h before HG treatment) and compared to
the controls NG or LG. Values are mean ± SEM for n = 3. * p < 0.01 vs. NG and # p < 0.01 vs. HG.

3.8. Effects of HDAC6 Inhibition on Oxidative/Nitrative Stress and Endogenous Antioxidants in HuREC

To explore the potential contribution of HDAC6 to HG-induced redox imbalance in HuREC,
we assessed the formation of ROS from cellular sources by determining CellROX deep green fluorescence
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intensity in HuREC exposed to NG or HG for 48 h with or without TS (5 μM) (Figure 8A). We found
that HG increased superoxide-dependent fluorescence intensity in HuREC as compared to NG group,
however, this effect was largely blocked by TS (Figure 8A).

Figure 8. Effects of Tubastatin A on cellular and mitochondrial oxidases activities in HuREC. (A) CellROX
fluorescent assay showing superoxide formation (green) in HuREC exposed to HG for 48 h or to HG
in the presence of 5 μM of TS (HG + TS) and compared to HuREC cultured in NG conditions in the
absence (NG) or in presence of 5 μM TS (NG + TS). (B) Images of MitoSOX assay showing superoxide
formation from mitochondria oxidase (red) in HuREC exposed to HG for 48 h or HG in the presence
of 5 μM of TS (HG + TS), also for 48 h, and compared to HuREC cultured in NG conditions in the
absence (NG) or in the presence of 5 μM TS (NG + TS). In A and B blue fluorescence show cell nuclei
counterstained with DAPI. Scale bar, 50 μm.

Same results were obtained while monitoring the effects of HG and TS on superoxide production
from mitochondrial sources (Figure 8B). Analysis of mitochondrial oxidases activity by MitoSOX,
showed that exposure of HuREC to HG for 48 h increased mitochondrial superoxide-dependent
reactivity; however, TS prevented this effect (Figure 8B). In all cases, TS treatment did not affect the
response of the cells to NG (NG + TS).

Furthermore, dot blot analysis showed that the levels of the oxidative/nitrative stress markers NT
and 4-HNE, were increased by HG, however treatment of the cells with TS halted this effect of HG
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(p < 0.0001 vs. NG and p < 0.0001 vs. HG; n = 3) (Figure 9A–C). To ascertain whether TS was also able
to normalize endogenous antioxidants, we determined the effects of HG in presence and/or absence of
TS on Trx-1 activity (Figure 9D). Similarly, to what was observed in the diabetic rats, glucidic stress
(HG) significantly decreased Trx-1 activity in HuREC and this was rescued by TS (p < 0.001 vs. NG
and p < 0.01 vs. HG; n = 3) (Figure 9D).

Figure 9. Effects of Tubastatin A on high glucose-induced redox imbalance in HuREC. (A) Representative
images of dot blot analysis demonstrating nitrotyrosine (NT) and 4-hydroxynonenal (4-HNE) formation
in HuREC exposed to HG for 48 h or HG in the presence of 5 μM of TS (HG + TS), also for 48 h,
and compared to HuREC cultured in NG conditions in the absence (NG) or presence of 5 μM TS (NG +
TS). (B,C) Quantification of optical density of NT and 4-HNE immunoblotting normalized versus actin.
Values are mean ± SEM for n = 3. * p < 0.0001 vs. NG and # p < 0.0001 vs. HG. (D) Fluorimetric assay
results representing Trx-1 activity in HuREC assessed after 48 h of exposure to different glucose levels
(NG = 5.5 mM d-glucose, HG = 25 mM d-glucose) in the presence or absence of TS (5 μM). Values are
mean ± SEM for n = 3. * p < 0.01 vs. NG and # p < 0.01 vs. HG.

3.9. Effects of HDAC6 Inhibition on HG-induced HuREC Senescence

Finally, we examined the effects of HDAC6 inhibition by TS on HG-induced HuREC senescence.
Assessment of SA-β-Gal activity in HuREC exposed to different glucose conditions showed increased
number of positive cells in the HG treatment group compared to the NG control (p < 0.001; n = 3)
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(Figure 10A,B). However, treatment of HuREC with TS prevented the increase of SA-β-Gal–reactive
cells in HG conditions (p < 0.005; n = 3) (Figure 10A,B).

Figure 10. Tubastatin A effects on HG-induced senescence markers in HuREC. (A) Representative
images of senescence-associated β-Galactosidase (SA-β-Gal) reactivity assay in HuREC exposed to
HG for 48 h or HG plus 5 μM of TS (HG + TS), also for 48 h, and compared to HuREC cultured in NG
conditions in the absence (NG) or presence of 5 μM TS (NG + TS). Positive cells develop the blue color.
Scale bar, 50 μm. (B) Quantification of SA-β-Gal-positive cells. Values are number of positive cells per
well versus total number of cells expressed as a percent. n = 3. * p < 0.001 vs. NG and # p < 0.001 vs.
HG. (C) Western blotting analysis showing protein levels of the histone deacetylase SIRT1 in HuREC
treated in the same experimental conditions as described in (A). Bar histograms represent optical
density values of the blots normalized for the loading control actin. Values are mean ± SEM for n = 3.
* p < 0.01 vs. NG and # p < 0.01 vs. HG.

Moreover, Western analysis of protein levels of the histone deacetylase SIRT1 showed that this
was significantly down-regulated in HG-treated HuREC in comparison to NG. Treatment of the cells
with TS significantly reduced the effects of HG by rescuing SIRT1 protein levels (p < 0.005 vs. HG;
n = 3) (Figure 10C).
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4. Discussion

The increased incidence of diabetes and DR, urges the realization of early interventional therapeutic
strategies. In this study, we investigated the role of the histone deacetylase HDAC6 in the early
events characterizing the progression of an experimental model of DR. Dysregulation of the processes
of acetylation/deacetylation of nuclear and cellular proteins has been shown to be associated with
different pathologic conditions including diabetes [12–18,23]. Previous findings linked the activity
of several histone deacetylases to the pathogenesis of DR [23,24]. A specific contribution of HDAC1,
2, and 8 to global acetylation of retinal histones in the diabetic retina was found to be involved not
only to progression of DR but also to the metabolic memory phenomenon [23]. When compared to
the other members of the large family of the histone deacetylases HDAC6 presents unique structural
and functional properties, including a double catalytic domain and cytosolic and nuclear intracellular
localization and sites of action [9]. Among other unique functions, HDAC6 can influence the redox state
of the cells through deacetylation of endogenous antioxidants and modulation of oxidase activities [16].

Our results show that HDAC6 expression and activity are upregulated in the diabetic retinas of
STZ-rats and, most importantly, in postmortem retinas of diabetic donors. Using an interventional
approach, we assessed the effects of pharmacological inhibition of HDAC6 by administration of the
specific inhibitor TS in an experimental model of Type 1 diabetes (STZ-rats). Pharmacological inhibition
of HDAC6 by TS lessened DR pathology in STZ-rats, as evidenced by maintenance of total retinal
thickness and amelioration of vascular hyperpermeability, a key feature of DR microangiopathy [2,3].
The observed effects of TS on BRB stabilization in STZ-rats, are in agreement with previous studies that
have underscored the role of HDAC6 activity in altering endothelial and epithelial cells permeability
and the stability of intercellular junctions [25–27].

While the specific role of HDAC6 in the diabetic retina has not been studied before, HDAC6
inhibition has been shown to alleviate myocardial ischemia-reperfusion injury in diabetic rats [16] and
to ameliorate diabetic kidney disease [15], predominantly through antioxidant effects. Interestingly,
in the diabetic retina, downregulation of HDAC6 was linked to the effects of exogenous GLP-1 in
alleviating oxidative stress-induced apoptosis and autophagy of retinal cells [24].

The results of our studies show that HDAC6 inhibition by TS decreased the appearance of the
senescence marker γH2AX and significantly augmented the expression of the redox homeostatic
histone deacetylase SIRT1, of which expression levels are inversely correlated with the induction of
endothelial cell senescence [4,7]. A contrasting balance between HDAC6 and SIRT1 could significantly
impact the redox status of a number of cells including endothelial and other retinal cells [28].

Previous studies have shown that increased HDAC6 activity results in oxidative stress due to
mitochondrial dysfunction [16,29] and to altered endogenous antioxidant function [11]. Increased
oxidative/nitrative stress has been shown to play a key contributing role to the pathogenesis of DR
due to its effects in promoting retinal chronic inflammation, microvascular injury, and accelerated
endothelial cell senescence [4]. Inhibition of HDAC6 by TS, significantly reduced superoxide formation,
diminished the levels of oxidative and nitrative stress markers (4-HNE and NT, respectively) and
rescued the activity of endogenous antioxidants such as Nrf2 and Trx-1. Taken together, these
antioxidant properties of TS further confirm the pro-oxidative capacity of overactive HDAC6 in the
diabetic retina.

The results of our experiments in vitro, specifically addressing HDCA6 role in HuREC, largely
recapitulated the results obtained in the in vivo experiments as TS prevented high glucose-induced
HuREC senescence (SA-β-Gal activity assay) and halted high glucose effects in downregulating SIRT1
expression. These protective effects correlated with significant reduction of superoxide production
from cellular and mitochondrial sources as well as with the rescuing of the activity of the endogenous
antioxidant Trx-1. Consistent with our results, blocking of HDAC6 activity was shown to be protective
against high glucose-induced oxidative stress in RPE via mechanisms involving inhibition NF-κB and
NLRP3 inflammasome pathway [30].
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The potential role of HDAC6 in regulating cellular redox homeostasis has been previously
implicated in the pathogenesis of several neurodegenerative diseases [31,32]. In addition, similar
findings have been obtained in studies showing beneficial antioxidant effects of HDAC6 inhibitors in
models of retinal neurodegenerative diseases [17,18]. Thus, the results here described are in agreement
with these previous findings by demonstrating a role for HDAC6 in DR and retinal microangiopathy
through pro-oxidant effects.

5. Conclusions

In summary, the results of the studies described herein, are the first to demonstrate the impact of
HDAC6 activation in the diabetic retina and to suggest the potential therapeutic efficacy of HDAC6
specific inhibitors for the prevention of redox imbalance and injury to the retinal microvasculature in
the diabetic milieu.
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