Chapter 17

Oxidative Stress in the RPE and Its
Contribution to AMD Pathogenesis:
Implication of Light Exposure

Yoko Ozawa

Abstract The retinal pigment epithelium (RPE) is a single layer of cuboidal cells
that develops from the neural tube as well as neural retina does, and is therefore
considered part of the central nervous system. While the neural retina receives light
and converts it to electrical signals to process information and transfer it to the
brain, the RPE acts as an essential coordinator of the retinal microenvironment for
appropriate retinal neural function. Reactive oxygen species (ROS) are generated
during basal cellular metabolic processes. Moreover, daily exposure to light stimuli
enhances the production of ROS in the RPE and the neural retina, the excessive
accumulation of which contributes to retinal pathogenesis. In this section, oxidative
stress in the RPE and its proposed contribution to age-related macular degeneration
(AMD) are discussed, reviewing recent in vivo and in vitro studies that support the
role of oxidative stress in the development and progression of AMD.
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17.1 Roles of the RPE and Oxidative Stress

17.1.1 Physiological Roles of the RPE

The retinal pigment epithelium (RPE) is a multifunctional regulator of the retinal
microenvironment. Its physiological and cellular functions include the recycling of
retinal pigment during the visual cycle, the directional transport of oxygen and
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nutrients, the formation of the blood-retinal barrier (BRB) which regulates the
infiltration of molecules and cells, and the polarized secretion of cytokines and
chemokines [1, 2].

The RPE plays a central role in regulating the visual cycle of rhodopsin. During
phototransduction, the rhodopsin chromophore 11-cis retinal is converted into
all-trans retinol, which accumulates in the outer segments of photoreceptor cells.
The RPE cells phagocytose the outer segments containing all-trans retinol, which is
then sequentially metabolized to regenerate 11-cis retinal and the rhodopsin pig-
ment. During this process, N-retinylidene-N-retinylethanolamine (A2E) is gener-
ated, which can accumulate and lead to lipofuscin formation in the aging RPE. A2E
also induces production of reactive oxygen species (ROS) in response to blue light
[3], which can result in RPE cell death [4]. An abnormality in the gene encoding a
transmembrane transporter, ATP-binding cassette, subfamily A (ABC1), member
4 (ABCA4), causes A2E and lipofuscin accumulation, leading to the retinal degen-
erative condition known as Stargardt disease [5]. Light-induced photoreceptor cell
death is suppressed in the absence of rhodopsin [6] or in the presence of a mutation
in an enzyme of the visual cycle, RPE65 [7]. These findings suggest that cellular
metabolism during the visual cycle in the RPE contributes to increases in ROS and
the development of tissue damage in the retina.

The RPE controls the flow of fluid which contains oxygen and nutrients from the
highly vascularized choroid into the outer retina. Together the vascular and epithe-
lial components of the BRB maintain the specialized environment of the neural
retina [8]. The tight junctions and adherens junctions (Fig. 17.1) form connections
between cells and regulate the localization of membrane proteins and cell polarity,
and in the retinal environment, these structures are important for establishing the
BRB. Thus, breakdown of the BRB can result in abnormal infiltrations of molecules
and/or cells, including vascular endothelial cells and inflammatory cells, which may
contribute to the development and/or progression of AMD lesions in the subretinal
space.

The RPE secretes vascular endothelial growth factor (VEGF), which is indis-
pensable for maintaining the choroidal vessels that provide oxygen and nutrients to
the outer neural retina, mainly the photoreceptor cells [9, 10]. In mice that have
been engineered to express only the membrane-bound, non-soluble isoform of
VEGF (VEGF188), vessels in the choroid undergo degeneration, followed by
photoreceptor cell apoptosis [9]. Targeted depletion of VEGF in the adult RPE
also causes the similar changes [10]. The RPE also secretes a neuroprotective and
vascular suppressive factor, pigment epithelium-derived factor (PEDF), which
inhibits excessive VEGF signaling; insufficient PEDF may also be associated
with AMD pathogenesis [11, 12]. In addition to these physiological cytokines, the
RPE also secretes monocyte chemotactic factor-1 (MCP-1), which can recruit
inflammatory cells and promote AMD lesions [13, 14]. Various studies have
shown that ROS cross talk with inflammatory reactions can lead to a vicious
cycle [15-18] that contributes to the development of AMD [19, 20].
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Fig. 17.2 Generation of ROS. Reactions leading to ROS generation. The singlet oxygen (10,),
superoxide anion radical (O.), hydroxyl radical (HO"), and hydrogen peroxide (H,O,) are shown

17.1.2 ROS and Oxidative Stress

Oxidative stress occurs when excessive ROS accumulate and are not eliminated by
the normal biological self-defense systems (see below), resulting in tissue/organ
damage and various pathological conditions. ROS are highly reactive chemicals
derived from oxygen following exposure to high-energy or electron-transferring
chemical reactions [21, 22]. ROS include singlet oxygen ('O,), superoxide anion
radical (O"), hydroxyl radical (HO"), and hydrogen peroxide (H,0,) (Fig. 17.2).
ROS are toxic to biological organisms due to their oxidation of lipids, proteins,
DNA, and carbohydrates, which results in the loss of normal membrane, metabolic,
and reproductive functions.
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Fig. 17.3 Antioxidative reactions. SOD converts O™ to H,O,, which is further converted to H,O
by catalase. H,O, is also converted to H,O by glutathione peroxidase. In this system, GSH acts as
an antioxidant reducing H,O, and is oxidized to become GSSG. GSSG is then reduced by
glutathione reductase to replenish GSH. SOD superoxide dismutase, GSH reduced glutathione,
GSSG oxidized glutathione representing glutathione-S-S-glutathione

17.1.3 Generation, Elimination, and Accumulation of ROS

ROS are unavoidable by-products of the biochemical pathways involved in energy
production and storage, such as glycolysis, the electron transport chain, and pho-
tosynthesis [22]. Mitochondrial oxidants are formed predominantly at complexes I
and IIT of the cytochrome chain when electrons initially derived from NADH or
FADH?2 react with oxygen to produce superoxide anions [23]. Nicotinamide ade-
nine dinucleotide phosphate (NADPH)-dependent oxidases also generate ROS. The
NADPH-dependent oxidases comprise a seven-member family of membrane-
bound enzymes (Nox1-5 and Duox1-2) that are widely expressed and evolution-
arily conserved [23]. NADPH-dependent oxidase-produced ROS directly eliminate
invading pathogens and play a central role in the pathobiology of sepsis by
regulating the bactericidal activity of phagocytes [24]. Additional cellular sources
of ROS production include a number of intracellular enzymes, such as xanthine
oxidase, cyclooxygenases, cytochrome p450 enzymes, and lipoxygenases, all of
which produce oxidants as part of their normal enzymatic function [23].

ROS levels are regulated by several enzymes that eliminate ROS in the cytosol
or mitochondria (Fig. 17.3). These enzymes include the superoxide dismutase
(SOD) family. SOD1 (Cu—Zn SOD) is cytosolic, while SOD2 (Mn SOD) localizes
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to the mitochondria, and SOD3 (a Cu—Zn SOD encoded by another gene and with a
different protein structure compared to SOD1) localizes to the extracellular space.
In the peroxisome, catalases are expressed that eliminate the H,O, produced during
the p-oxidation-mediated breakdown of long-chain fatty acids which are subse-
quently shuttled to mitochondria to generate ATP. One of the most important
cellular antioxidants is glutathione, a cysteine-containing peptide found in most
forms of aerobic life. Glutathione’s antioxidant properties are due to a thiol group in
its cysteine moiety that functions as a reducing agent and can be reversibly oxidized
and reduced.

An additional means of regulating oxidation is by the uptake of exogenous
antioxidative molecules. Examples of exogenous antioxidants include the caroten-
oid, lutein [17, 25-27], and vitamins. Lutein is not synthesized in humans and is
considered to be a micronutrient found in certain foods, such as spinach and kale.
Lutein is delivered to the retina and concentrated in the macula, the center of the
retina; it also accumulates in the RPE [17, 28]. Two large clinical studies, the
Age-Related Eye Disease Study (AREDS) [29] and AREDS 2 [30], demonstrated
that lutein intake protects against the progression of AMD.

The cellular accumulation of ROS is determined by the net balance of
ROS-generating and ROS-eliminating reactions. When ROS generation is exces-
sive or when elimination fails, high levels of ROS will promote tissue/organ
damage. Excessive ROS production can result from a metabolic imbalance induced
by diabetes or in response to external environmental insults such as exposure to
light or smoke, while the reduced elimination of ROS occurs when
ROS-eliminating enzymes are disabled due to genetic abnormalities [31-33] or
aging-related reductions in enzymatic activity [34]. For example, the SOD activity
in mesenteric lymphatic vessels was shown to be reduced in 24- versus 9-month-old
rats [34]. Interestingly, excessive ROS accumulation may lead to the reduced
expression of antioxidative enzymes; Yuki et al. showed that oxidative stress
caused by N-methyl-p-aspartate (NMDA) results in reduced SOD1 mRNA and
protein levels in the retina [33]. Thus, ROS accumulation is mediated by multiple
mechanisms.

17.2 Association of Oxidative Stress in the RPE
with Aging and AMD

Although the ROS generated during normal metabolic processes are eliminated
through the pathways described above, oxidative stress occurs constantly, and the
effects of residual ROS that are not completely removed may contribute to the
aging process [32, 35, 36]. The age-related increase in oxidative stress leads to an
increased accumulation of autoxidative lipofuscin in the lysosomes of RPE cells, as
well as drusen formation in the extracellular space between the RPE and Bruch’s
membrane [2, 37]. The accumulation of oxidized low-density lipoproteins and lipid
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peroxidation end products reduces the degradation of phagocytosed photoreceptor
outer segments and increases cellular stress in the RPE cells [38]. Excess ROS can
lead to protein damage and unfolding, especially in age-related conditions [39]. Oxi-
dative stress can also lead to mitochondrial DNA damage, which further increases
ROS generation and reduces the metabolic capacity, thereby enhancing age-related
degenerative tissue changes [2]. Moreover, these ROS-induced cellular changes
may lead to the further production of ROS that are not properly eliminated, thus
accelerating the ROS-induced pathogenic changes [32, 33].

These aging-related events are believed to lead to subsequent immunological
responses, including the production of several types of inflammation-related mol-
ecules, the recruitment of leukocytes such as macrophages and dendritic cells, and
the activation of complement pathways, and all of these processes are related to the
pathogenesis of AMD [19]. AMD risk factors include smoking, metabolic syn-
dromes (including hypertension and arteriosclerosis), single nucleotide polymor-
phisms (SNPs) [20, 40-42], and light exposure [43], all of which are proposed
sources of ROS accumulation and can lead to consecutive and chronic inflamma-
tion. Recent studies indicate that the RPE is a primary target of oxidative stress and
that changes in the RPE represent early changes in the pathogenesis of AMD. In the
following sections, specific experimental studies are introduced.

17.3 1In Vitro Analysis of Oxidative Stress Using
the ARPE-19 Human RPE Cell Line

ARPE-19 is a spontaneously arising RPE cell line derived from the normal eyes of a
19-year-old male. To explore the underlying mechanisms of AMD, oxidative stress
in the RPE is often studied using this cell line. ROS are induced by treating the cells
with H,O, or paraquat or by exposing them to ultraviolet or visible light [44, 45].
ARPE-19 cells exhibit barrier functions mediated by tight and adherens junctions
and secrete cytokines, consistent with the RPE’s functions in vivo. However, the
ARPE-19 cells exhibit reduced transepithelial resistance (TER), reduced levels of
secreted cytokines, and limited formation of the hexagonal shape, a distinctive
characteristic of the RPE, compared with the primary RPE culture known as fetal
human RPE (fhRPE) [11, 35].

Despite these limitations, ARPE-19 cells are still commonly used for studying
the influence of oxidative stress on the RPE. When ARPE-19 cells are treated
intermittently and repeatedly with tert-butylhydroperoxide (tert-BHP), an organic
peroxide, they exhibit four well-known senescence biomarkers: hypertrophy,
senescence-associated f-galactosidase activity, growth arrest, and cell-cycle arrest
in G1. This chronic oxidative stress leads to modifications of the transcriptome and
cellular functions, which are involved in the cellular aging phenotype and patho-
physiology of AMD [46]. The cells under this treatment also show increased
amyloidogenesis, which can contribute to drusen formation, and an angiogenic
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molecular expression profile associated with AMD pathogenesis [47]. Alternatively,
another group showed that treating ARPE-19 cells with A2E combined with blue
light irradiation induces MCP-1, interleukin-8 (IL-8), and complement factor H
(CFH), which are also proposed to be involved in AMD pathogenesis [48].

ARPE-19 cells have also been used to investigate the effects of oxidative stress
on cell—cell junctions and their association with AMD pathogenesis [49, 50]. The
cadherin proteins are essential components of the adherens junctions and have
important roles in cell adhesion. Studies using ARPE-19 cells showed that
ROS-mediated Src kinase activation increases the tyrosine phosphorylation of
p120 catenin, a cellular protein that associates with and regulates cadherin turnover
at the cell surface, thereby controlling the level of cadherin available for cell—cell
adhesion. The induction of ROS rapidly triggers the translocation of p120 catenin
and the internalization of N-cadherin from the cell-cell adhesion sites to an early
endosomal compartment. The endosomal accumulation of p120 catenin results in
stress fiber formation and cell—cell dissociation through activation of the Rho/Rho-
associated protein kinase (ROCK) signaling pathway. Another group reported that
white light exposure disrupts the expression of zona occludens (ZO-1), a compo-
nent of tight junctions, in the ARPEI9 cells and simultaneously activates the
Wnt/B-catenin pathway [45]. These results are consistent with other studies show-
ing that p120 and p-catenin bind to the intracellular domain of cadherin and are
released when Wnt ligand binds to its receptor, Dvl, a human homolog of the
Drosophila dishevelled. In fact, the oxidative stress-induced cytoskeletal
remodeling and cell-cell dissociation were transient in their study, due to the
induction of SOD and activation of a nuclear factor-kB (NF-kB)-induced negative
feedback loop [49]; the ROS generation—elimination systems can be balanced under
their study condition; therefore, the junction may be repaired.

Much of the research investigating the effects of oxidative stress on the RPE has
been performed using ARPE-19 cells, in part because of the challenge in isolating
sufficient primary RPE for mechanistic studies. However, since AMD pathogenesis
involves whole ocular and systemic interactions, in vivo studies are indispensable
for understanding this disease.

17.4 Proposed Mechanisms Linking Oxidative Stress
in the RPE to the Pathogenesis of AMD

17.4.1 Analysis of AMD Pathogenesis in Animal Models

In vivo AMD pathogenesis studies are often performed with laser-induced choroi-
dal neovascularization (CNV) models using wild-type or genetically modified mice
[51-60]. These models are well accepted and have shed light on the inflammatory
cytokines and signaling molecules contributing to neovascularization, including
IL-6 [52], IL-17 [51], CCR3 [57], the renin—angiotensin system (including angio-
tensin II type 1 receptor [55], bradykinin [55], and the prorenin receptor [58]),
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JNK [59], and hyaluronan-CD44 [54]. In contrast, IL-18 has been shown to be a
protective factor that inhibits CNV development [61].

The impact of MCP-1 in generating CNV has been reported in a model of CNV
generated by injecting oxidized phospholipids into the subretinal space [14]. Nota-
bly, the CNV induction in this model is not observed in MCP-1 knockout mice. The
study also showed that mild, chronic light exposure for 6 months induces the
accumulation of oxidized phospholipids in the retina (including the RPE), which
induces CNV in 50 % of the time (they found CNVs in four eyes in the eight
analyzed eyes), while MCP-1 knockout mice never show CNV generation under the
same condition. Since light exposure is associated with AMD [43], this model may
be more physiologically relevant than the artificially laser-induced CNV model.

There are certain gene-targeted mice which develop AMD-related pathogenesis
in the absence of CNV development. Neprilysin-deficient mice, in which amyloid f
accumulates, exhibit RPE vacuolization and VEGF-PEDF imbalance [47], and
Dicerl-deficient mice accumulate Alu RNA and show subsequent RPE degenera-
tion and geographic atrophy, which is characteristic of an AMD subtype [62].

Inflammation and accumulated materials are highly intertwined with oxidative
stress that could be involved in the AMD pathogenesis [35].

17.4.2 Influence of Light-Induced ROS in the RPE

In addition to the abovementioned studies, the significance of ROS and the under-
lying molecular mechanism in the development of AMD-related pathological
changes in the RPE was investigated by Narimatsu et al., using another model in
which wild-type Balb/c mice are acutely exposed to moderate light [63]; Balb/c
mice have a polymorphism in the RPE65 gene, which is required for the visual
cycle, and are thus more susceptible to light-induced retinal degeneration than
C57B/6] mice [7]. In this study, the examination of flat-mounted RPE samples
revealed that light exposure leads to the disruption of cell—cell junctions and the
actin cytoskeleton. The analysis of specific membrane-bound molecules, including
ZO-1 (a tight junction marker), N-cadherin and f-catenin (both adherens junction
markers), and F-actin (an actin cytoskeleton marker detected by phalloidin),
revealed the disruption of cell junctions (Fig. 17.4). These observations suggested
that light exposure leads to breakdown of the BRB, which may promote CNV
invasion and related exudative changes, as well as an infiltration of inflammatory
cells, from the choroid into the subretinal space.

In this model, analysis using DCF-DH, a fluorescent probe that detects hydroxyl
and peroxyl radicals, and other ROS, after deacetylation by endogenous esterases,
revealed that the ROS levels in the RPE—choroid are elevated immediately after
light exposure. (Separation of the RPE and choroid was not technically feasible;
thus the two tissues were analyzed as a complex.) To determine if the altered
cell junctions and cytoskeletal disruptions are mediated by the excessive
ROS accumulation, light-exposed mice were treated with the antioxidant



17 Oxidative Stress in the RPE and Its Contribution to AMD Pathogenesis. . . 247

Z0-1 N-cadherin B-catenin F-actin

control

Light Exposure

50 um

Fig. 17.4 Photodamage to the tight junction, adherens junction, and actin cytoskeleton. Light
exposure disrupts the sub-membrane distribution of markers of the tight junction (ZO-1), adherens
junction (N-cadherin and f-catenin), and actin cytoskeleton (F-actin) in the RPE, in vivo

N-acetylcysteine (NAC). NAC is a by-product of glutathione and plays a role in
glutathione maintenance and metabolism [64]; it is also an approved pharmaceuti-
cal drug and nutritional supplement used primarily as a mucolytic agent and in the
detoxification of paracetamol (acetaminophen) overdose. NAC treatment was
shown to prevent the light-induced cell—cell junction and actin cytoskeletal disrup-
tion, as indicated by the attenuated loss of membrane-bound ZO-1, N-cadherin,
p-catenin, and F-actin. These findings indicated that excessive ROS levels are
responsible for these changes and implicate oxidative stress-induced breakdown
of the BRB in the pathogenesis of AMD.

In general, cell-cell junctions are regulated by Rho/ROCK signaling
[65]. ROCK, activated by GTP-bound RhoA, phosphorylates LIM kinase, myosin
light chain (MLC), and MLC phosphatase, all of which are key regulators of actin
organization. Notably, ROCK activity increased after light exposure, and NAC
treatment reduced the ROCK activation, in the above-mentioned study, indicating
that ROCK is activated by excessive ROS accumulation [63]. A ROCK inhibitor,
Y27632, suppressed the light-induced cell junction and actin cytoskeleton disrup-
tion in the RPE. Taken together, these findings suggest that light-induced ROS
accumulation leads to ROCK activation, which disrupts cell-cell junctions and the
actin cytoskeleton, resulting in breakdown of the BRB, in vivo. This mechanism
may be involved in AMD progression.

Inflammatory cytokines and macrophages have also been implicated in AMD
pathogenesis [13, 14, 57]. To investigate the involvement of light-induced ROS in
promoting cytokine expression in the RPE—choroid, Narimatsu et al. also analyzed
cytokine mRNA and protein levels after light exposure [63]; MCP-1 is strongly
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induced by light exposure at both the mRNA and protein levels, and macrophage
infiltration is increased in the RPE—choroid, as shown by both F4/80 mRNA
induction and the recruitment of F4/80-immunopositive cells to the choroid and
subretinal space. The macrophage infiltration may result from the disrupted RPE
and may contribute to CNV invasion into the subretinal space, since VEGF is
secreted by macrophages. In addition, all of the inflammatory changes were found
to be inhibited by NAC-mediated ROS suppression or Y27632-mediated ROCK
inhibition. Another inflammatory cytokine, IL-6, which is also implicated in AMD
pathogenesis [52], increases at the mRNA and protein levels in the RPE—choroid
after light exposure, and these increases are suppressed by NAC or Y27632
treatment. Ccl-11, another AMD-related cytokine, was also found to increase
after light exposure and to decrease by NAC administration, but was not regulated
by ROCK activity. Taken together, these findings demonstrate that the light-
induced inflammatory changes associated with AMD pathogenesis are mediated
by ROS accumulation and in many cases ROCK activation.

Although light exposure is a widely accepted risk factor for AMD development,
the underlying mechanisms contributing to AMD’s pathogenesis have not been
fully defined. However, the study by Narimatsu et al. suggests that light exposure
acts on the RPE—choroid and increases the risk of AMD through ROS accumulation
and ROCK activation (Fig. 17.5). To develop treatments for age-related retinal
pathologies, it is important to better understand the biological effects of light
exposure on the RPE, which plays a number of important roles in supporting retinal
function but may cause AMD when oxidative stress accumulates. Therapeutic
approaches designed to block the molecular mechanisms involved in light-induced
retinal changes would be of great value. The study discussed here raises the
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possibility that pharmaceuticals targeting ROS and ROCK signaling pathways may
provide additional benefit when used in combination with light-blocking strategies
[66, 67]. Further studies investigating the underlying molecular mechanisms and
exploring potential therapeutic approaches are required.

17.5 Summary

It is well accepted that ROS accumulation in the RPE contributes to AMD patho-
genesis. The studies reviewed here suggest that light stimuli may be one of the
important factors that cause ROS accumulation. Light-induced ROS accelerate
the pathological changes in the RPE, at least in part, by altering the BRB structure,
the molecular expression of inflammatory molecules, and the subsequent recruit-
ment of inflammatory cells. These in vivo cellular changes observed in mice and the
underlying molecular mechanisms contribute to our understanding of the patho-
genesis of AMD and to the investigation of new treatment targets. Further biolog-
ical studies are warranted.
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