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Abstract 
 

Age-related accumulation of lipids in the retinal pigment epithelium (RPE) is 

important for the development of age-related macular degeneration (AMD), a major 

cause of legal blindness worldwide. Photoreceptor outer segments (POS) are constantly 

shed to RPE cells, and if not efficiently metabolized, can result in accumulation of 

hazardous lipid byproducts. Previous studies reported that the inhibition of POS 

phagocytosis is associated with oxidative stress and aging of RPE cells. In late stage 

neovascular AMD, vascular endothelial growth factor (VEGF) plays a central role in the 

establishment of choroidal neovascularization (CNV). The importance of VEGF in the 

pathogenesis of the disease has also been determined in animal model of laser-induced 

CNV. Oxidative stress has not only been associated with the development of AMD, but 

also participates in the progression from early stage to late stage neovascular AMD.   

The current study identified a regulatory role of POS binding in senescence and 

lysosomal activity in the RPE cells through αvβ5 integrin/focal adhesion kinase 

(FAK)/peroxisome proliferator activated receptor γ coactivator-1α (PGC-1α) pathway. 

POS-induced PGC-1α decreased reactive oxygen species (ROS), increased 

mitochondrial biogenesis, and prevented senescence. Furthermore, FAK and PGC-1α 

were involved in the activation of transcription factor EB (TFEB), a master regulator of 

autophagy/lysosomal pathway, and the silencing of PGC-1α led to decreased 

cathepsin D activity and accumulation of peroxidized lipids after POS treatment. 

PGC-1α knockout (KO) mice exhibited phenotypes of aged RPE, including lipofuscin 

accumulation, thickening of Bruch’s membrane, and atrophic choriocapillaris. Overall, 
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these results suggest the regulatory role of POS binding in senescence and metabolism 

in the RPE cells to counteract the potential metabolic stress of POS phagocytosis. With 

regards to neovascular AMD, this study demonstrated that GPx4 influences VEGF-A 

expression in the RPE/choroid, suppressing the increase in VEGF-A protein levels after 

laser-induced CNV. Furthermore, GPx4 demonstrated a protective effect against CNV 

development in vivo. 

 

 

Keywords: Age-related macular degeneration, retinal pigment epithelium, 

photoreceptor outer segments, peroxisome proliferator activated receptor γ coactivator-

1α, αvβ5 integrin, focal adhesion kinase, senescence, lysosomal degradation, oxidative 

stress, antioxidant enzymes, vascular-endothelial growth factor, glutathione peroxidase 

4, choroidal neovascularization. 
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1. Introduction 
 

1.1 Retina 

 

 The retina is known as the sensorineural part of the eye. Anatomically it can be 

divided into the central and peripheral retina. The posterior pole, also known as the 

anatomic macula, is the central area of the retina located between the superior and inferior 

temporal arcades. Characteristically it is the area surrounding the fovea, measuring 

approximately 6 mm in diameter (Hildebrand and Fielder, 2011).   

The macula, also known as the anatomic fovea centralis, is the area located 

approximately 3 mm temporal to the optic disc, measuring about 1.5 mm in diameter. This 

region was named the macula because of the presence of xanthophyll, a yellow carotenoid 

pigment (Hildebrand and Fielder, 2011). The most central part of the macula is called the 

fovea. The fovea is formed by a central depression measuring around 0.35 mm in diameter. 

This is the region of the greatest visual acuity of the retina (Oyster, 1999). The foveola 

presents the highest population of cone photoreceptors, approximately 200,000/mm2, 

characteristically narrowed and elongated (Curcio et al., 1990). Rod photoreceptors are 

usually absent in this very central area, but dense elsewhere. The central 500 µm of the 

fovea contains no retinal capillaries and is called the foveal avascular zone (FAZ) 

(Hildebrand and Fielder, 2011). 

The peripheral retina is the remaining area of the retina located outside the 

temporal retinal arcades. This region presents a dense population of rod photoreceptors. 
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The retina extends anteriorly towards the ora serrata, which delineates the termination of 

the sensory retina (Hildebrand and Fielder, 2011).!

Retinal cells and their processes are organized in layers that can be identified 

histologically (Figures 1.1 and 1.2). 

 

 

Figure 1.1. Histological organization of the retina. 

 

1.2 Retinal Pigment Epithelium 

 

The RPE consists of a monolayer of specialized pigmented epithelial cells responsible for 

the transportation of nutrients and metabolic end products between the subretinal space 

and the choriocapillaris (Steinberg, 1985). A healthy adult individual has approximately 

3.5 million RPE cells (Panda-Jonas et al., 1996).  Characteristically, the RPE cells are 

symmetrically arranged as hexagonal tiles with tight-junction between adjacent cells 

(Strauss, 2005).  
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Figure 1.2. Schematic representation of the cellular organization of the retina.  

 

Considered one of the most metabolically active tissues of the human body, the 

RPE is essential for photoreceptor survival and differentiation (King and Suzuma, 2000; 

Strauss, 2005). For this reason, RPE viability is crucial for the function of both 

photoreceptors and choriocapillaris, and essential for visual maintenance (Strauss, 2005).  

Owing to intense absorption of light that enters the eye, high oxygen concentration 

from the choriocapillaris, and intense metabolic reactions, RPE cells are constantly 

exposed to oxidative damage (Strauss, 2005). A healthy RPE cell is capable of defending 
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itself against these toxins by the filtering and absorbing of light by the melanosomes 

(Boulton, 1998) and lipofuscin (Delori et al., 2001; Weiter et al., 1986). Additional light 

absorption by the photoreceptor-containing pigments, such as lutein and zeaxanthin 

(Strauss, 2005) promotes further protection against photooxidation (Beatty et al., 1999; 

Beatty et al., 2001). The existence of antioxidant activity in RPE cells, as well as the 

ability to repair damaged proteins and DNA are also associated with protection (Strauss, 

2005).  

Photoreceptor outer segments phagocytosis is one of the most important functions 

of the RPE. In humans, each RPE cell faces an average of 23 photoreceptors (Gao and 

Hollyfield, 1992), and the turnover rate is approximately 10 days for an entire 

photoreceptor outer segment (Young, 1971). Each photoreceptor consists of an outer 

segment, an inner segment, a nucleus, an inner fiber, and the synaptic terminal (Roof and 

Makino, 2000). In the outer segment, the retinal photopigment is stacked inside flat discs. 

The inner segment contains the metabolic-related structures responsible for the survival 

and function of the photoreceptor cells (Strauss, 2005).  

RPE cells are also responsible for secreting a wide range of different growth 

factors as well as other substances, which are important for the maintenance of the 

structural integrity of the retina and choriocapillaris, contributing to the survival of 

photoreceptors (Strauss, 2005). VEGF is produced and secreted in low concentrations by 

the RPE in physiologic conditions (Adamis et al., 1993; Lopez et al., 1996; Witmer et al., 

2003). This vascular factor secretion occurs at the basal side of the RPE cell acting on the 

choroidal endothelium (Blaauwgeers et al., 1993). It is associated with endothelial cell 

protection against apoptosis, and is essential for maintaining the integrity of the 

choriocapillaris endothelial cells (Burns and Hartz, 1992).  
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Interestingly, secretion of growth factors by the RPE can change in accordance 

with damage or injury. This mechanism protects both RPE cells and photoreceptors 

against light-induced damage (Cao et al., 2001; Walsh et al., 2001). Upregulation of 

VEGF by RPE cells under intensive light of physiologic range has also been described 

(Ueta et al., 2012b). 

 

1.3 Age-Related Macular Degeneration 

 

Age-related macular degeneration (AMD) is the leading cause of irreversible 

visual loss in people aged older than 65 years around the world (Kawasaki et al., 2010; 

Smith et al., 2001). Commonly afflicting the elderly population, the disease is also present 

in younger individuals. Approximately 2% of the population at 40 years of age is 

diagnosed with AMD, while one in every four people at the age of 80 has the disease 

(Friedman et al., 2004). Longer life expectancy, increasing prevalence of chronic systemic 

diseases, and exposure to environmental risk factors are some of the reasons why the 

incidence of AMD has climbed over the last few years. The estimated prevalence of the 

disease is expected to increase over 50% by the year 2020 (Friedman et al., 2004).   

Several risk factors for the development and progression of AMD have already 

been strongly established. Advancing age is clearly one of the main factors associated 

with the incidence and progression of the disease. The prevalence of early stage AMD has 

been reported to increase from 8% among those aged between 43 and 54 years, to 30% 

among those individuals aged older than 75 years. With regards to the late stage AMD, the 
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prevalence increased from 0.1% among people aged between 43 to 54 years to 7.1% in the 

population aged over 75 years (Klein et al., 1992).  

Genetic related factors are also associated with the establishment of the disease. 

Family inheritance has been proved to play an important role as a risk factor for the 

development of AMD (Jager et al., 2008). The complement system has a clear role in the 

development of the disease. Polymorphisms of the complement factors H, B, and C2 

genes have been reported to be associated with the increased risk for development of 

AMD (Jager et al., 2008).  

According to de Jong (2006), smoking shows a consistent association with AMD. 

The author described greater risk for developing late stage AMD among currently active 

smokers in contrast with an insignificant risk among former smokers.  Moreover, a history 

of smoking more than 10 packs/year was associated with the development of neovascular 

AMD as an independent factor.  

Jager et al. (2008) have found that systemic diseases such as high blood pressure, 

obesity, high intake of vegetal fat, and low dietary intake of antioxidants and zinc are also 

associated with the development of advanced stage AMD. The authors showed that high 

dietary intake of β-carotene, vitamins C and E, zinc, as well as polyunsaturated fatty acids 

and fish independently decreased the risk of developing neovascular AMD.  

Degeneration of the RPE cells is widely considered the initial step in AMD 

development. Oxidative damaged molecules gradually accumulate in the macular area 

serving as a source of chronic oxidative stress (Handa, 2012). Age-related increase in 

oxidative stress reactions along with accumulation of lipofuscin in the lysosomes of the 

RPE cells contributes for drusen formation in the extracellular space underneath the RPE 
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(Kaarniranta et al., 2013). Additionally, immunological events are also associated with the 

pathogenesis of the disease. Production of inflammation-related mediators, macrophages 

recruitment, and activation of complement system are present in the development of AMD 

(Kaarniranta et al., 2013). 

Avascular AMD is characterized by the absence of the neovascular component 

(Bressler and Bressler, 2013b). The first clinical finding in the early stage of dry AMD is 

the presence of drusen. Drusen are extracellular deposits of lipids and protein debris that 

accumulate beneath the RPE cells (Hageman et al., 2001). Geographic atrophy (GA) is the 

late stage of avascular AMD, which is characterized by large and confluent areas of RPE 

atrophy in the macular area (Bressler and Bressler, 2013b).  

Neovascular AMD is characterized by the invasion of abnormal blood vessels from 

the choroid towards the retina (Bressler and Bressler, 2013a). As a consequence, leakage 

of fluid and hemorrhage characteristically occur with the progression of the disease 

(Ambati et al., 2003). Typically, the first symptoms of exudative AMD are central visual 

blurring and distortion. Examination of the macula usually reveals an exudative macular 

lesion along with other features of early AMD such as drusen and pigmentary 

irregularities. Subretinal or sub-RPE neovascularization, serous detachment of the 

neurosensory retina, RPE detachment, hemorrhages (subretinal, intraretinal or preretinal) 

and hard exudates (lipids) are commonly observed in the progression of the disease 

(Bressler and Bressler, 2013a). 

AMD can be classified according to the severity of the macular alterations 

associated with the disease. Although more than one classification system exists, the 

grading system proposed by the Age-Related Eye Disease Study (AREDS) has been 
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increasingly used (Age-Related Eye Disease Study Research Group, 2000). Therefore, the 

disease may be classified according to four stages: 

• No AMD (AREDS category 1): any of the following: 

o no alterations  

o few small drusen (< 63 µm in diameter); 

• Early AMD (AREDS category 2): any or all of the following:  

o multiple small drusen 

o few (less than 20) intermediate drusen (63 - 124  µm in diameter) 

o RPE abnormalities 

• Intermediate AMD (AREDS category 3): any or all of the following: 

o extensive intermediate drusen (63 - 124 µm in diameter) 

o at least one large druse (≥ 125  µm in diameter)  

o geographic atrophy not involving the center of the fovea 

• Advanced AMD (AREDS category 4);  

o geographic atrophy involving the fovea  

o any of the features of neovascular AMD 
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Figure 1.3. Normal fundus 

 

 

 

Figure 1.4. Age-related macular degeneration: early stage 
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Figure 1.5. Age-related macular degeneration: late stage (geographic atrophy) 

 

 

 

Figure 1.6. Age-related macular degeneration: late stage (neovascular) 
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Treatment of avascular AMD is limited and consists mainly of counseling, 

smoking cessation, visual rehabilitation, and prescription of vitamins to reduce the risk of 

progression. The AREDS demonstrated that daily oral supplementation with antioxidant 

vitamins C, E, β-carotene and zinc reduced the risk of developing advanced AMD by 25% 

at five years (Age-Related Eye Disease Study Research Group, 2001). The AREDS 2 trial 

investigated whether the addition of daily oral supplementation with omega-3 long-chain 

polyunsaturated fatty acids (DHA and EPA) to the AREDS formulation might be 

associated with a reduction in the progression of the disease (Age-Related Eye Disease 

Study 2 Research Group, 2013). However, the findings showed that no extra reduction in 

risk of progression to advanced AMD was evident in AREDS 2 by the addition of lutein 

and zeaxanthin, or of DHA and EPA, or all of these to the AREDS formulation.  

Treatment of neovascular AMD is based on the inhibition of the development of 

abnormal new blood vessels localized in the choroidal and retinal tissues. Currently, the 

primary therapy for the management of exudative AMD consists of intravitreal 

administration of antiangiogenic drugs. Intravitreal injections with VEGF blockers are 

then delivered directly into the vitreous.  

 

1.4 Pathogenesis of AMD 

 

The pathogenesis of early AMD is characterized by thickening of the Bruch’s 

membrane due to lipid and protein accumulation that leads to formation of sub-RPE 

deposits, called drusen.  
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Lipid accumulation is believed to be a consequence of a dysfunction of the RPE. 

Consequently, increased accumulation of lipofuscin in the RPE cells inflicts further 

damage on RPE function, affecting lysosomal activity and aggravating cellular distress. 

As a consequence of decreased flow of nutrients across the Bruch’s membrane, physical 

displacement caused by drusen accumulation, and loss of RPE cells, areas of 

hypopigmentation surrounded by focal hyperpigmentation become visible at the RPE. 

Late stage AMD is characterized by confluent loss of RPE cells, originating as GA in non-

exudative AMD (Bowes Rickman et al., 2013). In exudative AMD, the late stage of the 

disease is characterized by abnormal angiogenesis of the choroidal vessels that grow into 

the retina (Ambati et al., 2003) (Figure 1.7). 

 

1.5 Research Motivation 

 

Given that AMD is the leading cause of visual loss worldwide and that its 

development is associated with aging-related processes, many factors are relevant for the 

progression of the disease. The pathogenesis of AMD is directly dependent on 

abnormalities of the RPE cells, Bruch’s membrane, and choriocapillaris. In the natural 

course of AMD, different molecular alterations act synergistically to determine the 

progression of the disease. Impaired degradation of POS by the RPE cells is responsible 

for damaging the RPE, initiating modifications that will contribute to the deterioration of 

cellular function, leading to aging-associated disorders. Although the beneficial effects of 

POS phagocytosis and digestion for RPE cells have been recognized, the mechanisms 

regulating RPE metabolism and  senescence have  not  been fully elucidated. Thus, a study 
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Figure 1.7. Progression of AMD: modifications of the retinal structures. 
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aiming to further explore the aging-related mechanisms of RPE cells remains vital for 

better comprehension of the pathogenesis of AMD. 

The choroidal neovascularization present in the late stages of AMD is strongly 

associated with VEGF. Oxidative stress has been demonstrated to influence the 

development of neovascular AMD, although the role of endogenous antioxidant enzymes 

remains incompletely understood. Additionally, few reports suggest the implication of 

superoxide-dismutase 1 in the establishment of CNV in animal models, although its 

implication in the regulation of VEGF remains unclear. Thus, a study investigating the 

role of the antioxidant enzyme GPx4 in the establishment of CNV would be important for 

better understanding the influence of the antioxidant system in the pathogenesis of 

neovascular AMD. 

Therefore, I decided to conduct this research to further explore the mechanisms 

underlying the metabolism and senescence modifications of RPE cells and to investigate 

the influence of GPx4 in the development of CNV and in the regulation of VEGF in the 

RPE/choroid tissue. I believe that the results of the current study will strongly contribute 

to better understanding of the development and progression of AMD, as well as revealing 

possible new targets for the management of AMD. 
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2. Literature Review  
 

 2.1 Peroxisome Proliferator-Activated Receptor 
Gamma Coactivator 1-α 

 

Peroxisome proliferator-activated receptor gamma coactivator 1-α (PGC-1α) is a 

transcriptional coactivator that plays an important role in the regulation of adaptive energy 

metabolism in multiples tissues and has been enrolled in the control of the normal 

circadian rhythm (Liu et al., 2007). PGC-1α is a master regulator of mitochondrial 

biogenesis, and physiologically activated by increased energy demand, temperature 

oscillations, physical activity, and fasting (Handschin and Spiegelman, 2006). The 

generation of PGC-1α null mice further demonstrated its importance in different metabolic 

reactions. Reduced expression of mitochondrial genes in the liver, brain, skeletal muscle, 

and heart was observed in mice lacking the expression of PGC-1α (Arany et al., 2005; 

Leone et al., 2005; Lin et al., 2004). Mutant mice were extremely cold-sensitive, 

suggesting a strong requirement of PGC-1α in adaptive thermogenesis. Additionally, 

PGC-1α KO mice displayed multiple neurodegenerative lesions in the brain as well as 

behavioral abnormalities (Leone et al., 2005; Lin et al., 2004). PGC-1α also has an 

important role as a regulator of reactive oxygen species (ROS) metabolism, because it is 

required for the induction of different antioxidant enzymes responsible for detoxifying 

ROS, such as the superoxide-dismutase (SOD) and the glutathione peroxidase (GPx) 

enzymes (St-Pierre et al., 2006). 
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Wenz et al. (2009) demonstrated that elevated expression of muscular PGC-1α 

strongly increases mitochondrial mass and preserves mitochondrial oxidative 

phosphorylation capacity in aging mice. Elevation of PGC-1α expression buffered against 

decline in OXPHOS function during aging, maintaining the metabolic fitness and exercise 

capacity. The antioxidant capacity was also increased, and the levels of superoxide 

dismutase 2 (SOD2) and catalase were overexpressed in mutant mice overexpressing 

PGC-1α. Additionally, Koltai et al. (2012) reported that regular exercise training 

stimulates mitochondrial biogenesis through PGC-1α.     

 

2.2 Photoreceptor Outer Segments Phagocytosis and the 
Retinal Pigment Epithelium  

 

Despite working as an outer blood-retinal barrier wherein exchange of nutrients 

and waste products between the choroidal blood vessels and the overlying photoreceptors 

is constantly controlled (McBee et al., 2001), the RPE is responsible for phagocytizing the 

shed POS membrane discs maintaining the physiologic renewal of the photoreceptors 

(Nguyen-Legros and Hicks, 2000). This is an important process by which the RPE cells 

efficiently dispose of shed POS and return important molecules back to the photoreceptors. 

Any inefficiency in POS clearance will result in a gradual accumulation of undigested 

photoreceptor components in the neural retina.  

Photooxidative stress causes accumulation of greater amounts of oxidized proteins, 

radicals and lipids at the tips of the POS. Those structures are shed from the 

photoreceptors, and new POS are then generated, maintaining a constant POS length. 
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After been phagocytized by the RPE, shed POS undergo intracellular digestion and 

important molecules are redelivered to photoreceptors (Bibb and Young, 1974; Bok, 1993).  

Shedding of the distal tips of POS takes place every morning, and this process is 

synchronized by light and circadian rhythm. Thenceforth, the RPE cells initiate its 

phagocytic activity by efficiently removing shed POS from the retina (La Vail, 1976).  

The basis of the coordination between POS shedding and phagocytosis is the 

presence of POS on the apical surface of the RPE cells (Strauss, 2005). The initial step of 

the phagocytosis is the specific binding of POS at the apical membrane of the RPE 

(Strauss, 2005). Next, the recognition of the POS binding is transferred to the intracellular 

space by activation of a second messenger pathway, consequently activating the 

internalization of the bound POS (Hall and Abrams, 1987). Finally, the already 

internalized POS are digested through the activation of the autophagy/lysosomal pathway.  

Particle binding occurs during the first 2 h from the start of POS challenging, 

proceeding a phase of internalization of bound particles, occurring between 2 h and 6 h 

following POS challenge (Finnemann et al., 1997; Finnemann and Rodriguez-Boulan, 

1999). Recently, Westenskow et al. (2012) reported that binding of POS reaches its 

maximum rates at 2 h, and internalization started within 30 minutes of challenging the 

cells, showing its maximum rates at 3 h after initiated challenging with POS.  

Binding of shed POS to RPE cells is mediated by the integrin adhesion αvβ5 

receptor. Finnemann et al. (1997) demonstrated that blocking the αvβ5 receptor using a 

neutralizing antibody efficiently decreased binding of POS, although no effect was 

observed on the POS already bound to the RPE. Thus, αvβ5 integrin receptor has a 
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primary role in initiating and controlling the rhythm of POS phagocytosis in vivo (Nandrot 

et al., 2004).  

Internalization of shed POS is the next step of the phagocytic process by the RPE 

cells. The scavenger receptor CD36 and the Mer tyrosine kinase (MerTK) are the main 

mediators of the POS engulfment by the RPE (Finnemann and Silverstein, 2001). 

Finnemann and Silverstein (2001) demonstrated that CD36 ligation is necessary for 

activating POS internalization. Blocking CD36 ligation using specific antibodies had no 

effect on POS binding, but affected the internalization rate, for both POS binding to the 

αvβ5 integrin receptor and for POS already bound to the RPE. They demonstrated that 

CD36 works as a signaling molecule in the postbinding steps of RPE phagocytosis.  

MerTK also has an important role in the process of POS engulfment. 

Redistribution of MerTK to the sites of internalized POS, and increased tyrosine 

phosphorylation of MerTK were demonstrated by challenging the RPE cells with POS 

(Feng et al., 2002; Finnemann, 2003). After binding to the αvβ5 integrin receptor, focal 

adhesion kinas (FAK) is activated through Tyr861 phosphorylation. Activated FAK then 

migrates and binds to the cytoplasmic face of αvβ5 integrin receptor, forming the complex 

FAK-αvβ5 integrin, which stimulates the phosphorylation of FAK Tyr397 and Tyr576. 

The simultaneous formation of FAK-αvβ5 integrin complex and the increase in FAK 

activity during POS binding strongly suggests that FAK activation in RPE phagocytosis 

requires its association with αvβ5 integrin (Finnemann and Silverstein, 2001). 

Furthermore, Finnemann (2003) described increased levels of FAK in αvβ5 integrin 

protein complexes during the early POS binding phase, but loss of FAK from the integrin 

complex during the later POS internalization phase. These results suggest that RPE cells 

activate FAK recruited to its apical αvβ5 integrin receptors in response to POS phagocytic 
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challenge (Finnemann and Nandrot, 2006). Analysis of RPE defective in either FAK or 

MerTK function demonstrates that FAK signaling upon POS binding is independent of 

and required for MerTK tyrosine phosphorylation. FAK provides a critical molecular link 

between particle binding and particle engulfment via MerTK in phagocytosis by RPE cells. 

Thus, FAK acts upstream of MerTK to stimulate the internalization machinery of the RPE 

(Finnemann and Nandrot, 2006).  

 

2.3 Aging and Metabolism of the RPE Cells 

 

ROS generation is strongly associated with increased oxidative stress and cell 

death. Irreversible damage decreases cellular degradation systems, especially lysosomes 

(Kurz et al., 2008).  

Lipofuscin accumulation compromises the autophagic degradative capacity, 

impairing the turnover of damaged organelles and waste material digestion. Delayed 

degradation of mitochondrial material results in increased damage by self-produced ROS, 

additionally contributing to further lipofuscinogenesis. At the same time, accumulation of 

extralysosomal material originates as indigestible protein aggregates (Kurz et al., 2008). 

Progressive accumulation of nondegraded waste material underlies the development of 

age-related diseases. Lipofuscin accumulation in the RPE cells is associated with the 

pathogenesis of AMD, preventing the phagocytosis of POS and leading to loss of RPE 

cells and photoreceptors death.  
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2.3.1 Impaired Lysosomal Function in the RPE 
 

Lysosomal clearance can be disturbed by assorted mechanisms during RPE cell 

degeneration and development of AMD (Kaarniranta et al., 2013). Lysosomes have the 

ability to interact with different cleaning processes to proceed to protein degradation. The 

cathepsins are proteases with the biological task of protein digestion. More specifically, 

the main responsibility of cathepsins in RPE cells is the degradation of POS and rhodopsin 

into glycopeptides within the lysosomes. Cathepsin-defficient mice have been shown to 

develop retinal degeneration (Koike et al., 2003).  

Oxidized low-density lipoproteins and lipid peroxidation end products reduce 

the degradation of phagocytized POS, contributing to greater cellular stress in the RPE 

cells (Kaarniranta et al., 2013). Intracellular storage of these metabolites represents the 

initial stage of lipofuscinogenesis. Lipofuscin toxic components have both photosensitizer 

and autooxidant properties, increasing mitochondrial stress and irreversibly inhibiting 

lysosomal cathepsin activity, which leads to further RPE damage (Kaarniranta et al., 2013). 

Once lipofuscin is formed and accumulated in the lysosomes it cannot be degraded by the 

proteasomal or lysosome enzymes, nor transported to the extracellular space via 

exocytosis (Kaarniranta et al., 2013). Both POS clearance and lysosome enzyme activity 

seem to be related to lysosomal pH. It is a fact that lysosomal activity depends on acidic 

pH. Elevated lysosomal pH was observed both in the RPE cells of a mouse model of 

retinal degeneration and in cultured human RPE cells exposed to lipofuscin components 

(Kaarniranta et al, 2013).  
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2.3.2 Oxidative Stress and Mitochondrial Dysfunction in the 
RPE Cells 

 

The central retina is constantly exposed to a high load of oxidative stress, which 

increases during the aging process (Winkler et al., 1999). Different studies have already 

demonstrated the role of oxidative stress in the pathogenesis of AMD, since the retina and 

the RPE cells provide an ideal environment for the generation of ROS (Kaarniranta et al., 

2013). Oxidative stress originates mainly from retinal irradiation, lipid peroxidation, 

photochemical damage of the chromophores, and the respiratory burst. As a consequence, 

these oxidative processes contribute to the clinical manifestations of pigment dispersion, 

accumulation of intracellular lysosomal lipofuscin, and extracellular drusen deposits. Thus, 

nondegradable lipofuscin is formed by the polymerization of oxidative products and 

accumulates inside the lysosomes. Lipofuscin itself can be cytotoxic because of its ability 

to provide a redox-free surface by the incorporation of oxidative labile iron. Therefore, 

formation of oxygen radicals causes oxidative modification of proteins, lipids, and nucleic 

acids. In addition to increased storage of lipofuscin, impaired lysosomal function, 

continuous light exposure, and increased oxidation, defects in mitochondrial function 

exacerbate the stimulation of further increase in oxidative stress (Kaarniranta et al., 2013). 

Finally, due to the high metabolic activity, impaired mitochondrial function leads to 

accelerated degeneration of RPE cells and photoreceptor death (Kaarniranta et al., 2013). 

Since mitochondrial DNA has greater susceptibility to oxidative damage and light 

exposure than nuclear DNA (Kaarniranta et al., 2013), oxidative stress easily mutates 

mitochondrial DNA, increasing ROS generation and reducing the metabolic capacity. 

AMD patients present enhanced mitochondrial stress and dysfunction of RPE cells 
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(Kaarniranta et al., 2013). Thus, removal of damaged mitochondria through autophagy is 

essential for cell survival. 

 

2.3.3 Impaired Autophagosomal Activity in the RPE Cells and 
AMD 

 

Declining autophagic capacity along with increased accumulation of lipofuscin 

accelerates ROS production and stimulates the expression of protein aggregation. 

Consequently, activation of the inflammatory response further provokes long-term, low-

grade retinal inflammation, which accelerates the aging process (Salminen et al.,  2012).  

Lysosomal destabilization, mitochondrial dysfunction and oxidative stress can 

successfully activate inflammasomes (Salminen et al., 2012). Under normal conditions, 

the autophagy process is able to control the activation of inflammasomes. However, when 

autophagy declines, inflammasomes become strongly activated owing to the dysregulation 

of mitochondrial homeostasis (Nakahira et al., 2011). 

 

2.4 Choroidal Neovascularization 

 

Choroidal neovascularization is the hallmark of wet AMD. Angiogenesis of 

abnormally formed new vessels predisposes to leaking and hemorrhage (Bora et al., 2014).  

Physiologic proliferation of choroidal and retinal blood vessels respects a fine 

balance between antiangiogenic and proangiogenic factors. However, when this balance is 

disrupted, levels of proangiogenic molecules increase, while expression of antiangiogenic 
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factors decreases. Consequently, choroidal and retinal endothelial cells become activated 

and start to proliferate, originating new blood vessels (Bora et al., 2014).  

Blockade of VEGF-A, the most important proangiogenic messenger, is the basis of 

the therapy for neovascular AMD (Schmidt-Erfurth et al., 2014).  

!

2.4.1 Animal Model of CNV  
 

The importance of VEGF in the pathogenesis of human AMD has been widely 

established. Furthermore, VEGF is also involved in the pathogenesis of an animal model 

of laser-induced CNV (Lambert et al., 2013; Rosenfeld et al., 2006).  

Laser-induced CNV is widely accepted and considered the most frequently used 

experimental model of CNV in mice. It is characterized by the rupture of the Bruch 

membrane by laser photocoagulation, which leads to growth of new blood vessels from 

the choroid into the subretinal space, successfully mimicking the main features of the 

neovascular form of AMD (Lambert et al., 2013). The use of laser-induced CNV has 

consolidated angiogenesis as an important target for AMD treatment. The animal model of 

CNV along with transgenic mouse technologies have allowed the exploration of key 

regulators of pathologic angiogenesis, leading to the identification of different molecules 

as mediators of CNV development (Lambert et al., 2013).  

!

2.4.2 Oxidative Stress and CNV  
 

Oxidative stress has been implicated in the development of AMD. According to 

the AREDS study, supplementation with antioxidant vitamins was demonstrated to 
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suppress the development of neovascular AMD (Chew et al., 2013). Moreover, studies 

using animal models of CNV have also implicated oxidative stress in the pathogenesis of 

the disease (Dong et al., 2009; Ebrahem et al., 2006; Hara et al., 2010; Imamura et al., 

2006). Antioxidant enzymes represent the key endogenous defense system against 

oxidative stress, and its implication in neovascular AMD has been demonstrated in studies 

on superoxide dismutase 1 deficient mice (Dong et al., 2009; Imamura et al., 2006).  

Imamura et al. (2006) investigated the age-related changes of the choroid and 

retina of mice lacking SOD1. They showed that the lack of SOD1 leads to the 

development of age-related changes in many of the features of human AMD. Drusen, 

thickened Bruch membrane, CNV, and dysfunction of the RPE were identified, suggesting 

a major role for the antioxidant molecules as a defense system against AMD. Dong et al. 

(2009) reported that oxidative stress enhances several types of ocular neovascularization. 

They showed that mice lacking SOD1 present a proangiogenic environment in the choroid 

and retina and that treatment with antioxidants was associated with decreased ischemia-

induced retinal neovascularization, reduced VEGF-induced subretinal neovascularization, 

and decreased choroidal neovascularization. Thus, while oxidative stress may directly 

create a proangiogenic environment for the development of retinal and subretinal 

neovascularization, generation of ROS may stimulate CNV by fostering a proangiogenic 

environment in the RPE-choroid and at the same time contribute to a progressive 

compromise of the Bruch’s membrane (Dong et al., 2009). N-acetyl-cysteine (NAC), an 

antioxidant known as a precursor of glutathione, inhibited the expression of both VEGF 

and VEGF receptor-1 and suppressed the CNV formation in animal mouse model of CNV 

(Hara et al., 2010). 
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3. Research Purposes  
 

The purposes of this study were as follows:  

 

1. To explore the mechanism responsible for the induction of PGC-1α by POS 

phagocytosis in the RPE cells; 

2. To evaluate the involvement of PGC-1α and POS phagocytosis in the 

regulation of senescence and POS metabolism by the RPE cells; 

3. To evaluate the role of the antioxidant enzyme GPx4 in the development of 

laser-induced CNV;  

4. To analyze the effect of the antioxidant enzyme GPx4 in the expression of 

VEGF in laser-induced CNV.  
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4. Senescence and Lysosomal Activity of 
Retinal Pigment Epithelium Regulated by 
Binding of Photoreceptor Outer Segments 
through αvβ5 Integrin/FAK/PGC-1α 
 

4.1 Introduction 

 

AMD is a leading cause of legal blindness worldwide, and its pathogenesis lies in 

age-related abnormalities in the RPE as well as in its closely related tissues including the 

Bruch’s membrane and the choriocapillaris (de Jong, 2006; Jager et al., 2008). 

Physiologically, the RPE cells coordinate with photoreceptors for the homeostasis of 

phototransduction, where absorption of light, nutritional trafficking, and degradation of 

photoreceptor outer segments (POS) are some of the essential roles of the RPE cells. POS 

comprise stacks of phospholipid bilayer membranes, and tips of POS are constantly shed 

by photoreceptors and phagocytosed by the RPE cells to renew POS in photoreceptors. 

Shed POS need to be efficiently processed in the RPE cells through distinct steps 

(Finnemann, 2003; Finnemann and Silverstein, 2001; Kaarniranta et al., 2013; Kim et al., 

2013). Binding or recognition of POS at the apical surface of the RPE cells is the first step 

and this step is mediated by αvβ5 integrin. The second step is internalization of POS that 

is mediated by CD36 and Mer tyrosine kinase (MerTK) receptors. Finally, the internalized 

POS are digested through the autophagy/lysosomal pathway. Autophagic capacity 

declines with age (Cuervo et al., 2005), and the disruption of autophagy in the RPE cells 

leads to the accumulation of improperly degraded lipid byproducts called lipofuscin, 
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which are phenotypes of senescent RPE cells (Kaarniranta et al., 2013; Valapala et al., 

2014).  

While the pathogenic effects of impaired POS degradation in the RPE cells have 

become more recognized, there is a line of evidence suggesting beneficial effects of POS 

for the RPE cells. For example, in cultured RPE cells, POS treatment confers protection 

against oxidative stress-induced apoptosis (Mukherjee et al., 2007). In mice lacking β5 

integrin where physiologic POS phagocytosis was disturbed, lipofuscin accumulated in the 

RPE (Nandrot et al., 2004). Excessive POS phagocytosis has been described to upregulate 

the expression of peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

(PGC-1α) in undifferentiated ARPE-19 cells, which was responsible for increasing VEGF 

in the RPE cells under intensive light of physiological range (Ueta et al., 2012b). While 

PGC-1α works as an important coactivator of estrogen-related receptor alpha ERRα to 

induce VEGF transcription (Arany et al., 2008; Ueta et al., 2012b), it is a well-known 

master regulator of metabolism (Liu et al., 2007) and is associated with senescence (Wenz 

et al., 2009).  

These data from the previous literature look contradictory in terms of the effect of 

POS for the RPE cells, yet they also imply that an unidentified mechanism activated by 

POS may exist, preventing senescence and facilitating the autophagy/lysosomal pathway 

in the RPE cells. To date, the mechanisms regulating senescence and metabolism in the 

RPE cells have remained largely unclear despite their critical importance. The current 

study aimed to explore the mechanism underlying the induction of PGC-1α by POS and its 

involvement in the regulation of senescence and POS metabolism. 

 



!

!
!

28!

4.2 Methods 

 

4.2.1 Animals 
 

All procedures were performed in accordance with the Association for Research in 

Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision 

Research (Association for Research in Vision and Ophthalmology, 1994) and were 

approved by the Institutional Animal Research Committee of the University of Tokyo. 

Mice were housed in a temperature-controlled room with access to fresh water and fed a 

rodent-specific diet. Mice were kept under a 12-h light/dark cycle. PGC-1α KO mice were 

purchased form Jackson Laboratory. For the ex vivo culture experiment, RPE/choroid flat-

mounts from C57BL/6 mice were used and the RPE cells were isolated after dispase 

treatment. 

 

4.2.2 Experimental protocol  
 

Firstly, the upregulation of PGC-1α by POS was confirmed in the RPE cells using 

different culture conditions. Next, the mechanism of the POS-induced upregulation of 

PGC-1α was explored in undifferentiated ARPE-19 cells using siRNAs, blocking 

antibodies, and specific inhibitors. Then, the protective effect conferred by the activation 

of αvβ5 integrin/FAK/PGC-1α pathway by POS binding was investigated from the 

viewpoints of oxidative stress, mitochondrial biogenesis, senescence-associated β-

galactosidase activity, and lysosomal activity. Finally, the phenotype of the RPE in PGC-

1α-deficient mice was evaluated. 
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4.2.3 POS treatment on ARPE-19 cells 
 

ARPE-19 is a human RPE cell line derived from the RPE cells of a human donor. 

These cells exhibit characteristic features of the original RPE, such as the expression of 

RPE-specific markers and functional phagocytosis of POS (Dunn et al., 1996). In addition, 

ARPE-19 cells can be differentiated to have similar polarity and morphology as the RPE 

cells present in vivo (Dunn et al., 1998). Several studies have demonstrated that ARPE-19 

cells in various culture conditions use the αvβ5 integrin/FAK mechanism to recognize 

POS, which is the same mechanism used by the RPE cells in vivo (Chowers et al., 2004; 

Finnemann et al., 1997; Mazzoni et al., 2014; Olchawa et al., 2013; Qin and Rodrigues, 

2012). Therefore, ARPE-19 cells are commonly used to investigate the physiologic and 

pathologic mechanisms of the RPE cells. In this study undifferentiated ARPE-19 cells 

were used in all the in vitro experiments except the initial experiment in which the 

upregulation of PGC-1α by POS was confirmed similarly in undifferentiated/differentiated 

ARPE-19 cells and ex vivo RPE cells. 

POS were isolated from normal porcine eyes under dim red light, as described 

previously (Ueta et al., 2012b). Freshly prepared POS were used in every experiment and 

not preserved for use in further experiments. Differentiated or undifferentiated ARPE-19 

cells were treated with POS at a concentration of 10 POS/cell for 3–6 h depending on the 

type of assay. The cells were incubated in Dulbecco’s modified Eagle’s Medium (DMEM; 

Nissui Pharmaceutical) supplemented with 10% fetal bovine serum (FBS) and antibiotics 

(50 µg/mL streptomycin and 50 U/mL penicillin) at 37°C in an atmosphere of 5% CO2. 

To induce differentiation, the ARPE-19 cells were cultured in laminin-coated transwells 
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for 3 weeks in a medium supplemented with 1% FBS (Kannan et al., 2006; Sonoda et al., 

2009) and antibiotics. 

4.2.4 Antibodies and reagents 
 

The following antibodies were used in this study: ZO-1 (1:100) (sc-10804, Santa 

Cruz), prohibitin (1:100) (sc-28259, Santa Cruz), TFEB (1:100) (sc-11004, Santa Cruz), 

CD36 (2 µg/ml) (ab23680, Abcam), MerTK (3.44 µg/ml) (ab52968, Abcam), PGC-1α 

antibody (1 µg/ml) (ST1202, Calbiochem), β5 Integrin (1:200) (sc-14010, Santa Cruz), 

CD36 (1:200) (sc-9154, Santa Cruz), MerTK (1:2000) (ab52968, Abcam), Atg5 (Apg5) 

(1:200) (sc-8667, Santa Cruz), β-actin (1:2000) (A5316, Sigma-Aldrich).  ARPE-19 cells 

were pretreated with anti-CD36 and anti-MerTK antibodies for 1 h before POS treatment. 

0.6 µm Latex beads (10/cell) (LB6) and Arg-Gly-Asp (RGD) peptide (0.5 mM) (A8052) 

were from Sigma-Aldrich. ARPE-19 cells were pretreated with RGD peptide for 30 min 

before POS treatment. FAK inhibitor 14 (500 µM) (sc-203950) was from Santa Cruz 

Biotechnology. STO-609 (10 µg/ml) (S1318) was from Sigma-Aldrich. AICAR (0.1 and 

1.0 µM) (2627-69-2) was from Wako. ARPE-19 cells were pretreated with FAK inhibitor 

14 for 30 min before POS treatment. Biotinylated Ulex europaeus agglutinin-I (UEA-I, 

1:50) and Avidin Texas red (1:100) were from Vector Laboratories. Cathepsin D activity 

assay kit (ab65302) was from Abcam. Oil red O solution (O1391) was from Sigma-

Aldrich. 
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4.2.5 Quantification of mRNA and mitochondrial DNA by 
real-time PCR 
 

RNA was extracted from homogenized samples of ARPE-19 cells or isolated 

mouse RPE cells using Trizol reagent (Invitrogen). cDNA was prepared using Superscript 

III for RT-PCR (Invitrogen). Real-time PCR was performed using the Thermal Cycler 

Dice Real Time System (Takara Bio, Inc., Shiga, Japan). Values for each gene were 

normalized to expression levels of glyceraldehyde 3-phosphate dehydrogenase (GAPDH). 

The primer sequences used in this study were confirmed using Primer-BLAST 

(http://www.ncbi.nlm.nih.gov/tools/primer-blast/) (Table 1). 

Relative amounts of nuclear and mitochondrial DNA were determined by 

comparisons with GAPDH and cytochrome b, respectively, and the ratio of mitochondrial 

DNA to nuclear DNA was used to reflect mitochondrial DNA replication. DNA was 

isolated from the ARPE-19 cells using the Wizard® SV Genomic DNA Purification 

System (Promega). The following primer sequences were used for real-time PCR of DNA 

samples: cytochrome b (Fwd: 5′-TATTCCTTCATGTCGGACGA-3′ and Rev: 5′-

AAATGCTGTGGCTATGACTG-3′) and GAPDH (Fwd: 5′-CAAGGTCATCCATGACA 

ACTTTG-3′ and Rev: 5′-ACCACAGTCCATGCCATCACTGCCA-3′). 
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Table 4.1. Primer sequences used for real time RT-PCR in the study 

Genes Sequences 

Mouse GAPDH 
Forward: CACATTGGGGTAGGAACAC 
Reverse: AACTTTGGCATTGTGGAAGG 

Mouse PGC-1α 
Forward: AATGCAGCGGTCTTAGCACT 
Reverse: GTGTGAGGAGGGTCATCGTT 

Human GAPDH 
Forward: TTGATTTTGGAGGGATCTCG 
Reverse: GAGTCAACGGATTTGGTCGT 

Human PGC-1α 
Forward: GTGAAGACCAGCCTCTTTGC 
Reverse: TCACTGCACCACTTGAGTCC 

Human GPx1 
Forward: CTCTTCGAGAAGTGCGAGGT 
Reverse: TCGATGTCAATGGTCTGGAA 

Human GPx4 
Forward: GCACATGGTTAACCTGGACA 
Reverse: CTGCTTCCCGAACTGGTTAC 

Human SOD1 
Forward: TGGCCGATGTGTCTATTGAA 
Reverse: GGGCCTCAGACTACATCCAA 

Human SOD2 
Forward: TCCACTGCAAGGAACAACAG 
Reverse: TCTTGCTGGGATCATTAGGG 

Human catalase 
Forward: GCCTGGGACCCAATTATCTT 
Reverse: GAATCTCCGCACTTCTCCAG 

Human HEXA 
Forward: GTCATTGAATACGCACGGCT 
Reverse: GACTGGGATTCACTGGTCCA 

Human TPPI 
Forward: GATGTGGCTGCACTTTCTGA 
Reverse: AGCCACGGGTTACATCAAAG 

Human GLA 
Forward: CATCAGCCCTCAAGCCAAAG 
Reverse: ACCAATCTCCTGCCGGTTTA 

Human CTSF 
Forward: GCCTGTCCGTCTTTGTCAAT 
Reverse: TTGTTGCCAGGCTCTTTCCT 

Human β5 Integrin 
Forward: CTGGAACAACGGTGGAGATT 
Reverse: TACCCCATCTTGGCAGGTAG 

Human CD36 
Forward: AGATGCAGCCTCATTTCCAC 
Reverse: GCCTTGGATGGAAGAACAAA 

Human MerTK 
Forward: ACTTCAGCCACCCAAATGTC 
Reverse: GGGCAATATCCACCATGAAC 

Human Atg5 
Forward: TGGGATTGCAAAATGACAGA 
Reverse: TTCCCCATCTTCAGGATCAA 
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4.2.6 Western blot analysis 
 

Total protein extracts from the ARPE-19 samples were separated by sodium 

dodecyl sulfate polyacrylamide gel electrophoresis and transferred to nitrocellulose 

membranes, which were then blocked with 5% nonfat dry milk in phosphate-buffered 

saline plus 0.1% Tween-20 (PBS-T buffer). Samples were incubated with primary 

antibodies overnight at 4°C in PBS-T buffer. After washing, the membranes were 

incubated with horseradish peroxidase-labeled anti-mouse/rabbit/goat secondary antibody 

(Amersham Biosciences, Chalfont St. Giles, UK) for 1 h. After washing, the membranes 

were developed with ECL Plus Western Blotting Detection Reagents (GE Healthcare). 

The levels of proteins of interest were calculated by normalization to the level of β-actin. 

 

4.2.7 Knockdown experiment 
 

siRNAs designed to specifically knockdown PGC-1α (sc-38884), β5 integrin (sc-

35680), CD36 (sc-29995), MerTK (sc-37127), or Atg5 (sc-41445) (Santa Cruz) were 

transfected to the ARPE-19 cells using Lipofectamine® RNAiMAX Reagent (Life 

Technologies) according to the manufacturer’s instructions. These siRNAs consisted of 

three or more different sequences to minimize off-target effects. The following 

experiments were conducted after 48 h of siRNA transfection. Transfection of negative 

control scramble siRNA (sc-37007, Santa Cruz) was used for comparison. 
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4.2.8 Intracellular ROS levels   
 

ROS levels in the ARPE-19 cells were determined after 3 h of POS treatment 

using the fluorescent dye 2,7-dichlorodihydrofluorescein diacetate (H2DCFDA) (C6827, 

Molecular Probes) according to the manufacturer’s instructions. Wells without dye were 

measured and subtracted from all readings. 

!

4.2.9 Mitochondrial activity assay 
 

Mitochondrial complex I is the first enzyme in the mitochondrial respiratory chain. 

It creates a potential difference across the inner membrane, which is used for the ATP 

synthesis. NADH oxidation to NAD+ by the mitochondrial complex I in the ARPE-19 

cells was analyzed after 3 h of POS treatment using the Mitochondrial Complex I Activity 

Assay Kit (AAMT001, EMD Millipore). 

 

4.2.10 Cell senescence assay 
 

ARPE-19 cells were incubated with or without POS for 3 h and then treated with 

100 µM H2O2 for 2 h to induce senescence (Yu et al., 2009). After 24 h, the cells were 

fixed and stained with β-galactosidase using the SA-β-Gal Kit (K320-250, BioVision) 

according to the manufacturer’s instructions. The proportions of stained cells from three 

microscopic views for each well were averaged, and three wells were used for each 

treatment group. 
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4.2.11 BODIPY C11 assay 
 

ARPE-19 cells were treated with or without POS for 6 h and then incubated in the 

medium alone for 22 hours. After washing, the cells were incubated with 10 µM BODIPY 

C11 fluorescence dye (D3861, Molecular Probes) for 30 min at 37°C and then rinsed. The 

plate was read at an excitation wavelength of 485 nm and an emission wavelength of 

535 nm. Bodipy C11 is a fluorescent fatty acid analog that resides in the organelle 

membranes, changing its fluorescence when oxidized. It is considered a reliable reporter 

of lipid oxidation. 

 

4.2.12 Transmission electron microscopy (TEM) 
 

Mouse eyes were processed for histology, and 70-nm-thick transverse sections 

were cut through the central retina and mounted onto grids. The sections were stained with 

lead citrate and uranyl acetate. Images were obtained by TEM (80 kV, model JEM-

1200EX; JEOL Ltd., Tokyo, Japan) using a charge-coupled device digital camera (model 

VELETA; JEOL Ltd.). 

 

4.2.13 Statistics 
 

All statistical analyses were performed using JMP11 software (SAS Institute). 

Two-tailed student’s t-test was used for comparisons between unpaired groups. One-way 

analysis of variance (ANOVA) followed by the post hoc Tukey’s test was used for 
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comparisons among three or more groups. Probability (P) value < 0.05 was regarded as 

statistically significant.  

 

4.3 Results 

 

4.3.1 Binding of POS upregulates PGC-1α through αvβ5 
integrin and FAK 

 

First the effect of POS treatment on PGC-1α expression by cultured RPE cells 

under several conditions was evaluated. In the present study, undifferentiated ARPE-19 

cells were used to evaluate PGC-1α-related signaling in RPE cells. POS treatment 

increased PGC-1α mRNA and protein levels in undifferentiated ARPE-19 cells (Figure 

4.1A). The same effect of POS was confirmed in differentiated ARPE-19 cells (Figure 

4.1B) and in ex vivo RPE cells in flat-mount culture (Figure 4.1C).   
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Figure 4.1. POS upregulate PGC-1α in RPE cells. PGC-1α mRNA and protein levels were 
upregulated in: (A) Undifferentiated ARPE-19 cells. (B) Differentiated ARPE-19 cells. (C) Ex 
vivo RPE cells, treated with POS for 3 h for evaluation of mRNA and for 6 h for evaluation of 
protein level. Morphology of differentiated ARPE-19 cells was confirmed by immunofluorescence 
for ZO-1 antibody. Mean ± SEM, n = 6–10 per group for mRNA level, n = 3 per group for protein 
level, two-tailed Student’s t-test, *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. Scale bars 
in the images of undifferentiated and differentiated ARPE-19 cells represent 100 µm and 200 µm, 
respectively. 
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The upregulation of PGC-1α was dose-dependent of the number of POS 

(Figure 4.2). 

 

Figure 4.2. Upregulation of PGC1-α mRNA was dose-dependent on the number of POS in 
undifferentiated ARPE-19 cells. Mean ± SEM, n = 6 per group, ****P < 0.0001 by ANOVA, 
followed by a post hoc Tukey’s test **P < 0.01, ***P < 0.001, compared with ARPE-19 cells with 
no treatment. 

 

To test if the effect was specifically due to the phagocytosis of POS, treatment 

with latex beads, which have been used for the assessment of phagocytic activity of RPE 

cells, was done (Burke and Zareba, 2009; Higgins et al., 2003). In contrast to POS 

treatment, treatment with latex beads did not increase PGC-1α mRNA levels (Figure 

4.3A), suggesting a specific role of POS phagocytosis in the upregulation of PGC-1α. In 

addition, to rule out the possibility that other impurities in the isolated POS might 

influence the results, the ARPE-19 cells were pretreated for 30 minutes with Arg-Gly-Asp 

(RGD) peptides (0.5 mM) that inhibit POS binding (Finnemann et al., 1997). This 

pretreatment significantly suppressed the upregulation of PGC-1α mRNA induced by POS 

supplementation (Figure 4.3B). Evaluation of the time course of PGC-1α mRNA 
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upregulation after POS treatment revealed that the increase began as early as 30 minutes 

after POS treatment (Figure 4.3C).  

 

 

Figure 4.3. POS binding activates the αvβ5 integrin/FAK/PGC-1α pathway in undifferentiated 
ARPE-19 cells. (A) PGC-1α mRNA levels were not affected in the ARPE-19 cells treated with 
latex beads (LB) versus the controls. Mean ± SEM, n = 6 per group; two-tailed Student’s t-test; ns, 
not significant. (B) Upregulation of PGC-1α mRNA in response to POS was significantly 
suppressed in the ARPE-19 cells pretreated with RGD peptide versus the controls. Mean ± SEM, 
n = 6 per group, two-tailed Student’s t-test, ****P < 0.0001. (C) Time course of PGC-1α mRNA 
levels in the ARPE-19 cells after treatment with POS. 

 

A previous study reported that POS internalization by RPE-J cells occurred after 

90 minutes of POS treatment (Finnemann and Silverstein, 2001), while another recent 

study reported that POS internalization by ARPE-19 and human fetal RPE cells occurred 

within 30 minutes of POS treatment (Westenskow et al., 2012). Therefore, the present 

study explored which stage of POS phagocytosis (i.e., binding, internalization, or 

digestion) was specifically related to PGC-1α upregulation by POS treatment. After the 

efficacy of siRNAs for β5 integrin, CD36, MerTK, and Atg5 was confirmed in the ARPE-
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19 cells (Figure 4.4), the influence of silencing of these genes on the upregulation of PGC-

1α mRNA by POS was tested (Figure 4.5A).  

In the RPE cells  in which β5 integrin  expression  was  silenced  (i.e. binding  was 

 

 

Figure 4.4. Knockdown efficacy of siRNAs for β5 integrin, CD36, MerTK, and Atg5 was 
analyzed in undifferentiated ARPE-19 cells. (A) β5 integrin mRNA levels measured by RT-PCR. 
Mean ± SEM, n = 6 per group, two-tailed Student’s t-test, ****P < 0.0001. β5 integrin protein 
levels measured by western blot analysis. Mean ± SEM, n = 3 per group, two-tailed Student’s t-
test, ***P < 0.001. (B) CD36 mRNA levels measured by RT-PCR. Mean ± SEM, n = 6 per group, 
two-tailed Student’s t-test, ***P < 0.001. CD36 protein levels measured by western blot analysis. 
Mean ± SEM, n = 3 per group, two-tailed Student’s t-test, ***P < 0.001. (C) MerTK mRNA levels 
measured by RT-PCR. Mean ± SEM, n = 6 per group, two-tailed Student’s t-test, ****P < 0.0001. 
MerTK protein levels measured by western blot analysis. Mean ± SEM, n = 3 per group, two-
tailed Student’s t-test, ***P < 0.001. (D) Atg5 mRNA levels measured by RT-PCR. Mean ± SEM, 
n = 6 per group, two-tailed Student’s t-test, ***P < 0.001. Atg5 protein levels measured by 
western blot analysis. Mean ± SEM, n = 3 per group, two-tailed Student’s t-test, ***P < 0.001. 
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discouraged), PGC-1α upregulation by POS was markedly suppressed. However, when 

CD36 or MerTK was silenced (i.e. internalization was discouraged), PGC-1α upregulation 

was significantly enhanced rather than suppressed. In addition, PGC-1α upregulation by 

POS was not affected by Atg5 silencing (i.e. digestion was discouraged). The effect of 

antibodies against CD36 and MerTK receptors at the concentrations that inhibit POS 

internalization was also tested. Similarly, PGC-1α upregulation was not suppressed but 

was rather enhanced in the RPE cells pretreated with antibodies against CD36 (2 µg/mL) 

(Figure 4.5B) or MerTK (3.44 µg/mL) (Figure 4.5C) for 1 hour. These results are in line 

with those of a previous report showing that MerTK negatively controlled POS binding by 

limiting β5 integrin activity (Nandrot et al., 2012). The results of the current study also 

suggest that CD36 has similar effects on β5 integrin. Supposedly the POS recognition by 

RPE cells (i.e. POS binding) was associated with upregulated PGC-1α expression. Thus it 

was hypothesized that focal adhesion kinase (FAK), a major intracellular mediator of β5 

integrin activation in RPE cells (Finnemann, 2003; Nandrot et al., 2004), was involved in 

this signaling. Consequently, the RPE cells were pretreated with FAK inhibitor 14 (500 

µM) for 30 minutes, followed by treatment with or without POS. The increase in PGC-1α 

mRNA levels by POS treatment was significantly reduced when the RPE cells were 

pretreated with FAK inhibitor versus control (Figure 4.5D), suggesting that FAK is at least 

partly responsible for the upregulation of PGC-1α by POS binding. 

Recent studies have revealed the importance of the AMP-activated protein kinase 

(AMPK)-PGC-1α pathway in the regulation of autophagy (Viscomi et al., 2011; Yang et 

al., 2014). The present study tested whether AMPK played a role in the upregulation of 

PGC-1α by POS binding. However, pretreatment with AMPK inhibitor STO-609 

(10 µg/ml) for 10 minutes enhanced, but did not suppress, the upregulation of PGC-1α by 
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POS (Figure 4.6A). Furthermore, pretreatment with AMPK-specific activator AMP-

mimetic 5-aminoimidazole-4-carboxamide-1-β-D-ribofuranoside (AICAR) for 12 hours 

decreased, but did not increase,!mRNA levels of PGC-1α (Figure 4.6B), indicating an 

AMPK-independent mechanism of PGC-1α upregulation by POS binding. 

 

 

Figure 4.5. POS binding activates the αvβ5 integrin/FAK/PGC-1α pathway in undifferentiated 
ARPE-19 cells. (A) Upregulation of PGC-1α mRNA levels in response to POS was significantly 
suppressed in the ARPE-19 cells pretreated with siRNA against β5 integrin, enhanced in those 
pretreated with siRNA against CD36 or MerTK, and not influenced in those pretreated with 
siRNA against Atg5. Mean ± SEM, n = 6 per group, ****P < 0.0001 by ANOVA, followed by a 
post hoc Tukey’s test *P < 0.05, **P < 0.01, ***P < 0.001, ns [not significant], compared with the 
control group. (B) Upregulation of PGC-1α mRNA levels in response to POS was enhanced in the 
ARPE-19 cells pretreated with CD36 antibody (2 µg/mL) versus control. Mean ± SEM, n = 6 per 
group, two-tailed Student’s t-test, **P < 0.01. (C) Upregulation in PGC-1α mRNA in response to 
POS was enhanced in the ARPE-19 cells pretreated with MerTK antibody (3.44 µg/mL) versus 
control. Mean ± SEM, n = 6 per group, two-tailed Student’s t-test, ****P < 0.0001. (D) 
Upregulation in PGC-1α mRNA in response to POS was suppressed in the ARPE-19 cells 
pretreated with FAK inhibitor 14 (500 µM) versus control. Mean ± SEM, n = 6 per group, two-
tailed Student’s t-test, ****P < 0.0001. 
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Figure 4.6. The upregulation of PGC1-α was independent of AMPK activity. (A) Pretreatment of 
undifferentiated ARPE-19 cells with STO-609 (10µg/ml) for 10 min enhanced the upregulation of 
PGC1-α mRNA level by POS. Mean ± SEM, n = 6 per group, two-tailed Student’s t-test, 
**P < 0.01. (B) Pretreatment with AICAR for 12 h decreased the PGC1-α mRNA level in the 
ARPE-19 cells. Mean ± SEM, n = 6 per group, *P < 0.05 by ANOVA, followed by a post hoc 
Tukey’s test *P < 0.05, compared with control. 

 

 

4.3.2 POS exerts antisenescent effects through PGC-1α in RPE 
cells 

 

PGC-1α is a master regulator of mitochondrial biogenesis (Lehman et al., 2002; 

Lin et al., 2002) and a potent suppresser of oxidative stress (St-Pierre et al., 2006). 

Increased PGC-1α expression in muscle rescued age-related muscle wasting and metabolic 

decline in mice (Wenz et al., 2009). Therefore, it was hypothesized that POS treatment-

induced PGC-1α upregulation increases mitochondrial biogenesis and decreases ROS 

production, and confers overall anti-senescent effects in RPE cells. This might be 

important to counteract the metabolic stress by POS. Increased levels of peroxidase 1 
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(GPx1), GPx4, superoxide dismutase 1 (SOD1), and catalase were confirmed, but not of 

SOD2 (Figure 4.7A). The overall ROS levels decreased in the RPE cells treated with POS 

(Figure 4.7B). When PGC-1α was silenced using small interfering RNA (siRNA), POS 

treatment increased rather than decreased ROS production in the RPE cells (Figure 4.7C), 

which indicated an important role of PGC-1α in the decrease in ROS levels by POS. The 

efficacy of PGC-1α silencing in the ARPE-19 cells was also analyzed (Figure 4.7). 

 

 

Figure 4.7. POS increased antioxidant enzymes and decreased ROS level in undifferentiated 
ARPE-19 cells through PGC-1α. (A) mRNA levels of anti-oxidant enzymes including GPx1, 
GPx4, SOD1 and catalase, but not of SOD2, were upregulated in the ARPE-19 cells treated with 
POS. Mean ± SEM, n = 6 per group, two-tailed Student’s t-test, **P < 0.01, ***P < 0.001; ns, not 
significant. (B) ROS levels in the ARPE-19 cells evaluated by H2DCFDA were downregulated in 
the ARPE-19 cells treated with POS. Mean ± SEM, n = 16 per group, two-tailed Student’s t-test, 
****P < 0.0001. (C) ROS levels were downregulated in response to POS in the ARPE-19 cells 
transfected with control siRNA, but upregulated in cells transfected with PGC-1α siRNA. 
Mean ± SEM, n = 9–12 per group, two-tailed Student’s t-test, ****P < 0.0001. 
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The efficacy of PGC-1α KD was analyzed in the ARPE-19 cells (Figure 4.8).  

 

 

 

Figure 4.8. Efficacy of PGC-1α knockdown was analyzed in undifferentiated ARPE-19 cells. (A) 
PGC-1α mRNA levels measured by RT-PCR. Mean ± SEM, n = 8 per group, two-tailed Student’s 
t-test, ****P < 0.0001. (B) PGC-1α protein levels measured by western blot analysis. 
Mean ± SEM, n = 3 per group, two-tailed Student’s t-test, **P < 0.01). 

  

 

POS treatment increased relative levels of mitochondrial DNA compared with 

nuclear DNA (Figure 4.9A), as well as the levels of prohibitin, a mitochondrial marker 

protein (Figure 4.9B), suggesting increased mitochondrial biogenesis by POS. 

Functionally, POS treatment upregulated mitochondrial complex I activity, which was 

abrogated by silencing of PGC-1α (Figure 4.9C). 
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Figure 4.9. POS treatment upregulated mitochondrial biogenesis in undifferentiated ARPE-19 cells 
through PGC-1α. (A) Relative mitochondrial DNA level, as determined by cytochrome b/GAPDH, 
were upregulated in the ARPE-19 cells treated with POS. Mean ± SEM, n = 6 per group, 
two-tailed Student’s t-test, ****P < 0.0001. (B) Western blot analysis showed increased protein 
level of the mitochondrial marker prohibitin in the ARPE-19 cells treated with POS. Mean ± SEM, 
n = 6 per group, two-tailed Student’s t-test, *P < 0.05. (C) In the ARPE-19 cells transfected with 
control siRNA, mitochondrial complex I activity was significantly upregulated in response to the 
POS treatment (n = 8 per group, ****P = 0.0001 by ANOVA, followed by a post hoc Tukey’s test 
***P < 0.001). However, in the ARPE-19 cells transfected with PGC-1α siRNA, the change in 
mitochondrial complex I activity with POS treatment was not statistically significant. 

 

 

The effect of POS on the senescence of RPE cells through senescence-associated 

β-galactosidase (SA-β-gal) activity was also analyzed (Figure 4.10). In the ARPE-19 cells, 

senescence was induced by 100 µM H2O2 for 2 hours, and SA-β-gal staining was 

evaluated after 24 hours of incubation (Yu et al., 2009). When the cells were pretreated 

with POS for 3 hours, it almost completely rescued H2O2-induced senescence in the RPE 

cells transfected with control siRNA. In contrast, silencing of PGC-1α aggravated H2O2-

induced senescence and significantly suppressed the counteracting effect by POS (Figure 

4.10). 
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Figure 4.10. POS treatment rescues H2O2-induced senescence through PGC-1α. (A) 
Undifferentiated ARPE-19 cells were incubated with or without POS for 3 h and then treated with 
100 µM H2O2 for 2 h to induce senescence. In the RPE cells pretreated with control siRNA, POS 
treatment almost completely suppressed SA-β-gal staining by H2O2-induced senescence. In 
contrast, in the RPE cells transfected with PGC-1α siRNA, H2O2 induced significantly stronger 
and more frequent SA-β-gal staining in the RPE cells, and the rescue effect by POS treatment was 
significantly smaller compared with the RPE cells pretreated with control siRNA. (B) 
Quantification of SA-β-gal staining in the ARPE-19 cells. Mean ± SEM, n = 3 per group, 
****P < 0.0001 by ANOVA, followed by a post hoc Tukey’s test *P < 0.05, **P < 0.01. The 
scale bars in large pictures and in insets are 100 µm and 500 µm, respectively. 

 

 

4.3.3 PGC-1α regulates lysosomal activity of POS in RPE cells 
 

Senescence of RPE cells is associated with a decline in the lysosomal activity, and 

the accumulation of peroxidized lipids and lipofuscin is an important phenotype of aging 

RPE cells (Kaarniranta et al., 2013; Kim et al., 2013; Valapala et al., 2014). Transcription 

factor EB (TFEB) is a master regulator of the autophagy/lysosomal pathway (Sardiello et 

al., 2009; Settembre et al., 2011). TFEB and PGC-1α can cooperatively regulate the 
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autophagy/lysosomal pathway and lipid catabolism in a mouse model of Huntington's 

disease model (Tsunemi et al., 2012) and in starvation (Settembre et al., 2013). It was 

hypothesized that the αvβ5 integrin/FAK/PGC-1α pathway might be involved in 

lysosomal degradation in RPE cells to adapt to the metabolic burden with POS. It was 

observed that when PGC-1α was silenced, nuclear staining of RPE cells with TFEB 

antibody was significantly weaker when compared with that of cells transfected with 

control siRNA (Figure 4.11A). Accordingly, mRNA levels of TFEB target genes 

including galactosidase α (GLA), hexosaminidase A (HEXA), tripeptidyl peptidase I 

(TPPI), and cathepsin F (CTSF) were also downregulated by PGC-1α siRNA versus 

control siRNA (Figure 4.11B). Similarly, mRNA levels of these TFEB target genes were 

also downregulated by FAK inhibitor 14 (Figure 4.11C). In addition, in the ARPE-19 cells 

PGC-1α silencing significantly decreased the activity of cathepsin D, which is considered 

a major cathepsin for the degradation of rhodopsin and POS (Kim et al., 2013; Rakoczy et 

al., 1997; Valapala et al., 2014). (Fig. 4.11D).  

These data suggest that the activation of the αvβ5 integrin/FAK/PGC-1α pathway 

is important for the lysosomal activity in the RPE cells. And if the pathway is not 

sufficiently activated, RPE cells might not be able to catabolize POS efficiently, leading to 

abnormal accumulation of lipids. Following this, the role of PGC-1α in POS degradation 

was evaluated. Intracellular lipid accumulation was compared in cells transfected with 

PGC-1α siRNA with those transfected with control siRNA before and after POS treatment 

by oil red O staining. Oil red O staining was always more intense in the ARPE-19 cells 

whose PGC-1α was silenced when compared with the controls before and after 6 and 12 

hours of POS treatment. (Figure 4.12A). Furthermore, the accumulation of peroxidized 

lipid after POS treatment was analyzed using boron dipyrromethene (BODIPY) C11 dye 
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(Figure 4.12B), which disclosed that PGC-1α! silencing approximately doubled the 

accumulation of peroxidized lipids in the RPE cells after POS treatment.  

 

Figure 4.11. PGC-1α regulates lysosomal activity in undifferentiated ARPE-19 cells. (A) Nuclear 
immunofluorescence with TFEB antibody was weaker in the ARPE-19 cells transfected with 
PGC-1α siRNA compared with those with control siRNA. (B) Quantification of nuclear 
immunofluorescence with TFEB antibody. Mean ± SEM, n = 6 per group, two-tailed Student’s 
t-test, ****P < 0.0001; scale bar, 50 µm. (C) In the ARPE-19 cells transfected with PGC-1α 
siRNA, mRNA levels of TFEB target genes including GLA, HEXA, TPPI, and CTSF were 
downregulated when compared with those with control siRNA. Mean ± SEM, n = 6 per group, 
two-tailed Student’s t-test, **P < 0.01, ***P < 0.001, ****P < 0.0001. (D) In the ARPE-19 cells 
pretreated with FAK inhibitor 14, mRNA levels of TFEB target genes including GLA, HEXA, 
TPPI, and CTSF were downregulated when compared with those with control pretreatment. Mean 
± SEM, n = 6 per group, two-tailed Student’s t-test, **P < 0.01, ****P < 0.0001. (E) In the 
ARPE-19 cells transfected with PGC-1α siRNA, cathepsin D activity was significantly 
downregulated compared with those with control siRNA. Mean ± SEM, n = 11–12 per group, 
two-tailed Student’s t-test, ***P < 0.001.  
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Figure 4.12. PGC-1α facilitates lysosomal degradation of POS in undifferentiated ARPE-19 cells. 
(A) In the ARPE-19 cells transfected with PGC-1α siRNA, oil red O staining was more intense 
after POS treatment than in those with control siRNA. Scale bar, 200 µm. (B) In the ARPE-19 
cells transfected with PGC-1α siRNA, the accumulation of peroxidized lipid evaluated by 
BODIPY C11 fluorescence increased after POS treatment when compared with those with control 
siRNA. Mean ± SEM, n = 6–10 per group, ***P < 0.001 by ANOVA, followed by a post hoc 
Tukey’s test *P < 0.05, ns [not significant]. 
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4.3.4 Senescence-related phenotypes in RPE of PGC-1α 
knockout (KO) mice 

 

To further elucidate the role of PGC-1α in lipid metabolism and senescence in the 

RPE cells, the phenotypes of PGC-1α KO mice were evaluated in comparison with that of 

age-matched control littermates. The phenotypes of RPE itself as well as adjacent 

structures that are affected by aged RPE including the Bruch’s membrane and the 

choriocapillaris were evaluated. The Bruch’s membrane is the basement membrane of 

RPE cells. This structure becomes thicker with age, which makes the transport between 

the choriocapillaris and the RPE cells more difficult (Ramrattan et al., 1994). Nutrient 

supply from the choriocapillaris is critical for the integrity of the RPE cells and the outer 

retina, but it is progressively lost in aged eyes even before the development of AMD 

(Biesemeier et al., 2014). On the other hand, an intact choriocapillaris is maintained by 

basal VEGF secretion from RPE cells. Previous study showed that POS phagocytosis 

upregulate VEGF expression in the RPE cells through PGC-1α, but not through hypoxia-

inducible factor-1α (Ueta et al., 2012b). 

Transmission electron microscopy revealed an accumulation of melanolipofuscin 

in the RPE (Figure 4.13B and 4.13K vs. 4.13A), thickening of the Bruch’s membrane with 

higher electron density (Figure 4.13D vs. 4.13C; Fig. 4.13F vs. 4.13E), and scarcity of the 

choriocapillaris (Figure 4.13B vs. 4.13A) in 6-month-old PGC-1α KO mice in comparison 

with control littermates. Each of these phenotypes is well known to be associated with 

aging RPE cells (Biesemeier et al., 2014; de Jong, 2006; Feeney, 1978; Ramrattan et al., 

1994). 
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Figure 4.13. Accelerated senescence is observed in the RPE of PGC-1α KO mice. The phenotypes 
of the RPE, Bruch’s membrane, and choriocapillaris of 6-month-old PGC-1α KO mice were 
compared with those of age-matched control littermates. (A and B) Accumulation of 
melanolipofuscin on TEM was observed in the PGC-1α KO mice when compared with the control 
mice. Note that many melanin granules in the KO mice are more whitish, which indicates 
lipofuscin accumulation in the melanin granules. CC; choriocapillaris; scale bar, 5 µm. (C and D) 
Bruch’s membrane (BM) and choriocapillaris (CC) on TEM. Note that BM of the KO mice is 
thicker and has greater electron density than that of the control mice. CC beneath the BM was not 
often observed in KO mice, while it was abundant in the control mice. Scale bar, 1 µm. (E and F) 
Magnified view of BM and CC. Scale bar, 500 nm. (G and H) CC evaluated by UEA-I staining 
was poor in the KO mice when compared with the control mice. Scale bar, 5 µm. (I and J) 
Autofluorescence reflecting lipofuscin accumulation in the RPE was more intense in the KO mice 
than in the control mice. (K) Magnified views of melanolipofuscin in the RPE cells of the KO 
mice. Scale bar 1, µm. 
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Staining with UEA-I lectin confirmed a poor choriocapillaris vasculature in 

6-month-old PGC-1α KO mice in comparison with age-matched control littermates 

(Figure 4.13H vs. 4.13G). In addition, this study also evaluated the autofluorescence in the 

RPE, which reflects the amount of accumulated lipofuscin. Stronger autofluorescence in 

the RPE of the PGC-1α KO mice versus the control mice was confirmed (Figure 4.13J vs. 

4.13I). 

 

4.4 Discussion 

 

 Elucidating the mechanisms underlying POS degradation in the RPE cells is 

critical for understanding the pathogenesis of AMD. The present study has disclosed for 

the first time the role of PGC-1α in POS degradation and that the RPE cells have an 

inherent αvβ5 integrin/FAK/PGC-1α signaling pathway to facilitate lysosomal 

degradation of POS, whose impairment may cause metabolic stress. Moreover, 

recognition of POS at αvβ5 integrin confers antisenescence effects on RPE cells by 

decreasing ROS levels and increasing mitochondrial biogenesis. These results explain why 

in previous studies RPE cells were reportedly more susceptible to oxidative stress 

(Mukherjee et al., 2007) and aging (Nandrot et al., 2004) when they were not actively 

phagocytizing POS.  

     PGC-1α is a main regulator of metabolism and oxidative stress. Recently, Ueta 

et al. (2012b) found that expression of PGC-1α could be upregulated by POS treatment in 

undifferentiated ARPE-19 cells, whereas, in the present study, the same was confirmed in 

differentiated ARPE-19 cells and in ex vivo RPE. PGC-1α expression by skeletal muscles 
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reportedly declines with age (Koltai et al., 2012). Moreover, exercise upregulates PGC-1α 

expression and rescues age-related accumulation of oxidative stress in the hippocampus 

(Marosi et al., 2012). In the RPE cells, high oxygen consumption, light absorption, and 

lipid peroxidation through POS phagocytosis can result in considerable oxidative stress 

(Kaarniranta et al., 2013). In fact, light exposure reportedly increases ROS levels in vivo, 

especially in the outer segment layer of photoreceptors in the retina (Roehlecke et al., 

2013). Numerous studies have reported that oxidative stress and aging can influence POS 

phagocytosis. Sublethal exposure to H2O2 can inhibit FAK activation in the ARPE-19 

cells (Qin and Rodrigues, 2012) and photo-oxidative stress can suppress the expression of 

β5 integrin (Olchawa et al., 2013). ARPE-19 cells cultured on the Bruch’s membrane from 

the elderly individuals exhibited decreased POS phagocytic activity when compared with 

those cultured on the Bruch’s membrane from the young (Sun et al., 2007). These reports 

suggest that the activation of the αvβ5 integrin/FAK/ PGC-1α pathway decreases in aged 

RPE cells.  

   From a therapeutic point of view, modulation of the αvβ5 integrin/FAK/ PGC-1α 

pathway can be a useful strategy to combat the aging of RPE cells. Thus, AMPK 

activation may be suitable for PGC-1α activation. Although, in the present study, AMPK 

was not involved in the upregulation of PGC-1α expression by POS binding, AMPK 

activation may still be beneficial to RPE cells through posttranslational regulation of 

PGC-1α (Jager et al., 2007). Silence information regulator 2-like 1 (Sirt1) is a deacetylase 

of PGC-1α and because Sirt1 activity is increased during energy demand, including during 

fasting and exercise, behavioral modulation may impact RPE senescence. Downstream of 

the αvβ5 integrin/FAK/PGC-1α pathway, activation of the autophagy/lysosomal pathway 

is a potential therapeutic target. The mechanistic target of rapamycin (mTOR) is 
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reportedly a cause of retinal degeneration due to RPE dedifferentiation (Zhao et al., 2011). 

The mTOR inhibitor rapamycin can extend the life span of murines, although it remains 

controversial whether rapamycin can rescue age-related phenotypes (Neff et al., 2013).  

The current study identified accelerated aging phenotypes not only in the RPE 

cells but also in the Bruch’s membrane and choriocapillaris of PGC-1α KO mice. Loss of 

the choriocapillaris with age and in the early stage of AMD has been confirmed in humans 

(Biesemeier et al., 2014). Moreover, loss of the choriocapillaris together with a thickened 

Bruch’s membrane hampers smooth nutrient supply to and metabolite release from RPE 

cells, leading to RPE loss (i.e. dry AMD). On the other hand, loss of the choriocapillaris 

may be counteracted by neoangiogenesis, leading to choroidal neovascularization (i.e. wet 

AMD) (Biesemeier et al., 2014). Geographic atrophy and neovascular AMD are the late 

stage of AMD, in which the degeneration cannot be fully recovered. The choriocapillaris 

is maintained by VEGF secretion from the RPE cells, and the results of a previous study 

showed that PGC-1α is an important regulator of VEGF expression in the RPE cells, 

especially in response to POS phagocytosis (Ueta et al., 2012b). Therefore, a therapeutic 

approach targeting PGC-1α may suppress the progression from the early stage of AMD to 

the late stage to maintain visual function.   

An important limitation of the present study was that undifferentiated ARPE-19 

cells were used in most in vitro experiments. One reason for using ARPE-19 cells was 

because the expression of PGC-1α was silenced using siRNA to elucidate PGC-1α-

dependent mechanisms in vitro. Another reason was because the phagocytosis machinery 

is conserved in different types of RPE cells (Mazzoni et al., 2014) including 

undifferentiated ARPE-19 cells (Olchawa et al., 2013; Qin and Rodrigues, 2012). Those 

immortalized cells have some different features in comparison to the original cells in the 
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native tissue. Especially for RPE cells, gaining polarity through differentiation is 

considered important (Sonoda et al., 2009). Although phagocytosis machinery is 

conserved in undifferentiated ARPE-19 cells (Olchawa et al., 2013; Qin and Rodrigues, 

2012), they lack many physiological characteristics of the polarized RPE cells, including 

apical microvilli, well-defined tight junctions, membrane transport capability, polarized 

secretion of cytokines, and melanocytic pigmentation (Sonoda et al., 2009). Therefore, the 

results of this study need to be carefully interpreted. The use of differentiated cells of 

primary culture would be more desirable as an in vitro model for more accurate insights.  

In conclusion, the present study identified a novel regulatory mechanism for 

senescence and the lysosomal pathway in the RPE cells on binding of POS, which 

underscores a role of PGC-1α (Figure 4.14). 

 

 

Figure 4.14. Schematic drawing of the signaling pathway revealed in the present study. In the RPE 
cells, POS binding activates the αvβ5 integrin/FAK/PGC-1α pathway, which facilitates lysosomal 
activity and prevents senescence to counteract POS-induced metabolic stress. 
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5. Protective Role of GPx4 in Laser-Induced 
Choroidal Neovascularization in Mice 
 

5.1 Introduction 

 

AMD is considered one of the leading causes of irreversible visual loss in the 

world (de Jong, 2006; Kahn et al., 1977; Klaver et al., 1998). In the late-stage AMD, the 

growth of abnormal new blood vessels from the choroidal vasculature toward the retinal 

pigment epithelium (RPE) and neurosensory retina characterizes neovascular AMD. 

Edema, bleeding, and disruption of photoreceptor cells are some of the features associated 

with the progression of the disease. The participation of VEGF is widely recognized in the 

pathogenesis of human neovascular AMD (Rosenfeld et al., 2006), as well as in the animal 

model of laser-induced choroidal neovascularization (CNV) (Lambert et al., 2013). Laser-

induced CNV is a recognized technique widely used to reproduce the structural alterations 

present in neovascular AMD. This model can efficiently reproduce the inflammatory and 

angiogenic processes that contribute to the establishment of the disease (Lambert et al., 

2013). 

Oxidative stress has been associated with the development of neovascular AMD in 

studies using animal models (Dong et al., 2009; Ebrahem et al., 2006; Hara et al., 2010; 

Imamura et al., 2006). Accordingly, supplementation with antioxidant vitamins has been 

reported to suppress the establishment of neovascular AMD (Chew et al., 2013), 

suggesting that oxidative stress is also involved in human neovascular AMD. The activity 

of endogenous antioxidant enzymes is considered crucial for the defense against oxidative 
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stress, and its implication in neovascular AMD has been reported following studies on 

SOD1-deficient mice (Dong et al., 2009; Imamura et al., 2006). Notwithstanding, it is 

important to consider that other important antioxidant enzymes, including glutathione 

peroxidase 4 (GPx4), might be enrolled in the protection against oxidative stress, although 

this is not yet completely understood.  

GPx4, also known as phospholipid hydroperoxide glutathione peroxidase, is an 

intracellular antioxidant enzyme that belongs to the group of selenoproteins that have a 

selenocysteine amino acid residue at their enzymatic active site. Ubiquitously expressed, 

GPx4 directly reduces peroxidized phospholipids produced in cell membranes. In contrast 

to other GPx isoforms, GPx4 reduces complex lipid hydroperoxides even when they are 

incorporated in biomembranes or lipoproteins (Thomas et al., 1990). 

 GPx4 reacts with hydrogen peroxide and many different lipid hydroperoxides, 

including those originating from lipoproteins and cholesterol. GPx4 has been shown to be 

critically important because its ablation in mice leads to embryonic lethality at 

approximately 1 week (Imai et al., 2003). In addition, GPx4 ablation specifically in 

photoreceptors (Ueta et al., 2012a), cerebral neurons (Wirth et al., 2010), vascular 

endothelium (Wortmann et al., 2013), or spermatocytes (Imai et al., 2009) causes severe 

pathological phenotypes.  

The current study aimed to evaluate the role of GPx4 in the RPE/choroid tissue 

using a laser-induced CNV mouse model. The possible influence of GPx4 on VEGF levels 

following laser-induced CNV was also analyzed. 
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5.2 Methods 

 

All procedures were performed in accordance with the Association for Research in 

Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and 

Vision Research (Association for Research in Vision and Ophthalmology, 1994) and were 

approved by the Institutional Animal Research Committee of the University of Tokyo. 

 

5.2.1 Animals 
 

Mice were maintained in a temperature-controlled room, wherein fresh water and 

rodent-specific diet were available ad libitum. GPx4+/−, GPx4+/+, and GPx4 transgenic 

mice on a C57BL/6 background were kindly provided by Professor Hirotaka Imai (a co-

investigator). To obtain these mice expressing different levels of GPx4, first GPx4+/+ wild-

type mice were bred with transgene-rescued GPx4 knockout mice GPx4−/−:Tg (GPx4) 

(Imai et al., 2009) to generate GPx4+/−:Tg (GPx4) and GPx4+/− mice. Then, the 

GPx4+/−:Tg (GPx4) mice were bred with the GPx4+/− mice to obtain GPx4+/−, GPx4+/+, and 

GPx4+/+:Tg (GPx4) mice for comparison. 

 

5.2.2 Laser-induced CNV model 
 

Laser photocoagulation was used for the induction of CNV lesions as previously 

described (Ueta et al., 2012a). A glass cover slip served as a contact lens. Diode laser 

(DC-3000; Nidek, Osaka, Japan) irradiation was delivered through a slit lamp (SL150; 
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Topcon, Tokyo, Japan) to the mouse fundus between the major retinal vessels using a spot 

size of 200 µm, power of 200 mW, and exposure duration of 20 ms. Disruption of the 

Bruch’s membrane was confirmed by central bubble formation immediately after 

photocoagulation. For each eye, 6 successful laser spots were created. After laser 

treatment, the mice were maintained on a physiologic 12-h light cycle. On day 7, the mice 

were deeply anesthetized and perfused with fluorescein isothiocyanate (FITC) dextran in 

PBS. Then, the mice were sacrificed, and the eyes were enucleated and fixed in 4% 

paraformaldehyde (PFA) for 20 min. RPE/choroid tissue was separated under a 

microscope and flat-mounted with the RPE facing up. The CNV area was measured on the 

basis of pictures analyzed by a blinded examiner using Photoshop CS3. The CNV size was 

evaluated on day 7 because the size is considered to reach the maximum on days 5 to 7 

(Giani et al., 2011; Lambert et al., 2013). In contrast, to evaluate the pathogenic role of 

VEGF-A, VEGF-A expression in RPE/choroid tissue was evaluated on day 3 (i.e. 72 h 

after laser treatment) when CNV is considered to be in the active stage of its development. 

 

5.2.3 Assessment of RPE/choroid tissue  
 

After enucleation of the eyes, the extraocular tissues were surgically resected. An 

incision was performed behind the corneal limbus to make an eye-cup. The anterior 

components of the eyes were then removed. For the separation of the tissues incubation of 

the retina and RPE/choroid tissue in dispase solution was used. The RPE/choroid tissue 

was then separated from the retina and collected for the experiments. 
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5.2.4 Quantification of mRNA using real-time RT-PCR 
 

All the samples used for real-time RT-PCR were from the RPE/choroid. Thus, the 

RPE/choroid complexes were microsurgically isolated from the eyes. RNA from 

homogenized samples of the RPE/choroid tissue was extracted using TRIzol reagent 

(Invitrogen, Carlsbad, CA), and cDNA was prepared using SuperScript III for RT-PCR 

(Invitrogen). Real-time PCR was performed using a Thermal Cycler Dice Real Time 

System (Takara Bio Inc., Shiga, Japan). Expression levels of each gene were normalized 

to those of GAPDH. Three different primer pairs for VEGF-A were used. An additional 

primer pair for VEGF 164 was also used to determine the consistency of the results, 

because changes in the VEGF-A mRNA level in RPE/choroid tissue after CNV induction 

have not been completely established in the literature (Hu et al., 2009; Mizutani et al., 

2009). In the current study, three primer pairs already used in previously published studies 

(Hu et al., 2009; Mizutani et al., 2009; Xie et al., 2011) were tested and compared with the 

primer pair specifically designed for this study. First, the validity of the primer sequences 

shown in the literature was determined using Primer-BLAST, and errors were found in 

some of the published primer sequences. Therefore, primers with corrected sequences 

were used (Table 5.1). 
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Table 5.1. Primers sequences used for real time RT-PCR in the study 

 
Genes Sequences 

Mouse VEGF-A primer 1 
Forward: GTACCTCCACCATGCCAAGT 
Reverse: GCATTCACATCTGCTGTGCT 

Mouse VEGF-A primer 2 
Forward: AGGCTGCACCCACGACAGAA 
Reverse: CTTTGGTCTGCATTCACATC 

Mouse VEGF-A primer 3 
Forward: AGCCGAGCTCATGGACGGGT 
Reverse: AGTAGCTTCGCTGGTAGACATC 

Mouse VEGF 164 
Forward: GCCAGCACATAGGAGAGATGAGC 
Reverse: CAAGGCTCACAGTGATTTTCTGG 

Mouse GAPDH 
Forward: CACATTGGGGGTAGGAACAC 
Reverse: AACTTTGGCATTGTGGAAGG 

 

 

5.2.5 Protein expression analysis using Western Blot analysis 
and ELISA 

 

The isolated RPE/choroid complexes were placed in 100-µL 

radioimmunoprecipitation assay (RIPA) buffer and homogenized at 4°C. Protein 

concentrations were determined using a Coomassie (Bradford) Protein Assay Kit (Thermo 

Scientific, Waltham, MA). For Western blot analysis, total protein extracts from the 

RPE/choroid samples were separated on sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) gels and transferred onto nitrocellulose membranes followed 

by blocking with 5% nonfat dry milk in TBS-T (Tris-buffered saline with 0.1% 

Tween-20). Incubation with primary antibodies was performed for 6 h in TBS-T 

containing 5% nonfat dry milk. The primary antibodies used were mouse or rabbit 

antibodies against β-actin (Sigma, St Louis, MO) and against GPx4 obtained from a 
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primary hybridoma (Imai et al., 2001). The membranes were incubated with anti-

mouse/rabbit horseradish peroxidase-labeled secondary antibody (Amersham Biosciences, 

Chalfont St Giles, UK) for 1 h. The washed membranes were further developed with ECL 

Plus Western Blotting Detection Reagents (GE Healthcare, Piscataway, NJ). The protein 

level was calculated by normalization to the β-actin level. 

The enzyme-linked immunosorbent assay (ELISA) was used for the evaluation of 

VEGF-A protein, according to the manufacturer’s instructions (R&D Systems, 

Minneapolis, MN). 

!

5.2.6 Immunohistochemistry using 4-hydroxy-2-nonenal 
(4-HNE) 

 

Enucleated eyeballs were fixed in 4% PFA for 6 hours and embedded in paraffin, 

and the posterior retina was cut into 5-µm-thick sections. Slides were first incubated with 

blocking solution (2% normal goat serum) overnight, and then with primary antibodies at 

room temperature for 3 h and secondary antibodies for 1 h. The sections were then 

coverslipped with mounting medium. For immunostaining, the primary antibodies used 

were mouse monoclonal antibodies specific to 4-HNE (JaICA, Shizuoka, Japan). 

Hematoxylin-eosin (HE) staining was used to reveal the morphology of the retina and 

RPE/choroid tissue. The intensity of immunofluorescence in the RPE/choroid was 

evaluated using Image-J software. 
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5.2.7 Statistical analysis 
 

All statistical analyses were performed using JMP10 software (SAS Institute Inc., 

Cary, NC, USA). For comparison between two unpaired groups, Student’s t-test was used. 

For comparison among three or more groups, one-way analysis of variance (ANOVA) was 

performed, followed by the post hoc Tukey’s test. The level of significance was set at P < 

0.05. 

 

5.3 Results 

 

5.3.1 Laser-induced CNV and VEGF-A expression in the 
RPE/choroid tissue in mice 

 

To better understand the behavior of VEGF-A in laser-induced CNV in mice, 

mRNA levels and protein expression of VEGF-A following CNV induction was firstly 

evaluated in wild mice. According to the literature, different reports have demonstrated 

conflicting data with regards to VEGF-A mRNA levels in RPE/choroid after laser-induced 

CNV. Notwithstanding, the literature reveals a well-established consensus regarding the 

elevation of VEGF-A protein expression in the development of CNV (Hu et al., 2009; 

Mizutani et al., 2009).  

Surprisingly, the mRNA levels of VEGF-A in the RPE/choroid were diminished 

by CNV induction throughout the first 72 hours during CNV development (Figure 5.1A). 

On the other hand, the VEGF-A protein levels were increased at 72 hours after laser 
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treatment, demonstrating consistency with the development of CNV (Figure 5.1B). In 

accordance with the mRNA results obtained with the VEGF-A primer, the RT-PCR using 

the additional VEGF primers (VEGF-A primer 2, VEGF 164 primer, and VEGF-A primer 

3) (Mizutani et al., 2009; Xie et al., 2011) also revealed decreased VEGF levels, 

confirming the downregulation of VEGF mRNA following CNV induction (Figure 5.2). 

Therefore, the opposite behavior of VEGF-A mRNA levels and protein expression 

following the induction of laser-induced CNV may suggests a possible complex 

mechanism responsible for the regulation of VEGF expression in RPE/choroid tissue. 
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Figure 5.1. VEGF-A expression in the RPE/choroid with laser-induced CNV. (A) Relative 
VEGF-A mRNA levels in the RPE/choroid of wild-type mice before and after induction of the 
CNV model at 6, 12, 24, 48 and 72 h. Mean ± SEM, n = 10–21, ***P < 0.0001 by ANOVA, 
followed by a post hoc Tukey’s test ***P < 0.001 compared with the no laser group. (B) VEGF-A 
protein expression in the RPE/choroid of wild-type mice before and after 72 h of CNV induction 
by laser, measured by ELISA. Mean ± SEM, n = 4, *** P < 0.001, Student’s t-test. 
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Figure 5.2. Change in VEGF-A mRNA levels in the RPE/choroid after CNV induction in wild-
type mice. For the same samples shown in Figure 1, different primer pairs for VEGF-A were used 
for RT-PCR. The primers sequences are shown in Table 1. (A) A primer pair 2 (Hu et al., 2009) 
was used. (B) A primer pair for VEGF 164 (Mizutani et al., 2009) was used. (C) A primer pair 3 
(Xie et al., 2011) was used. Mean ± SEM, n = 10–21 per group, ****P < 0.0001, ns [not 
significant] by ANOVA, followed by a post hoc Tukey’s test *P < 0.05, ***P < 0.001, ns [not 
significant], compared with the no laser group. 
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5.3.2 Generation of GPx4+/−, GPx4+/+, and GPx4-overexpressing 
mice used in the study 

 

Figure 5.3 shows the generation of three types of mice expressing different levels 

of GPx4. All of the mice showed normal growth and development (Figure 5.3A), 

displaying normal morphology of the retina and RPE/choroid tissue in all three genotypes 

(Figure 5.3B).  

 

Figure 5.3. GPx4 expression in the RPE/choroid. (A) Similar appearance of GPx4+/-, GPx4+/+ and 
GPx4+/+:Tg (GPx4) mice at 3 months of age expressing different levels of GPx4. 
(B) Hematoxylin-eosin staining of the retina and RPE/choroid of the mice expressing different 
levels of GPx4. (ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cells layer; 
Scale bar, 30 µm).  

 



!

!
!

69!

The expression levels of GPx4 were determined using Western blot analysis of the 

RPE/choroid tissue. Western blot analysis revealed different expression levels of GPx4 

protein in the RPE/choroid tissue among the three types of mice (Figure 5.4A), which 

confirmed the validity of using these mice to test the role of GPx4 in the RPE/choroid 

tissue. 

 

 

Figure 5.4. GPx4 expression in the mice. (A) Western blot analysis of β-actin and GPx4 protein 
expression in the RPE/choroid. (B) Statistical evaluation for the comparative differences in GPx4 
protein in the RPE/choroid. Mean ± SEM, n = 8, **P < 0.01 by ANOVA, followed by a post hoc 
Tukey’s test *P < 0.05, **P < 0.01, compared with GPx4+/- mice. 
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To establish that additional GPx isoforms were not associated with the outcomes 

of this study, Western blot analysis was used to confirm that GPx1 and GPx2 protein 

expression in the RPE/choroid was similar in these mice (Figure 5.5). No statistically 

significant difference was observed in the mice used in the study, confirming that the 

outcomes were related to the GPx4 isoform, and not to GPx1 and GPx2 isoforms. 

 

 

Figure 5.5. Protein expression of GPx1 and GPx2 in the RPE/choroid. (A) Western blot analysis of 
β-actin and GPx1/2 protein expression in the RPE/choroid. (B) Statistical evaluation for the 
comparative differences in GPx1/2 protein in the RPE/choroid. Mean ± SEM, n = 5; ns, not 
significant by ANOVA. 
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5.3.3 GPx4 and oxidative stress in the mice 
 

GPx4 demonstrated to influence the lipid peroxidation in the RPE/choroid tissue. 

Immunostaining using specific antibody against 4-HNE revealed increased accumulation 

of peroxidized lipids in the GPx4+/− mice. In contrast, GPx4-overexpressing mice (i.e. 

GPx4+/+:Tg [GPx4]) showed significantly less accumulation of oxidized lipids (Figure 5.6). 

Coherently, the GPx4+/+ mice showed an intermediate accumulation of oxidized lipids, 

suggesting that lipid peroxidation varies according to the amount of GPx4 expressed in the 

mice. This finding suggests the protective role of endogenous GPx4 against oxidative 

stress in the RPE/choroid of mice overexpressing GPx4. 

!

5.3.4 Animal model of CNV development using laser-induced 
CNV 

 

Next, the influence of different levels of GPx4 on CNV development using a laser-

induced CNV mouse model was analyzed (Figure 5.7). With increasing GPx4 levels, the 

CNV size was reduced significantly on day 7 after laser photocoagulation was performed. 

The literature shows that one week after laser exposure, the size of the CNV is considered 

to reach its maximum (Giani et al., 2011; Lambert et al., 2013). To evaluate the 

pathogenic role of VEGF in CNV, expression of VEGF-A in the RPE/choroid tissue was 

evaluated on day 3 (i.e. 72 hours after laser treatment) when CNV is considered to be in 

the active stage of its development. As confirmed in the wild-type mice, VEGF-A mRNA 

was downregulated in all three groups. 



!

!
!

72!

 

Figure 5.6. Accumulation of peroxidized lipids. (A) Immunoreactivity to 4-hydroxi-2-neonenal 
(4-HNE, red) in the retina and RPE/choroid of mice expressing different levels of GPx4. Nuclei 
was counterstained with 4,6-diamidino-2-phenylindole (DAPI, blue). Scale bar, 30 µm. (B) 
Statistical evaluation of the immunofluorescence for 4-HNE in the RPE/choroid. Mean ± SEM, 
n = 4, ***P < 0.001 by ANOVA, followed by a post hoc Tukey’s test *P < 0.05, ***P < 0.001, 
compared with GPx4+/- mice. 
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Figure 5.7. Laser-induced CNV model. The CNV area size was evaluated on flatmount culture on 
day 7. (A) CNV induced by laser exposure in the mice expressing different levels of GPx4. Scale 
bar, 500 µm. (B) The area size of the CNV in these 3 types of mice (µm2). Mean ± SEM, n = 4–5, 
****P < 0.0001 by ANOVA, followed by a post hoc Tukey’s test **P < 0.01, ****P < 0.0001 
compared with GPx4+/- mice. 
 

In contrast, with or without laser treatment, the VEGF-A mRNA levels in the 

RPE/choroid tissue were significantly higher in mice expressing higher levels of GPx4 

(Figure 5.8A). However, VEGF-A protein expression exhibited a more peculiar pattern 

(Figure 5.8B). In the RPE/choroid tissue without CNV induction, the VEGF-A protein 

levels were higher in mice expressing more GPx4 (P = 0.0061 by ANOVA). Three days 
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after CNV induction, the VEGF-A protein levels were upregulated more in mice 

expressing lower levels of GPx4. As a result, the VEGF-A protein levels were 

significantly higher in mice expressing less GPx4 than in mice overexpressing GPx4 

(P = 0.0274 by ANOVA). In the GPx4+/− and GPx4+/+ mice, the difference in the VEGF-A 

protein levels between mice with laser-induced CNV and those without it was significant 

(P = 0.0001 and P = 0.0022 by Student’s t-test, respectively). In mice overexpressing 

GPx4, the VEGF-A protein levels did not differ significantly between mice with laser-

induced CNV and those without it (P = 0.45). 

 

Figure 5.8. VEGF-A expression in the RPE/choroid before and after CNV induction. (A) Relative 
VEGF-A mRNA levels were measured by RT-PCR before and 3 days after the CNV induction by 
laser exposure. Mean ± SEM, n = 4–6. P values for ANOVA are described inside the figure. A 
post hoc Tukey’s test *P < 0.05, ns [not significant], compared with GPx4+/- mice that underwent 
the same treatment. (B) VEGF-A protein expression in the RPE/choroid was measured by ELISA 
before and 3 days after the CNV induction. Mean ± SEM, n = 4–6. P values for ANOVA are 
described inside the figure. A post hoc Tukey’s test *P < 0.05, **P < 0.01, ns [not significant], 
compared with GPx4+/- mice that underwent the same treatment. 
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5.4 Discussion 

 

The results of the current study demonstrated that GPx4 influences the regulation 

of VEGF-A expression in the RPE/choroid tissue not only after CNV induction, but also 

before laser was performed to induce CNV. This suggests that GPx4 might be enrolled in 

the regulation of VEGF in both physiologic and pathologic conditions. Furthermore, GPx4 

confers protection against development of CNV in mice. Because the importance of 

VEGF in CNV has been well established both in animal studies and in studies using 

human subjects with CNV (Lambert et al., 2013; Rosenfeld et al., 2006), the role of GPx4 

on the basis of VEGF was evaluated in this study. However, to date the relationship 

between antioxidant enzymes, VEGF-A, and CNV has not been completely understood.  

Considering that cells are fully capable of upregulating the intrinsic activity of 

antioxidant enzymes to protect themselves against deleterious effects generated by 

oxidative stress reactions, different studies reported the importance of GPx4 opposing 

lipid peroxidation. In line with the literature, the present study demonstrated less 

accumulation of peroxidized lipids in the RPE/choroid of GPx4-overexpressing mice. 

Furthermore, lipid peroxidation varied according to the amount of GPx4 expressed in the 

mice. As the pathogenesis of CNV is associated with increased recruitment of 

inflammatory mediators and enhanced generation of ROS and AGEs, it is reasonable that 

GPx4 might play a role in the cellular defense against neovascularization.  

GPx4+/- mice and GPx4-overexpressing mice were used in the present study to 

evaluate the importance of GPx4. This strategy was used because it was not possible to 

produce live conditional knockout mice in which GPx4 expression was abrogated 

specifically in the RPE. A possible explanation for this might be that in the RPE65-Cre 
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mice used, Cre was expressed from the early stage of development. However, by using 

mice expressing different levels of GPx4, it was possible to clearly demonstrate the 

protective role of GPx4 against CNV. 

With the objective of better perceiving the behavior of VEGF in CNV 

development, the time course of VEGF-A mRNA expression in the RPE/choroid tissue 

was explored. Although increased VEGF-A protein expression in mouse RPE/choroid 

tissue after CNV induction has been well established, the change in the VEGF-A mRNA 

level has not been thoroughly investigated. Only few reports describing the VEGF-A 

mRNA level in mice with laser-induced CNV were found in the literature. In two of them, 

the VEGF-A mRNA level increased three days after CNV induction (Liu et al., 2011; 

Mizutani et al., 2009) while in another one, no change was apparent during one week after 

CNV induction (Hu et al., 2009). In a recent comprehensive review on the methodology of 

the CNV model, the variation in VEGF-A mRNA levels was not discussed (Lambert et al., 

2013). In the present study, using several different primer pairs, it was confirmed that 

VEGF-A mRNA is downregulated after CNV induction by laser treatment.  

According to the literature, discrepancies between mRNA and protein levels can 

occur (Futcher et al., 1999; Gygi, et al., 1999). Based on the analysis of the different 

biochemical and physical contributors to the correlation of mRNA and protein abundance, 

mRNA levels explain around 40% of the variability in protein levels (Schwanhaüsser et al., 

2011). One of the reasons for this variance could be related to the complexity of post-

transcriptional mechanisms (Greenbaum et al., 2003). During the course of the cell cycle, 

mRNA expression levels can vary or remain stable. Cho et al. (1998) showed that genes 

which presented a small variation in mRNA expression during the cell cycle tended to 

have little or no correlation with the final protein levels, while those that presented a large 
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variation of mRNA expression during the cell cycle had higher correlation between 

mRNA expression and protein levels (Cho et al., 1998). Another reason for discrepancies 

could be related to the levels of ribosomal occupancy (Greenbaum et al., 2003).  

Greenbaum et al. (2003) found no correlation between mRNA and proteins when the 

ribosomal occupancy rates were low (Arava et al., 2003). Moreover, the authors also 

showed that genes which were highly expressed tended to present higher correlation levels 

between mRNA expression and proteins. Another point to consider is the ability of genes 

to respond quickly to a stimulus. Several transcription factors and genes with specific 

function in the cell-cycle control have unstable mRNAs and proteins, which predispose 

them to rapid transcriptional or translational regulation (Schwanhaüsser et al., 2011). 

Many genes with stable mRNAs but unstable proteins can be quickly regulated at 

translation. These observations are consistent with the idea that several fast responding 

genes have short protein or mRNA half-lives, which might contribute to the weak 

correlation between mRNA and protein levels.  

By all those reasons, the discrepancy in the levels of mRNA and protein in the 

current study supports the post-translational regulation of VEGF. For example, the 

activation of proteolytic enzymes such as matrix metalloproteinase (MMP)-9 (Xu et al., 

2012), and a disintegrin and a metalloproteinase domain (ADAM)-15 (Xie et al., 2008) 

regulate the extracellular VEGF protein levels and affect choroidal neovascularization. In 

addition, the RPE/choroid tissue consists of heterogeneous cellular components – the cells 

from the RPE, and the endothelial cells of the choroidal vessels – which naturally increase 

the complexity of such evaluation as variations of specific cellular populations are 

combined. Although the mechanism of VEGF regulation was beyond the scope of the 

current study, it is an interesting topic for a future investigation. 
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In agreement with the difference in GPx4 expression, a dose-pendent increase in 

VEGF-A protein expression in the RPE/choroid tissue under physiological conditions was 

observed. In contrast, as GPx4 expression increased, the elevation in VEGF-A protein 

level mediated by laser-induced CNV was suppressed. Consequently, after CNV induction, 

the VEGF-A protein levels were reduced in the GPx4-overexpressing mice. Under 

physiologic conditions, the decreased and increased VEGF-A protein expression in the 

GPx4+/- and GPx4-overexpressing mice, respectively, were unexpected results. However, 

these changes could be associated with the established importance of VEGF that is known 

to maintain the physiologic choroidal vasculature (Kurihara et al., 2012). Furthermore, 

VEGF overexpression itself did not induce pathologic CNV (Oshima et al., 2004). On the 

other hand, the situation was completely different in the RPE/choroid tissue after CNV 

induction. The VEGF-A protein levels were significantly upregulated by CNV induction 

in the GPx4+/- mice, while the levels did not significantly change in the GPx4 transgenic 

mice. This result confirms the notion that GPx4 could confer protection against CNV 

growth. 

In the present study, the importance of GPx4 in the RPE/choroid tissue using a 

laser-induced CNV model was evaluated. Previously reports demonstrated that SOD1 

knockout mice reportedly developed numerous age-related changes in the RPE/choroid 

tissue including naturally occurring CNV (Imamura et al., 2006; Xie et al., 2011) or 

ischemic retinopathy (Dong et al., 2009). The protective role of GPx4 against the 

oxidative stress in the retina was confirmed (Lu et al., 2009). However, the effect of an 

antioxidant enzyme on laser-induced CNV or VEGF-A expression in the RPE/choroid 

tissue is not completely clear. In a study evaluating the role of thioredoxin 1, laser was 

applied at the threshold intensity and the ratio of the number of CNV to the number of 
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laser spots was analyzed (Inomata et al., 2008). Because evaluating CNV size is the most 

widely accepted methodology for the laser-induced CNV model (Giani et al., 2011; 

Lambert et al., 2013), the present study demonstrated for the first time the importance of 

an endogenous antioxidant enzyme in a laser-induced CNV model with VEGF-A 

expression in the RPE/choroid tissue. 

Finally, the current study revealed that GPx4 influences the expression of VEGF-A 

in the RPE/choroid tissue under both physiologic and pathologic conditions. Furthermore, 

GPx4 confers protection against CNV development in vivo. Therefore, GPx4 could be a 

potential target for CNV treatment.  
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6. Discussion 
 

Different factors are closely associated with the development of AMD. Both 

genetic and environmental risk factors have been already established as contributors to the 

disease. The basis of the pathogenesis of AMD relies on the complex formed by the RPE, 

choroid and photoreceptor cells. There is a strong interaction among those structures, 

constantly exchanging metabolites and nutrients. The choroidal blood supply is 

fundamental for the RPE cells, while the photoreceptors depend on the RPE cells to 

maintain their physiologic activity and continued work of phototransduction. Therefore, 

the RPE cells represent the most important structure regulating the retinal environment, 

playing a crucial role in the abnormalities related to the pathogenesis of AMD. 

Owing to the fact that AMD is characterized by progression, early stage disease 

usually advances to the late-stage AMD, either geographic atrophy or neovascular AMD. 

Thus, it was my interest to investigate the mechanisms associated with the senescence of 

RPE cells that might contribute to the pathogenesis of the disease. 

On the basis of the results reported in this study, phagocytosis of POS protects the 

RPE cells against senescence-related modifications. Binding of POS to the RPE cells leads 

to the activation of PGC-1α, which is responsible for increasing mitochondrial biogenesis 

and decreasing the generation of ROS in the treated cells. Additionally, higher expression 

of antioxidant enzymes in the RPE cells treated with POS was also demonstrated here. 

Supporting the results showed in this study, Mukherjee et al. (2007) described that POS 

phagocytosis was associated with increased refractoriness to oxidative stress-induced 

apoptosis in ARPE cells. Furthermore, Nandrot et al. (2004) reported that impaired 
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phagocytic activity of the RPE cells led to lipofuscin accumulation, which is associated 

with the aging phenomenon.  

Autophagy is an important process associated with removal of cellular debris and 

damaged organelles (Kim et al., 2013). Functioning as a mechanism for cell repair, it is 

particularly important for long-lived postmitotic cells (Kim et al., 2013). It has been 

postulated that autophagy-related proteins are strongly expressed in the eye, suggesting 

this process is possibly critical for maintaining the health of the RPE and retina (Krohne et 

al., 2010). Furthermore, the accumulation of end metabolic products with age, such as 

oxidized lipids and lipofuscin, are considered to interfere with lysosomal degradative 

processes in RPE cells in vitro, suggesting that any interference with autophagy might be a 

possible mechanism for cellular dysfunction and progression of disease (Vives-Bauza et 

al., 2008).  

The final step of autophagy process is lysosome-dependent. Intracellular 

constituents or any material undergoing autophagy are delivered for lysosomal 

degradation. Lysosomes are responsible for the synthesis and release of potent hydrolytic 

enzymes that will act on the autophagosome, thus originating the autophagolysosome 

(Kim et al., 2013).  

Kim et al. (2013) described an association between POS phagocytosis by the RPE 

cells and autophagy. They demonstrated that in mice with Atg5-deficient RPE cells, 

phagosomes failed to move from the apical surface to the basal surface of the RPE cells, 

and most importantly, phagosome maturation as well as phagosome-lysosome fusion was 

defective in preventing degradation. As a consequence, disrupted POS degradation, 

diminished chromophore levels, and decreased visual function were observed. Therefore, 

POS phagocytosis and autophagy are linked to maintain a proper functioning of the visual 
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cycle. Additionally, Valapala et al. (2014) described that in mice with Cryba1-deficient 

RPE cells, lysosomal pH was elevated and cathepsin D activity was decreased, thereby 

blocking autophagy in their RPE cells. They also showed that loss of Cryba1, and the 

consequently interrupted lysosomal process, were associated with age-related 

abnormalities in the cellular architecture of RPE cells. Although no damage to 

autophagosome generation was observed, nor on to fusion with lysosomes, the terminal 

degradative stage of the autophagic process was inhibited.  

TFEB is already known as regulator of the lysosomal biogenesis, positively 

controlling genes associated with the coordinate lysosomal expression and regulation 

network (Sardiello et al., 2009). The authors observed an increase in the expression of 

different lysosomal genes after TFEB overexpression. Following the same behavior, 

activity of lysosomal enzymes, such as cathepsin D, was demonstrated to be significantly 

enhanced after overexpression of TFEB. Additionally, the abrogation of TFEB activity 

using a specific siRNA to KD TFEB expression was associated with the downregulation 

of different lysosomal genes. Accordingly, cytosolic TFEB translocated to the nucleus in 

response to abnormal lysosomal storage conditions, resulting in activation of its target 

genes. Thus, the nuclear translocation of TFEB is considered an important mechanism of 

TFEB activation (Sardiello et al., 2009). 

The results of the present study suggest that PGC-1α, activated by the binding of 

POS to the αvβ5 integrin receptor, is associated with the activation of TFEB in the RPE 

cells. Nuclear staining of RPE cells with TFEB antibody was strongly decreased by the 

abrogation of PGC-1α expression. Additionally, the KD of PGC-1α in the RPE cells 

downregulated the expression of TFEB-target genes. Following the same tendency, 

cathepsin D activity was also significantly decreased in the RPE cells deprived of PGC-1α 

expression. 
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TFEB has been proved to be associated with autophagy, despite its role in 

lysosomal biogenesis coordination. Settembre et al. (2011) demonstrated that TFEB 

overexpression significantly increased the number of autophagosomes in vitro. This 

increase persisted even when cells were treated with specific lysosomal inhibitors of 

autophagosomes and degradation. The sustained elevation indicated that TFEB activates 

the formation of autophagosomes.  Additionally, the KD of TFEB expression in vitro 

using siRNA resulted in decreased levels of autophagy-related protein in either normal or 

starved conditions, and in the presence or absence of lysosomal inhibitors of 

autophagosomes. This suggests that the biogenesis of autophagosomes and lysosomes are 

coregulated by TFEB (Settembre et al., 2011). They also evaluated the delivery of 

autophagosomes to lysosomes, demonstrating that the number of autophagolysosomes was 

higher in cells overexpressing TFEB than in control ones, indicating that the autophagic 

flux was directly increased by TFEB. In accordance with that, overexpression of TFEB 

also enhanced the degradation of long-lived proteins, while the KD of TFEB decreased its 

degradation (Settembre et al., 2011).    

Considering the fact that impaired lysosomal activity leads to abnormal 

accumulation of lipids as a consequence of the inability to proceed to an efficient 

degradation of internalized POS in the RPE cells, the role of PGC-1α in POS degradation 

was also evaluated. It was demonstrated in the current study that PGC-1α protects the RPE 

cells against intracellular lipid accumulation. Furthermore, PGC-1α was also associated 

with a protective role against the accumulation of peroxidized lipids in the RPE cells after 

POS treatment.  

In agreement with these findings, PGC-1α KO mice demonstrated important 

features of senescence in the RPE cells, choriocapillaris and Bruch’s membrane. Moreover, 

choriocapillaris atrophy and lipofuscin accumulation were also observed in the mice 
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lacking PGC-1α expression. It is important to remember that VEGF has a physiologic role 

in the development of the choroidal blood vessels. According to Ueta et al. (2012b), 

PGC-1α is a regulator of VEGF expression in RPE cells following POS phagocytosis. 

Thus, in the early-stage AMD, PGC-1α plays a physiologic role in the maintenance of the 

choriocapillaris. However, in the late-stage neovascular AMD, the overexpression of 

VEGF is associated with a pathologic effect on the generation of abnormal choroidal 

blood vessels, and PGC-1α may possibly contribute to this scenario. 

In the late stage neovascular AMD, characterized by choroidal neovascularization, 

dysregulation of growth factor secretion by the RPE cells is one of the most important 

factors in the pathogenesis of the disease. Hypoxia, wound healing processes following 

the loss of RPE cells and inflammation have been implicated in the establishment of CNV 

(Strauss, 2005). Although different types of growth factors have been associated with 

CNV, the most important angiogenic factor responsible for the development of abnormal 

choroidal blood vessels is VEGF. Different studies have demonstrated the RPE cells to be 

the most important source of VEGF secretion in CNV (Strauss, 2005). RPE cells of 

patients with vascular AMD show higher secretion rates of VEGF when compared with 

those of patients without CNV (Strauss et al., 2003).  

Two pathways have been associated with the generation of VEGF in the RPE cells: 

one is mediated by the complement system, and the other one is regulated by oxidative 

stress. Both of them have been described as intermediating the production of VEGF 

(Ambati and Fowler, 2012). Although independently regulating the VEGF secretion, 

oxidative stress and complement system can work synergistically in the generation of 

choroidal and retinal new blood vessels. Oxidative stress might stimulate the complement-

induced secretion of VEGF in the RPE cells (Thurman et al., 2009). Besides VEGF, many 

vascular molecules secreted by the RPE are capable of potentiating VEGF secretion in 
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response to the activation of complement system (Fukuoka et al., 2003) and oxidative 

stress (Higgins et al., 2003). RPE cells are constantly exposed to a wide variety of 

stressors, which contributes to impairment of their physiologic role in the maintenance of 

the surrounding structures. Damaged RPE cells then originate a proinflammatory 

environment, considered a key modulator of CNV development and progression. Besides 

induction of proangiogenic VEGF, active complement factors start recruiting leukocytes 

to the choroidal tissue (Nozaki et al., 2006). Thus, oxidative stress imposed on the RPE 

cells by the photo-oxidation products activates the complement system, contributing to the 

establishment of neovascularization.  

According to the results demonstrated in the present study, GPx4 expression is 

strongly associated with protection against CNV. Not only was the size of the CNV 

lesions influenced by the antioxidant molecule, but the expression of VEGF was also 

regulated by GPx4.  

It is important to remember that isolated VEGF overexpression in the RPE cells is 

not sufficient for the development of CNV. For CNV to be successfully established, it is 

necessary that both the Bruch’s membrane and the RPE cells to be compromised, allowing 

the growth of abnormal new blood vessels towards the retina (Oshima et al., 2004). In 

agreement with the literature, the current study reported that in physiologic conditions, the 

expression of VEGF, although increased, was not associated with the development of 

CNV. Probably the presence of intact and fully functional RPE cells and Bruch’s 

membrane contributed to the maintenance of the health status. Additionally, VEGF 

expression is needed for the normal development of the choroidal vasculature. On the 

other hand, the situation changes completely when it comes to the pathologic scenario. 

After laser-induced CNV, the overexpression of GPx4 significantly downregulated the 

expression of VEGF; thus, protecting against CNV formation.    
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Aging-related changes in the RPE cells, which are responsible for lipofuscin 

accumulation, impaired POS degradation by the autophagy/lysosomal pathway, leading to 

generation of ROS, decreased mitochondrial function and lipid accumulation. 

Consequently, the RPE structure becomes compromised, which contributes to the 

establishment of the new blood vessel growth from the choroid. Oxidative stress is also 

associated with the accumulation of AGEs in the Bruch’s membrane. The developing 

neovascular tissue shows high expression of AGEs, while the RPE cells contain active 

receptors for AGEs in the basal membrane. Thus, RPE cells are fully capable of secreting 

VEGF in response to AGEs exposure (Handa et al., 1999; Lu et al., 1998), contributing to 

the development of neovascularization. 
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7. Conclusions  
 

The results of the present study demonstrate for the first time the existence of a 

specific pathway responsible for the degradation of POS by the RPE cells. Accordingly, 

binding of POS activates the αvβ5 integrin/FAK/PGC-1α signaling route in the RPE, 

stimulating the intracellular digestion of the internalized POS by lysosomal activity, 

protecting the cells against metabolic stress. Recognition of POS is associated with an 

antisenescence effect in the RPE cells. This is particularly important in the scenario of the 

early stage AMD, wherein aging of RPE cells represents the basis of the pathogenesis of 

the disease. Thus, this pathway may represent a possible target for future therapeutic 

interventions in early stage AMD, avoiding the progression of the disease. 

The current study also disclosed for the first time the protective effect of the 

antioxidant enzyme GPx4 in the regulation of VEGF expression in the RPE/choroid.  

GPx4 was shown to regulate VEGF levels in both physiologic and pathologic conditions. 

Moreover, GPx4 showed a protective effect in the development of CNV. Therefore, GPx4 

may be a potential target for the treatment of late stage neovascular AMD. 
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8. Clinical Viewpoints and Future Perspective 
 

The current research confirmed important roles of PGC-1α combating the aging 

process in the RPE cells. This study suggests that insufficient induction of PGC-1α in 

response to POS binding may be an important factor for the aging of RPE cells. In 

addition, aged phenotypes in RPE of PGC-1α-deficient mice were firstly revealed. 

Therefore, enforcing PGC-1α activity may be a preventive measure for the development 

of AMD, a major cause of blindness worldwide. Well-known activators of PGC-1α among 

nutrients and lifestyle modifications include resveratrol, polyphenol (Wang et al., 2014), 

calorie restriction (Martin-Montalvo and de Cabo, 2013), and endurance exercise 

(Pilegaard et al., 2003; Suwa et al., 2008). These PGC-1α-activating factors need to be 

further evaluated for the potential anti-aging effects in RPE cells.  

Another point investigated in the current study was the role of GPx4 in a mouse 

model of neovascular AMD. For the next step, the effect of the augmented GPx4 

expression using a virus vector for the inhibition of CNV should be elucidated in the 

future. 
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