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Age-related macular degeneration (AMD) is a common irreversible sight-threatening disease characterized by

progressive degeneration of the central retina, preferentially involving the retinal photoreceptors, the retinal

pigment epithelium (RPE), the Bruch’s membrane (BM), or the choroidal microcirculation in the macular region.

age-related macular degeneration  pathogenesis

1. Introduction

Age-related macular degeneration (AMD) is a common irreversible sight-threatening disease characterized by

progressive degeneration of the central retina, preferentially involving the retinal photoreceptors, the retinal

pigment epithelium (RPE), the Bruch’s membrane (BM), or the choroidal microcirculation in the macular region .

In 2020, AMD accounted for 5.4% (1.8 million) of blindness among the global 33.6 million blind adults over the age

of 50 and is the fourth leading cause of blindness worldwide . Moreover, the prevalence of AMD is predicted to

rise continuously and rapidly based on the increasing average life expectancy . It has been estimated that in

2040, 288 million people will be affected by AMD worldwide . Depending on the degree of disease severity,

patients perceive different decreases in their quality of life . For example, patients with mild AMD perceive a 17%

decrement in their quality of life, while people with severe AMD report on a 63% reduction in the quality of life . In

addition to the deleterious effects on patients’ quality of life, treatment of AMD causes high economic costs . The

annual loss of gross domestic product due to AMD was $2.6 billion in Canada in 2005, while the annual loss was

approximately $4.6 billion in the United States in 2016 .

The first reports of the pathogenetic process underlying AMD were described by Donders et al. in 1855 and by

Nagel et al. in 1868 . By 1965, the terminology of AMD was becoming more and more accepted . AMD is

classified into three clinical stages: early, intermediate, and advanced AMD . The presence of drusen (>63 and

≤125 μm in diameter) is the earliest clinical feature of early AMD, which impairs the patients’ ability of dark

adaptation during the transition from high to low illumination environments . Most central visual loss occurs in

the intermediate and advanced stages of AMD. Advanced AMD includes two categories: geographic atrophy (GA)

and neovascular AMD . GA is characterized by slowly progressive deterioration of the RPE, photoreceptor layer,

and choroidal capillaries in the macula, leading to progressive vision loss over several years . Neovascular

AMD, also known as exudative AMD, is characterized by the invasion of new immature choroidal vessels breaking

through the BM into the retina, causing exudates, hemorrhages and detachment of the RPE or retina. This disease

form causes more rapid progressive loss of vision than GA .
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Many risk factors are related to AMD and interact with each other in its pathogenesis, making AMD a complex

multifactorial disease . The multifactorial etiology includes demographic factors (age, gender, and ethnicity),

epidemiological risk factors (body-mass index, smoking, diet, and gene polymorphisms, e.g., mutations in the

complement cascade), and environmental risk factors (exposure to sunlight and to chemical substances) 

. Notably, oxidative stress and choroidal vascular dysfunction have been suggested to be the most important

trigger factors of AMD pathogenesis . Oxidative stress plays an important role in aging diseases including

AMD, especially owing to the much higher oxygen consumption by the retina than by any other tissue . In

addition, the proliferative abnormal choroidal vasculature grows into the subretinal space in the exudative form of

AMD, eventually causing detachment of the RPE and consecutively vision loss . It is more and more recognized

that genetic risk factors have a critical relevance to the oxidative stress response and choroidal vascular

dysfunction in AMD . However, still little is known regarding the interplay between these two

pathophysiological factors and their link to genetic factors in AMD pathogenesis. As yet, up to 90% of AMD patients

worldwide are still untreatable . This situation makes it an urgent priority to better understand the

pathophysiology of AMD and to design targeted therapies for this disease.

2. The Macula

The macula is an oval-shaped spot localized in the center of the retina, which is responsible for clear and fine detail

vision . The macula has a diameter of about 5 mm and can be subdivided into six areas: the umbo, foveola,

foveal avascular zone, fovea, parafovea, and perifovea areas . The fovea is located at the center of the macula

and contains the largest concentration of cones in the retina, enabling high-resolution vision . The central region

of the macula, which is 250 to 600 μm in diameter and termed the foveal avascular zone, lacks retinal blood

vessels and is supplied by the choroidal circulation .

The fovea is composed of few layers from anterior to posterior: an extremely thin inner plexiform layer, the outer

nuclear layer, the cones, and the RPE layer . The foveola lies in the center of the fovea and contains only cone

photoreceptors and unique Müller cells with optical fiber characteristics . Moreover, peripheral areas of the

macula and the rest of the retina contain both rod and cone cells . The RPE is attached to the cone

photoreceptors and carries out many functions including phagocytosis of the photoreceptors’ outer segment

membrane, maintenance of the physiological functions of the choriocapillaris, conversion and storage of retinoid,

absorption of scattered light, and transport of ions and fluid . RPE cells are taller in the fovea than in non-foveal

areas . The BM is attached to the basal surface of the RPE, an elastic semi-permeable barrier for major

metabolic transport and exchange . Adjacent to BM, the choriocapillaris is composed of fenestrated capillaries in

the innermost layer of the choroid that provides blood supply to the RPE and the macula (Figure 1) . A better

understanding of macular anatomy can significantly improve our understanding regarding the role of risk factors in

the pathogenesis of AMD.
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Figure 1. Anatomy of the fundus and macula. Abbreviations: RPE: retinal pigment epithelium; BM: Bruch’s

membrane.

3. Clinical Classification of AMD

AMD is a degenerative disease of the retina, which leads to changes in photoreceptors, RPE, BM, and/or

choriocapillaris, eventually resulting in central visual impairment . The pathology of AMD is characterized by

macular drusen, RPE atrophy, choroidal neovascularization, neurosensory retina detachments, and disciform scars

or lesions . According to the clinical manifestation, several classification scales of AMD have been developed.

For example, The Age-Related Eye Disease Study (AREDS) research group divided patients into four AMD

categories, depending on the size and extent of drusen, presence of GA, and neovascular changes . Later, the

AREDS research group developed a nine-step fundus photographic severity scale for AMD, combining the six-step

drusen area and five-step pigmentary abnormality area scales for tracking the progression of AMD and providing

baseline risk categories . However, the AREDS nine-step severity scale is overly complicated and not useful for

clinical work . Consequently, the AREDS research group proposed a five-step simplified clinical scale for AMD,

which is clinically more relevant .

However, the precise definition for clinical classification of AMD is still under discussion among clinicians. To deal

with this situation, the Beckman Initiative for Macular Research Classification Committee proposed a new clinical

classification scheme for AMD in 2013. The Beckman AMD classification system provides a simplified and unified

guidance for broad clinical phenotypes by using a modified Delphi technique (Table 1) . Based on the Beckman

AMD classification system, the disease is classified into early-stage AMD, intermediate-stage AMD, and late-stage

AMD (GA and neovascular AMD) . Early-stage AMD is characterized by the presence of medium-sized drusen

(>63 and ≤125 μm) without any impairment of visual function . Intermediate-stage AMD is defined as the

presence of large drusen (>125 μm) or/and abnormalities in the RPE . Late-stage AMD (advanced AMD) is

classified into two clinical forms: GA (dry or non-exudative AMD) and neovascular AMD (wet or exudative AMD) .

GA is defined by the irreversible loss of the RPE and photoreceptor cells, leading to a decrease in visual function
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. Neovascular AMD is characterized by the invasion of newly fragile choroidal blood vessels growing from the

choroid into the retina . This process is known as choroidal neovascularization (CNV), which goes along with

blood and fluid leakage, leading to detachment of the retina or RPE and rapid vision loss . Figure 2 describes

the clinical manifestation and pathology of AMD from early to late stage.

Figure 2. Clinical manifestation and pathology of AMD from the early to late stage. Medium-sized drusen found in

early AMD. Intermediate AMD shows the presence of large drusen. Late AMD is classified into GA and neovascular

AMD. GA is defined by the deterioration of the RPE, photoreceptor layer, and choroidal capillaries in the macula.

The invasion of abnormal fragile choroidal blood vessels growing from the choroid into the retina in neovascular

AMD, with blood and fluid leakage. Abbreviations: AMD: age-related macular degeneration; GA: geographic

atrophy.

Table 1. The Beckman clinical classification of age-related macular degeneration (AMD) .

Abbreviations: AMD: age-related macular degeneration; GA: geographic atrophy; RPE: retinal pigment epithelium.

 

4. Pathogenesis of AMD
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Classification Clinical Manifestation

No AMD No drusen and no RPE abnormalities

Normal aging changes Drusen ≤ 63 μm and no RPE abnormalities

Early AMD Drusen > 63 μm and ≤125 μm and no RPE abnormalities

Intermediate AMD Drusen > 125 μm and/or RPE abnormalities

Late AMD GA and/or neovascular AMD
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4.1. Oxidative Stress and AMD

4.1.1. The Macula—An Ideal Environment for the Generation of ROS

It is well known that the retina is one of the highest oxygen-consuming tissues in the human body, utilizing even

more oxygen per weight than the brain . The local oxygen metabolic environment in the retina plays an essential

role in keeping retinal homeostasis between the supply and consumption of retinal oxygen . The retina

continuously transforms light into vision, requiring a marked amount of energy and generating reactive oxygen

species (ROS), such as the superoxide (O ), the hydroxyl radical ( OH), hydrogen peroxide (H O ), and singlet

oxygen ( O ) as normal metabolic byproducts . Generally, ROS are produced during oxidative metabolism under

physiological conditions and participate in normal cellular metabolism . However, when the generation of ROS

exceeds the capacity of the antioxidant systems, ROS disrupt the balance of redox homeostasis and cause

oxidative stress .

Owing to the property of high oxygen-metabolism, retinal tissue generates significant amounts of ROS, which

makes the retina susceptible to oxidative damage . Evidence shows that the choroidal circulation can only

supply the outer retina, while the inner retina is nourished by the retinal vasculature . Importantly, the central

250–600 µm of the macula are devoid of retinal blood vessels and receive blood supply from the underlying

choriocapillaris only . Consequently, the RPE is exposed to high ambient oxygen partial pressures of 70–90 mm

Hg, which provides an ideal environment for the generation of abundant exogenous ROS . Moreover, the RPE

constitutes the outer blood-retinal barrier (oBRB), maintains phagocytosis of around 30,000 photoreceptor outer

segments, heat exchange, and vitamin A metabolism, which all produce high levels of ROS . Furthermore, the

macula is constantly exposed to light and absorbs light to optimize vision, which causes photo-oxidative stress as

an additional source of exogenous oxidative stress . An in vitro study showed that short-wavelength light

induces ROS production in the mitochondria . The characteristics of the unique sources of retinal ROS

generation and high oxygen consumption suggest that oxidative damage is an essential factor in the mechanism of

AMD development.

4.1.2. Animal Models of AMD

Experimental models of AMD have been developed in different species, such as mice, rats, rabbits and pigs to

better understand the pathogenesis of the disease and to provide suitable preclinical models for drug intervention

. These animal models include natural and genetically engineered animal models . A light-induced model is

provided for AMD to imply the relationship between oxidative damage and AMD, since light is a natural risk factor

involved in AMD, and a light-induced model is easy to produce by varying light intensity and duration .

Moreover, transgenic animal models have been studied in AMD over the last few years, such as the nuclear factor-

erythroid 2-related factor 2 (Nrf2) knock-out (KO) mouse model, the peroxisome proliferator-activated receptor

gamma coactivator-1 alpha (PGC-1α) KO mouse model, the superoxide dismutase-2 (SOD2) KO mouse model

and the peroxisome proliferator-activated receptor-β (PPARβ) KO mouse model . These genetic animal

models can develop various forms of AMD and enhance the understanding of the disease, offering great

possibilities for gene therapeutic approaches.
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4.1.3. The Generation of ROS Due to Light Exposure

It is well established that light exposure has the potential to cause detrimental effects in many organs and tissues,

such as the skin, cornea, conjunctiva, lens, as well as the RPE and retina . Large amounts of ROS are

produced by exposure to ultraviolet light wavelengths from 100 nm to 400 nm and to blue light wavelengths from

400 nm to 500 nm . It should be noted that the photoreceptors in the macula are directly exposed to light

and are absorbing parts of the light spectrum through rhodopsin, a photoreceptor molecule in rods . Since the

cornea, anterior chamber, and crystalline lens effectively filter different parts of the ultraviolet spectrum, only a low

portion (1% or less) of the ultraviolet band (315–400 nm) reaches the retina . Some studies demonstrated that

absorption of ultraviolet rays by the retina results in photochemical reactions via a type 1 mechanism (direct

reactions involving proton or electron transfers) and a type 2 mechanism (reactions involving ROS) .

Likewise, blue light was shown to be capable of inducing substantial ROS formation in the retina and RPE. The

generation of ROS during photooxidative stress may damage cellular components (lipids, proteins and

deoxyribonucleic acid (DNA)) and, thereby, is responsible for a large part of cytotoxicity .

Based on an in vitro study on an organotypic culture system for mouse retinas by Roehlecke and Schumann, it has

been proposed that the generation of ROS occurs directly in outer segments of photoreceptors by nicotinamide

adenine dinucleotide phosphate oxidase (NOX) as well as by the mitochondria-like activity of the outer segments

after visible blue light (405 nm) irradiation with an output power of 1 mW/cm  . In addition, the authors found that

blue light rapidly induced ROS generation in photoreceptors of retinal explants after 0.5–1 h by increasing NOX

activity (especially NOX2 and NOX4) and demonstrated that a cross-talk between NOX and mitochondria-like

activity may stimulate NOX activation . Another study conducted on the human RPE cell line, adult retinal

pigment epithelial cell line-19 (ARPE-19), revealed that the mitochondrial electron transport chain is an important

source of ROS and that mitochondria-derived ROS played a critical role in the death of cells exposed to short-

wavelength blue light (425 ± 20 nm) . Meanwhile, several pigments in the retina, such as rhodopsin, lipofuscin

and melanin were shown to be involved in the process of inducing oxidative stress . Grimm et al. reported

that rhodopsin mediated blue-light-induced damage in the retina, which occurred after short time exposure to blue

light but not to green light . In the RPE, lipofuscin is derived primarily from phagocytosis of shed photoreceptor

outer segments and is considered a heterogeneous waste material that accumulates with age in active postmitotic

cells, such as those of the RPE . Evidence also implicated that lipofuscin serves as a photoinducible

generator of ROS and is an initiator of blue light damage in the RPE . In an in vitro study in cultured RPE cells,

Shamsi et al. demonstrated that lipofuscin is capable of inducing lipid peroxidation and reducing the efficacy of the

lysosomal and antioxidant enzyme systems in RPE cells . In an ARPE-19 cell culture model constructed by

Sparrow et al., the lipofuscin fluorophore, N-retinyl-N-retinylidene ethanolamine (A2E), contributed to blue light-

induced damage in RPE cells . Furthermore, lipofuscin as a potent generator of ROS may exert deleterious

effects to the retina by light exposure .
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