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1. Introduction 
1.1 Lipofuscin accumulation-related retinal disorder 
Stargardt disease, first demonstrated by Karl Stargardt in 1909, is one of the 

most frequent causes of hereditary macular dystrophies in humans (Stargardt, 

1909, Tsang and Sharma, 2018).  Its prevalence is approximately 1:8000–

10,000 (Michaelides et al., 2003, Tsang and Sharma, 2018, Cremers et al., 

2020). The hallmark is the accumulation of lipofuscin in the retinal pigment 

epithelium (RPE). Onset usually occurs in childhood or early adolescence, at 

about 10–15 years of age (Tsang and Sharma, 2018). However, in some cases, 

the disorder onset occurs later in life (Lambertus et al., 2016). The age of onset 

relates to the severity of the underlying disease course, childhood-onset 

Stargardt disease is correlated with more deleterious variants, while a later age 

of onset is often associated with a milder prognosis (Tanna et al., 2017, Tanaka 

et al., 2018, Lambertus et al., 2015, Rotenstreich et al., 2003). Normally, 

determining the actual age of disease beginning is difficult since many patients 

may be unaware of the visual impairment or still have maintained central vision 

due to the fovea function sparing (van Huet et al., 2014, Bax et al., 2019). In the 

beginning, ophthalmoscopy might also exhibit a normal fundus or mild retinal 

abnormalities (Tanna et al., 2017). 
The clinical features of this autosomal recessive disorder vary widely due to the 

severity of the underlying ABCA4 variants (Tanna et al., 2017, Zernant et al., 

2014, van Driel et al., 1998). Stargardt disease usually presents as progressive 

bilateral central visual impairment with progressive bilateral atrophy of the 

foveal retinal pigment epithelium, and the presence of yellowish flecks in fundus 

microscopy, defined as lipofuscin deposits (van Huet et al., 2014, Haji Abdollahi 

and Hirose, 2013). Patients typically present with reduced central visual function, 

with highly variable visual acuity (VA), depending on the degree of foveal 

involvement (Fujinami et al., 2013c). 

Owing to an accumulation of lipofuscin fluorophores in the RPE, the before-

mentioned yellowish flecks are hyperautofluorescent on fundus 

autofluorescence (AF). Fundus AF enables the investigation of lipofuscin 

distribution in the RPE cell as well as oxidized melanin (Schmitz-Valckenberg et 
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al., 2008, Taubitz et al., 2019). Fujinami et al demonstrated the relationship 

between AF subtype and genotype (Fujinami et al., 2013b). Full-field and 

multifocal electroretinography (ERG) are also helpful in diagnosis, Lois et al 

categorized the Stargardt macular dystrophy–fundus flavimaculatus into three 

phenotypic subtypes based on the electrophysiological attributes (Lois et al., 

2001). Group 1 is classified as having severe pattern ERG abnormality with 

normal full-field ERGs; Group 2 has additional loss of photopic ERG, indicating 

cone dysfunction; and Group 3 has abnormalities of both the photopic and 

scotopic ERG (Lois et al., 2001). Instead of indicating various phases in the 

course of the disease, these groupings have also been proved to have 

prognostic implications. Based on the cross-sectional data, Group 1 may have a 

more positive prognosis (Fujinami et al., 2013a). Fundus fluorescein 

angiography (FA) normally illustrates a dark choroidal phase resulting from the 

blockage effect of lipofuscin deposition (Westerfeld and Mukai, 2008). Spectral-

domain optical coherence tomography (SD-OCT) is a vital tool allowing for 

thorough three-dimensional visualization of morphological alterations in 

Stargardt disease including RPE abnormalities; loss of outer retinal; disruption 

of the photoreceptor segments, retinal atrophy, and different types of retinal 

flecks (Adhi et al., 2015, Ergun et al., 2005, Ritter et al., 2013). Furthermore, it 

could recognize childhood-onset Stargardt disease by demonstrating 

hyperreflectivity at the base of the foveal outer nuclear layer before symptoms 

are noticed (Khan et al., 2018). Optical coherence tomography angiography 

(OCTA) could also help analyze the retinal vascular network and retina changes 

noninvasively; thinning of retinal layers together with the alterations of the 

vascular network could be observed in OCTA (Arrigo et al., 2019). 

Another retinal disorder that is highly related to lipofuscin accumulation is dry 

age-related macular degeneration (AMD). AMD is the leading cause of impaired 

visual acuity and even blindness in the elderly group (Nowak, 2006, Ramkumar 

et al., 2010). In 2020, its global prevalence is estimated to be 200 million (Stahl, 

2020, Wong et al., 2014). Clinically, AMD Patients often complain of either 

acute or insidious vision loss accompanied by vision deformity if macular is 

involved (Stahl, 2020). Dry AMD, also known as nonexudative AMD, is 
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characterized by lipofuscin accumulation, drusen formation, and RPE 

degeneration (Bandello et al., 2017, Ramkumar et al., 2010). So far, the 

mechanisms of drusen development and macular atrophy lesions in dry AMD 

have not been thoroughly studied. The accumulation of cytotoxic pigment 

lipofuscin is shown to be related to RPE degeneration and cell death (Pan et al., 

2021, Abalem et al., 2019). 

For diagnosis, dilated fundus examination should be conducted for signs such 

as drusen deposits, hemorrhage, exudate, and other changes (Thomas et al., 

2021). OCT is important for the evaluation of macular in AMD patients, it helps 

to distinguish between wet and dry AMD and characterize AMD stage (Thomas 

et al., 2021). FA is the gold standard for conforming pathologic blood vessels 

(choroidal neovascularization) in AMD (Thomas et al., 2021, Stahl, 2020). 

OCTA also assists the investigation of the vascular network of the retina and 

choroid as a noninvasive tool which is replacing the traditional FA gradually 

(Thomas et al., 2021). 

1.2 ABCA4 gene mutation and animal models 
Variants in the ABCA4 gene are known to be responsible for several phenotypic 

patterns of hereditary retinopathy including Stargardt disease and cone-rod 

dystrophy (Allikmets et al., 1997, Cremers et al., 1998). To date, more than 

1000 disease-causing variations in the ABCA4 gene have been discovered and 

the number is still getting bigger (Cremers et al., 2020). This gene encodes 

ATP-binding cassette transporter protein,  which flips N-retinylidene-

phosphatidylethanolamine (N-Ret-PE) out of the intradiscal space into the 

cytoplasmic surface of disc membranes (Quazi and Molday, 2014, Lenis et al., 

2018, Westerfeld and Mukai, 2008). It is a part of the visual cycle. It is possible 

that the link between all-trans-retinal and phosphatidylethanolamine (PE) will be 

broken during this process. As a result, all-trans-retinal is converted to all-trans-

retinol and transported to the RPE. It is eventually converted back to 11-cis 

retinal (Westerfeld and Mukai, 2008). By doing so, removal of all-trans-retinal 

and 11-cis-retinal is accomplished. Hence, impaired ABCA4 function could lead 

to accumulation of N-ret-PE, then generate the formation of N-retinylidene-N-

retinyl-ethanolamine (A2E) and other bisretinoids, also known as lipofuscin 
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(Yamamoto et al., 2012, Sparrow and Boulton, 2005, Molday, 2007, Sparrow et 

al., 2000, Sparrow et al., 2012). The excessive A2E formation causes RPE cell 

dysfunction and subsequent degeneration of photoreceptors and RPE, and 

RPE cell death eventually resulting in vision loss (Pan et al., 2021, Taubitz et al., 

2018). 

Abca4-/- mice were generated for the Stargardt disease animal model and for 

lipofuscin genesis in general (Weng et al., 1999, Taubitz et al., 2018). 

Pigmented Abca4-/- mouse is the first Stargardt disease animal model that is 

bred on a 129 background (Fang et al., 2020, Taubitz et al., 2018). This model 

has been widely used as it exhibits a number of typical Stargardt pathological 

alterations that helps the understanding of this pathological process, including 

an accelerated deposition of lipofuscin granules in the RPE, delayed dark 

adaption and so on (Weng et al., 1999, Charbel Issa et al., 2013). However, this 

model has its own limitations, such as the lack of macula and the absence of 

retinal degeneration (Charbel Issa et al., 2013).  Because of the lacking retinal 

degeneration, this model is known as an early-stage Stargardt model. A second 

animal model is the albino Abca4-/- mouse, it was generated with a BALB/c 

genetic background (Radu et al., 2004, Wu et al., 2010).  Compared to 

pigmented Abca4-/- mouse, albino Abca4-/- mouse exhibits retinal degeneration 

and loss of photoreceptor nuclei (Radu et al., 2008, Wu et al., 2010, Taubitz et 

al., 2018). A third model is the pigmented Abca4-/-Rdh8-/- mouse strain, which is 

generated by the hybrid of Abca4-/- mice and Rdh8-/- mice with a mixed 129.B6 

background (Maeda et al., 2008, Taubitz et al., 2018). In this model, regional 

retinal degeneration, reduced thickness of the photoreceptor layer, and 

formation of rosette and drusen were detected (Maeda et al., 2008, Taubitz et 

al., 2018). 

1.3 Pigment granules in RPE cell 
1.3.1 Melanin 
RPE is a monolayer of cuboidal cells located between the photoreceptors and 

choriocapillaris that is comprised of three major pigments: lipofuscin, 

melanosomes, and melanolipofuscin (MLF). Melanin is known to be 

photoprotective against phototoxic and oxidative stress in the RPE (Boulton and 
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Dayhaw-Barker, 2001, Hu et al., 2008). It can protect the photoreceptors and 

RPE from photooxidative damage by acting as a physical photo-screen directly 

and by absorbing light and scavenging free radicals (Feeney-Burns, 1980, 

Seagle et al., 2005, Kennedy et al., 1995, Feeney-Burns et al., 1984, Hu et al., 

2008). During aging, the oxidized melanosomes turn into pro-oxidants that can 

be phototoxic to human RPE cells and cause RPE dysfunction (Rózanowski et 

al., 2008b, Rózanowski et al., 2008a, Rózanowska et al., 2002, Dayhaw-Barker 

et al., 2001). This change is related to the RPE especially. Whereas skin and 

choroidal melanocytes could renew the melanosomes because of the 

continuous tyrosinase expression, the key enzyme of melanogenesis, 

melanosomes in the RPE were assumed to only form during the embryonic 

period, it is still unclear whether melanin turn-over in the RPE also happens in 

adult life (Sarna, 1992, Feeney, 1978, Taubitz et al., 2019, Schraermeyer and 

Heimann, 1999). Premelanosomes were identified in the retina on rare 

occasions, implying a probably delayed turnover of melanosomes in adult RPE, 

though not to a substantial degree (Dorey et al., 1990, Schraermeyer, 1992). 

However, this idea is controversial (Hu et al., 2008). Orlow et al proposed that 

melanosomes are specialized lysosomes for that melanosomes share several 

features with lysosomes (Orlow, 1995). 

Melanin acts like an energy transducer that could participate in electron transfer 

reactions. It can transform different forms of energy into electrical energy or 

heat (Hill, 1992). Melanin could not only absorb superoxide radicals, but it could 

also generate radicals (Hill, 1992). It was reported that the melanotic fungal 

species could even live in the high-radiation environment caused by the 

damaged reactor at Chernobyl and could use the radiation for better growth 

(Kothamasi et al., 2019, Casadevall et al., 2017). Melanin also has stable free 

radicals trapped in itself; Melanin is able to take part in redox reactions because 

of these radicals (Godechal and Gallez, 2011). The intrinsic free radical inside 

melanin could be a good indicator of melanin integrity, which also decreases 

during aging (Rózanowski et al., 2008b). 

Near-infrared AF (NIR-AF) (excitation 787 nm, emission>800 nm) was 

developed for the ocular melanin investigation (Keilhauer and Delori, 2006). It 
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has been an effective way for researchers to study the age-related RPE 

changes and allows clinicians to monitor ocular diseases including Stargardt 

disease and AMD (Greenstein et al., 2015, Duncker et al., 2014, Battaglia 

Parodi et al., 2020). Taubitz et al (Taubitz et al., 2019) showed that NIR-AF of 

RPE and choroidal melanosomes increases with oxidative stress and age,  they 

suggested that rather than an intrinsic property of melanin, NIR-AF should be 

regarded as aged or oxidized melanin marker. 

Evidence stresses the protective role of melanin in reducing lipofuscin buildup in 

the RPE cells. The concentrations of RPE lipofuscin and RPE melanin were 

found to be inversely related (Weiter et al., 1986). Greenberg et al reported that 

fundus autofluorescence, which is primarily caused by lipofuscin, was 

significantly higher in whites and lower in blacks and Asians when compared to 

Hispanics (Greenberg et al., 2013). According to a meta-analysis performed by 

Jin et al, both early and late AMD were less frequent in Chinese communities 

globally among those aged 50 and over, compared to Caucasian populations 

(Jin et al., 2019). Within the 1500 microm central macular zone, white 

participants were substantially more likely to develop big drusen and focal 

pigmentation than blacks, as well as to proceed from medium-to-large-sized 

drusen or pigment abnormalities (Chang et al., 2008). Bressler et al had similar 

results,  they added that black individuals may have a central zone defense 

mechanism against important fundus features like large drusen, and focal 

pigment abnormalities (Bressler et al., 2008). White people were more likely to 

have AMD than black people. AMD was found in 2.1 percent of white people 

over the age of 70 while no cases of AMD were found among the 243 black 

subjects in the same age range (Friedman et al., 1999). Sarna et al reported 

that RPE melanin content decreased 2.5-fold between the first and the ninth 

decade of human life (Sarna et al., 2003), one of the main explanations for this 

decline, according to Dontsov et al, is melanin degradation in melanolipofuscin 

granules caused by superoxide radicals created during photoinduced oxygen 

reduction by lipofuscin fluorophores (Dontsov et al., 2017). 

Besides, Abca4-/- mice accumulate lipofuscin more rapidly and only develop 

retinal degeneration in albino strains compared to pigmented strains (Wu et al., 
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2010, Radu et al., 2011, Taubitz et al., 2018), implying that connection with 

melanin is a positive response. Taubitz et al described the vacuole structures 

filled with membranous material in the albino Abca4-/- mice, this structure can be 

barely seen in the pigmented Abca4-/- mice (Taubitz et al., 2018). It is possible 

that these differences are related to melanin. The vacuole-like structure will be 

further discussed in this study. 

1.3.2 Lipofuscin 
In the human eye, aging is accompanied by the accumulation of lipofuscin 

granules, which is a hallmark of aged RPE and is associated with Stargardt 

disease and AMD (Julien-Schraermeyer et al., 2020). Lipofuscin, a highly 

fluorescent substance, accumulates not only in the RPE but also in several 

tissues, especially in metabolically active postmitotic cells (Boulton et al., 2004, 

Terman and Brunk, 2004). In many cells, lipofuscin originates from 

autophagocytosed cellular components. In terms of RPE cells, the accumulation 

of the age pigment-lipofuscin granules derives partially from the incomplete 

degradation residues of phagocytized photoreceptor outer segments (Kennedy 

et al., 1995, Sparrow and Boulton, 2005, Zhang et al., 2019). In RPE cells, 

lipofuscin contains lipid, protein and fluorescent compounds, but majority of its 

composition is still unclear (Kennedy et al., 1995, Ng et al., 2008). Bisretinoids 

is one of the components of lipofuscin, the most extensively characterized 

among which is A2E (Călin et al., 2021, Boyer et al., 2012, Adler et al., 2015). 

Despite extensive investigations, the mechanism through which lipofuscin 

impairs RPE function remains unknown. Excessive deposition of this substance 

has been linked to retinal aging and macular degeneration (Taubitz et al., 2018, 

Sparrow et al., 2012). Lipofuscin fluorophores can produce reactive oxygen 

species when exposed to blue light; it has also been hypothesized that 

photooxidative processes mediated by these lipofuscin fluorophores cause 

chronic oxidative stress in the RPE (Dontsov et al., 2022). Even at low 

concentrations, A2E can cause RPE cell death (Mihai and Washington, 2014). 

According to Zhou et al, after photoactivation and cleavage, bisretinoids 

pigments of RPE serve to activate complement thus leading to chronic 

inflammation (Zhou et al., 2009). Lipofuscin is also able to inhibit enzyme 
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activity (Wassell et al., 1999). Lipofuscin clumps in lysosomes, causing 

lysosomal membrane permeabilization and aberrant necroptosis, as shown by 

Pan et al (Pan et al., 2021). Because of lipofuscin’s cytotoxic effects, lifelong 

acquired RPE lipofuscin is hypothesized to play a role in the development and 

progression of AMD and Stargardt disease (Fang et al., 2022). Lipofuscin 

accumulation reversal could be an appealing therapeutic strategy, it might 

significantly improve visual quality. 

For decades, one of the most widely held beliefs has been that lipofuscin 

cannot be degraded by enzymes (Boulton et al., 2004, Terman and Brunk, 2004, 

Ueda et al., 2016). However, retinal reactions are unavoidable and occur in both 

young and healthy people. The absence of lipofuscin production in these 

individuals suggests that some bisretinoid degradation may occur. Likewise, 

whereas lipofuscin chemistry develops earlier and more extensively in Stargardt 

patients than in normal aging (Charbel Issa et al., 2013), they have had normal 

eye function for years before the visual acuity declines. Again, this points to a 

mechanism for degrading lipofuscin, which decreases with age and is 

overwhelmed more rapidly in Stargardt disease. Studies have shown that the 

lipofuscin can be degraded after treatment with superoxide radical generators 

(O2•-) (will be reviewed in 1.5).   

Short wavelength AF (SW-AF, excitation 488 nm, emission > 500 nm) gives 

valuable information to monitor lipofuscin in the RPE, it may be used as a 

diagnostic and monitoring tool by measuring the amount of lipofuscin in the 

RPE cells in both clinical practice and experimental studies (Schmitz-

Valckenberg et al., 2008, Taubitz et al., 2019). Another ocular lipofuscin 

analysis method is high-performance liquid chromatography (HPLC) 

quantitation, including collecting granules from homogenized RPE tissue, 

extracting, and measuring (Sparrow et al., 2013). 

1.3.3 Melanolipofuscin 
The formation and aggregation of melanolipofuscin (MLF) granules also indicate 

the decrease in lipofuscin degradation ability. MLF is a complex granule that 

combines the features of melanosome and lipofuscin granules (Figure.1). In the 

RPE of aged human eyes, Stargardt patients, and Stargardt mice, 
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melanolipofuscin is prominent (Taubitz et al., 2018, Fang et al., 2020, Taubitz et 

al., 2019); it may play a role in the genesis of AMD (Warburton et al., 2007). 

According to Feeney-Burns, MLF accumulation more accurately represents the 

start of AMD than lipofuscin (Feeney-Burns et al., 1984). 

 
Figure 1. Melanolipofuscin Structure under EM.  
Melanolippofuscin overserved in 2-year-old pigmented Abca4-/- mouse.  MLF, 

Melanolipofuscin; L, Lipofuscin. 

The underlying mechanism of MLF formation is yet not clarified. Warburton et al 

(Warburton et al., 2007) suggested that MLF, unlike Lipofuscin, lacks 

photoreceptor-specific proteins, implying that MLF does not arise from 

phagocytosis of photoreceptor outer segments as Lipofuscin does, or from the 

fusion of melanosomes with lipofuscin. The presence of RPE and melanosome-

specific proteins, on the other hand, indicates that MLF is accumulated as a 

result of autophagocytosis by the melanosome (Warburton et al., 2007). 

Schraermeyer et al (Schraermeyer et al., 1999) suggested that melanosomes 

are involved in lysosome-like degradation of photoreceptor outer segments; by 

the injection of gold-labeled rod outer segments into the retina,  the gold 

particles were detected later in the space between the limiting membrane and 

melanin granule matrix. The hypothesis is that the undegradable substances 

related to photoreceptor disc membranes may be transferred from RPE 
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phagosomes to melanosomes and stay there after other disc membrane-

derived components have been digested (Schraermeyer et al., 1999). 

1.4 Current Treatment for lipofuscin-related diseases 
So far, there is no approved therapy for Stargardt disease or dry AMD. Efforts 

are made for searching potential therapeutic strategies for both disorders, stem 

cell replacement, compound administration, and gene therapy are a few 

examples.  

1.4.1 Pharmacological therapy 
Multiple pharmacological clinical trials have been studied in humans or are 

presently being tested in humans regarding Stargardt disease or dry AMD, 16 

trials were summarized in table 1 (nine of them were from Cremers et al’s 

review) (Cremers et al., 2020). Trials that were suspended, terminated, or 

withdrawn were not taken into consideration. Because the buildup of lipofuscin 

is the principal problem in this disease, many therapies are aimed at lowering 

the synthesis, build-up, and removal of lipofuscin in the retina.  Remofuscin was 

reported to be capable of removing lipofuscin from monkey RPE after oral 

administration (Julien and Schraermeyer, 2012). Remofuscin could reverse 

lipofuscin formation in aged primary human RPE cells and showed non-

cytotoxicity in elderly Stargardt disease mice RPE cells in vitro, according to the 

same research group (Fang et al., 2022). In the mouse model of advanced 

Stargardt disease, removing lipofuscin following a single intravitreal injection of 

Remofuscin even leads to rescue from retinal degeneration and an 

improvement in retinal functioning (Fang et al., 2022). The phase II clinical trial 

is now underway to determine the safety and efficacy of oral Remofuscin 

(EudraCT 2018-001496-20) (Fang et al., 2022).  

Medication ALK-001, a deuterated form of vitamin A, is currently being tested in 

a phase II clinical trial (ClinicalTrials.gov NCT02402660) (Cremers et al., 2020, 

Sears et al., 2017). Charbel Issa et al demonstrated that vitamin A's propensity 

to dimerize is responsible for the bulk of lipofuscin accumulation, by substituting 

vitamin A with C20-D3-retinyl acetate (ALK-001), vitamin A dimerization and 

subsequent lipofuscinogenesis is slowed down (Charbel Issa et al., 2015). 

Retinol-binding protein 4 is a serum protein that transports Vitamin A, the 
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inhibition of retinol-binding protein 4 is thought to be a relatively safe strategy to 

reduce vitamin A delivery to the retina (MATA et al., 2013, Kim and Priefer, 

2021). Tinlarebant and STG-001 (Stargazer) are two retinol-binding protein 4 

antagonists that are currently being studied in clinical trials (ClinicalTrials.gov 

NCT05266014, NCT05244304, NCT04489511). 

The RPE-specific 65 kDa retinoid isomerase (RPE65) is the rate-limiting 

enzyme in the visual cycle, converting all-trans-retinyl esters to 11-cis-retinol, 

the discovery of RPE65's molecular structure enabled the development of 

particular inhibitors-emixustat (ACU-4429) that slows the visual cycle and 

therefore the synthesis of all-trans-retinal (Sears et al., 2017, KUBOTA et al., 

2014). The clinical trial conducted by Kubota et al confirmed emixustat's 

biological activity in Stargardt by demonstrating demonstrated dose-dependent 

reduction of rod b-wave amplitude recovery postphotobleaching 

(ClinicalTrials.gov NCT03033108) (Kubota et al., 2022). 

Another potential drug is Zimura, which targets on complement system by 

inhibiting complement factor C5. The results of a pivotal phase 2/3 clinical trial 

revealed that the intravitreal injection of Zimura reduced geographic atrophy 

development significantly in AMD eyes (ClinicalTrials.gov NCT02686658) (Jaffe 

et al., 2021). Another trial is being carried out to assess the safety and efficacy 

of Zimura in Stargardt disease (ClinicalTrials.gov NCT03364153).  

Three months of omega-3 fatty acid supplementation lowers A2E levels, 

lipofuscin granules, and C3 levels in the Abca4-/- Stargardt disease animal 

model, according to Prokopiou et al (Prokopiou et al., 2018). However, no 

improvement of docosahexaenoic acid (DHA) supplementation on macular 

function was found in an clinical trial with 11 Stargardt patients 

(ClinicalTrials.gov NCT00060749) (MacDonald and Sieving, 2018).  

Saffron, a potential antioxidant, did not appear to provide any substantial 

improvement in visual function in the short term as reported by Piccardi et al 

(ClinicalTrials.gov NCT01278277) (Piccardi et al., 2019). The prospective 

therapeutic efficacy of 4-methylpyrazole was called into question because it did 

not have an effect on dark adaptation (Jurgensmeier et al., 2007). Additionally, 

metformin, a medicine for diabetes is also being investigated in a clinical trial for 
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ABCA4 retinopathy (ClinicalTrials.gov NCT04545736). In trials for AMD, 

fenretinide failed to slow the course of geographic atrophy or enhance vision 

(Hussain et al., 2018). 
Table 1. Registered clinical trials of Compound administration for ABCA4-
associated retinopathy.  
Adapted from (Cremers et al., 2020) (9 trials were listed by Cremers et al). 
ClinicalTrials.gov 

Identifier 

Intervention Phase Recruitment 

Status  

NCT00429936 Fenretinide Phase 2 Completed 

NCT04545736 Metformin Phase 

1/2 

Recruiting 

NCT05266014 Tinlarebant Phase 

1/2 

Active, not 

recruiting 

NCT05244304 Tinlarebant Phase 3 Recruiting 

NCT04489511 STG-001 (Stargazer) Phase 2 Completed 

NCT00346853 4-Methylpyrazole (alcohol 

dehydrogenase inhibitor) 

Phase 1 Completed 

NCT04239625 ALK-001 (chemically modified 

vitamin A) 

Phase 2 Enrolling by 

invitation 

NCT02402660 ALK-001 (chemically modified 

vitamin A) 

Phase 2 Recruiting 

NCT00060749 DHA (omega-3 fatty acid) Phase 1 Completed 

NCT03033108 Emixustat (inhibitor of RPE65) Phase 2 Completed 

NCT03772665 Emixustat (inhibitor of RPE65) Phase 3 Active, not 

recruiting 

NCT03297515 Madeos (omega-3 fatty acid) Not 

available 

Completed 

NCT01278277 Saffron (neuroprotectant) Phase 

1/2 

Unknown 

2018-001496-20 Soraprazan (Remofuscin) Phase 2 Active 

NCT03364153 Zimura (inhibitor of complement 

factor C5) 

Phase 2 

 

Recruiting 
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NCT02686658 Zimura (inhibitor of complement 

factor C5) 

Phase 

2/3 

Completed 

1.4.2 Stem cell replacement therapy 
Stem cell replacement therapies are also been investigated as a treatment 

option for restoring impaired RPE function caused by lipofuscin accumulation. 

Stem cells originating vary from bone marrow-derived cells to human embryonic 

stem cells (hESCs) have been studied or are undergoing clinical trials (Cremers 

et al., 2020). Although some studies were reported to be effective, giving RPE 

cells (or cells destined to become RPE) will most likely have little long-term 

benefit because ABCA4 is mainly expressed in photoreceptors (Cremers et al., 

2020). 

1.4.3 Gene therapy 
Since ABCA4 gene mutations have been linked to autosomal recessive 

Stargardt disease, gene therapies were used. Adeno-associated virus(AAV) 

vectors have been widely used in the delivery of therapeutic transgenes. 

However,  although the attempt to package a large AAV transgene containing 

the entire ABCA4 (human ABCA4 cDNA is around 7 kb) coding region yielded 

promising results, it is difficult to create homogeneous AAV preparations 

containing designated transgenes consistently (Piotter et al., 2021, Auricchio et 

al., 2015). Lentiviral vectors are another possibility due to their 8 kb packaging 

capacity, which allows them to carry even the longest coding sequences 

(Semple-Rowland and Berry, 2014). A Phase 1/2 clinical trial of lentivirus 

vector-based gene therapy was done to deliver the ABCA4 gene via subretinal 

injection of the lentivirus vector (ClinicalTrials.gov NCT01367444). This trial was 

terminated based on the Sponsor’s decision. No results from this trial were 

revealed. Due to the limitation of viral vectors outlined, nanoparticles provide an 

alternate carrier for bigger transgenes. According to Sun et al, subretinal gene 

therapy with ECO/pRHO–ABCA4 and ECO/pRHO–ABCA4–SV40 nanoparticles 

reduced A2E accumulation in Abca4-/- mice (Sun et al., 2021). Anti-sense 

oligonucleotides, small single-stranded fragments of artificial nucleotides which 

operate as RNA modulators, are also an option for gene therapy towards 

ABCA4 variants (Piotter et al., 2021, Albert et al., 2018). 
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1.5 Lipofuscin can be degraded by radicals generators  
Ueda et al reported that bisretinoids photodegradation occurred in the eye, by 

using HPLC analysis of the mouse eyes after being exposed to different light 

conditions, they revealed a link between light and lower levels of the bisretinoids 

(Ueda et al., 2016). Lipofuscin is a photoinducible generator of superoxide 

anion, singlet oxygen, and hydrogen peroxide (Yamamoto et al., 2011, Ueda et 

al., 2016, Sparrow and Boulton, 2005). Those reactive forms of oxygen then will 

quench and photo oxidize bisretinoids (Wu et al., 2010).  Fang et al showed that 

the mechanism causing lipofuscin degradation in Remofuscin treatment may 

involve reactive oxygen species generated by Remofuscin (Fang et al., 2022). 

Riboflavin!  a superoxide generator, removed lipofuscin from the RPE of 

Abca4-/- mice (Schraermeyer U, 2019). Horseradish peroxidase has also been 

shown to cleave the RPE bisretinoid A2E (Wu et al., 2011). All these findings 

could point to a direct superoxide radical (O2•-) route for lipofuscin degradation. 

Phagosomes provide one of the most critical roles of the RPE, which is to ingest 

and digest shed photoreceptor membranes already containing bisretinoids 

(Feeney-Burns and Eldred, 1983). During disc outer segments phagocytosis, a 

variety of radicals including superoxide, hydroxyl radicals, and hydrogen 

peroxide (H2O2) are formed (Miceli et al., 1994). Because radicals are able to 

degrade bisretinoids (Wu et al., 2011, Kim et al., 2008), part of bisretinoids 

clearance may occur during phagocytosis.  

Premi et al reported that superoxide and nitric oxide (NO•), when combined to 

create peroxynitrite (ONOO-), react with melanin to excite melanin electrons to 

a high energy state that is capable of chemical reactions (Premi et al., 2015). 

The laboratory production of bisretinoids needs two such high-energy stages, 

sigmatropic processes (Parish et al., 1998); This could be reversed by excited 

states created by melanin chemical reactions driven by superoxide and nitric 

oxide radicals.  

1.6 Aim of the study 
To test whether RPE melanin is required for a photoreceptor disc turnover 

mechanism and whether reagents that generate radicals enhance this pathway, 

unique thin lamellar membranes (TLMs) that resemble photoreceptors disc 
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remnants are investigated and effects of radicals generators are compared 

between pigmented and albino Abca4-/- mice.  

2. Materials and Method 
2.1 Reagents 

Three different radical generators were used in this study. 3-

morpholinosydnonimine(SIN-1), which spontaneously generate nitric oxide (NO•) 

and superoxide anion (Hogg et al., 1992), was obtained from Focus 

Biomolecules (Plymouth Meeting, PA USA). SIN-1 decomposes in the aqueous 

solution, releasing superoxide anion and NO•, which quickly combine to create 

peroxynitrite (ONOO-) (An et al., 2015). It’s possible that SIN-1 also generates 

extremely reactive free radicals including nitrogen dioxide and carbonate 

radicals (Ho et al., 2012). Isosorbide dinitrate (ISDN), a medication for heart 

attack for more than 30 years as a nitric oxide donor (Schaumann, 1989, Blair, 

2021), was ordered from Merus Labs Luxco II S.A R.L. (Grand Duchy Of 

Luxembourg). Horseradish peroxidase was purchased from Sigma-Aldrich 

(Darmstadt, Deutschland). 
2.2 Mice 
All experiments concerning animals were approved by the local animal welfare 

organization (Einrichtung für Tierschutz, Tierärztlichen Dienst und 

Labortierkunde der Eberhard Karls Universität Tübingen, Tuebingen, Germany) 

and local authorities (Regierungspräsidium Tübingen, Tuebingen, Germany) 

(authorization number: AK1/16). Pigmented Abca4-/- mice (129S4/SvJae-

Abca4tm1Ght) were purchased from Charles River (Sulzfeld, Germany). Albino 

Abca4-/- mice (BALB/c-Abca4tm1Ght) were graciously given by R. Radu 

(University of California, Los Angeles, CA). All strains were bred in-house under 

a 12h lights (about 50 lx in cages)/12h dark cycle with ad libitum food and water 

(Lyu et al., 2022).  

2.3 Generation of Ad-Tyr 
The human tyrosinase cDNA is introduced into the adenoviral vector Ad-Tyr. It 

was generated using the published protocol (Julien et al., 2007). 

2.4 Subretinal injection of Ad-Tyr 
To test the melanin hypothesis, albino Abca4-/- mice, 3-4 months old, were used 
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for introducing melanogenesis. Isoflurane (Isoflurane CP®, CP-Pharma, 

Germany) inhalation (3.5% isoflurane and 25% oxygen) was used to 

anesthetize the mice.  Pupils then were dilated using tropicamide (Pharmacy of 

the University of Tuebingen, Germany). To avoid corneal dryness, Methocel 2% 

(OmniVision, Puchheim, Germany) was applied. A surgical microscope was 

used to direct the injections. The injection eye (right) was positioned facing the 

light and the microscope. 1.5µL adenoviral vector Ad-Tyr (108 iu/ µl) per eye 

was used for injection. The position of the eyeball was modified by gently 

pushing on the conjunctiva with tweezers. Ad-Tyr was injected into the 

subretinal space of each mouse's right eye using a 10 µL NanoFil syringe with a 

34-gauge needle (World Precision Instruments). The injection was carried out 

by introducing the syringe tip into the eyes tangentially via the sclera into the 

subretinal region without injuring the lens or retina (Figure.2). Left eyes stayed 

untreated. Additionally, the left eye of a few mice was injected with 1.5μl sterile 

phosphate buffered saline (PBS, Gibco®, Darmstadt, Germany) for comparison. 

After the operation, antibiotic ointment (GentamicinPOS®, Ursapharm, 

Saarbruecken, Germany) was used as a routine. Then the fundus in vivo of the 

mice was checked by customized ophthalmoscopy regularly. Until the funds 

showed brown-darkish spots, which was after 2 weeks, the fundus 

autofluorescence images were obtained by confocal scanning laser 

ophthalmoscopy (cSLO; Spectralis HRA+OCT, Heidelberg Engineering, 

Heidelberg, Germany). After that, the mice were sacrificed, eyes were 

enucleated. The timeline of Ad-Tyr injection was demonstrated in Figure.3. 
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Figure 2. illustration of injection methods. 
Subretinal injection, the syringe tip was inserted into the eyes tangentially via the sclera 

into the subretinal region; Intravitreal injection, the tip of the syringe was inserted into 

the eyes via the sclera into the vitreous. 

 
Figure 3. Experimental timeline.  
The right eye of the animal was subretinal injected with 1.5µl Ad-Tyr. Two weeks later, 

the mice were investigated by cSLO to acquire fundus autofluorescence images on 
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both eyes. After cSLO, the mice were sacrificed, and the eyes were enucleated for 

histological analysis. 

2.5 Intravitreal injection of radical generators 

Pigmented Abca4-/- mice and albino Abca4-/- mice were used in this experiment. 

For SIN-1 injection, 2-year-old pigmented Abca4-/- mice were used. However, 

because of time limitations, 6 months old albino Abca4-/- mice were used 

instead. For horseradish peroxidase and ISDN treatments, 7 months old 

pigmented and albino Abca4-/- mice were used. SIN-1 was dissolved in sterile 

PBS to 65μg/μL. Horseradish peroxidase and ISDN were dissolved in PBS to 

the concentration of 70μg/μL and 40μg/μL respectively. Preoperative 

preparations were conducted as stated in 2.4.  A 10 μL NanoFil syringe with a 

34-gauge needle (World Precision Instruments) was used for intravitreal 

injection procedure. The tip of the syringe was inserted into the eyes via the 

sclera into the vitreous without injuring the lens or retina (demonstrated in 

Figure.2). The right eyes of the first group of the animals were injected with 2μL 

prepared SIN-1 (pigmented and albino Abca4-/- mice). The right eyes of the 

second group of animals were treated with prepared horseradish peroxidase 

(pigmented and albino Abca4-/- mice). The right eyes of the third group of 

animals were treated with ISDN (pigmented Abca4-/- mice). All left eyes 

remained untreated. The injected eyes were treated with antibiotic ointment 

after. 2 days after the mice were sacrificed and eyes were enucleated. The 

timeline is shown in Figure.4.  
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Figure 4:	Experimental timeline.  
Intravitreal injection of radical generator in the right eye of both pigmented and albino 

Abca4-/- mice, the eyes were enucleated for histological analysis after 2 days. 

2.6 Fundus autofluorescence image acquisition 

Fundus AF images were acquired using confocal scanning laser 

ophthalmoscopy before Ad-Tyr treated mice were sacrificed according to the 

procedure described previously (Fang et al., 2020). The device was installed 

with a 78-DPT non-contact slit lamp lens (Volk Optical, Inc., Mentor, OH 44060, 

USA). A custom-manufactured contact lens (100 DPT) was positioned on the 

cornea of the mouse. Briefly, intraperitoneal narcosis (0.05 mg/kg of fentanyl, 5 

mg/kg of midazolam, and 0.5 mg/kg of medetomidine) was used to anesthetize 

the mice. The animal was then placed on the adjustable three-dimensional 

operating platform. Methocel and the contact lens were administered to the eye 

after the pupils had been fully dilated. The near-infrared reflectance (NIR-R) 

mode was first used to orient the camera and locate the areas of interest. Short-

wavelength autofluorescence (SW-AF) (excitation 488 nm) images and near-

infrared autofluorescence(NIR-AF) (excitation 788 nm) were recorded at the 

same time. 

2.7 Sample preparation for light, fluorescence, and electron microscopy 
Isoflurane inhalation and cervical dislocation were performed to sacrifice the 

animals. The eyeballs were immediately enucleated, then fixed in 5% 

glutaraldehyde (AppliChem, Darmstadt, Germany) at 4°C overnight. After 

removing cornea and lens, the eyecups were cut in half vertically through the 

optic disc. The eyecups were embedded in Epon using standard procedures 

(Taubitz et al., 2018). For electron microscopy and light microscopy, the half 

eyecups with optic nerve were postfixed with 1% Osmium tetraoxide solution 

(OsO4) (Carl Roth, Karlsruhe, Germany) in 0.1 M cacodylate buffer (pH 7.4) 

and then stained with saturated uranyl acetate (UAC) (Electron Microscopy 

Science, Hatfield, USA). For the preparation of fluorescence microscopy with 

the other halves without optic nerve, post-fixation and heavy metals staining 

were skipped. Dimethylarisinic acid sodium salt and Ethanol (absolute for 

analysis EMSURE®) were purchased from Merck (Darmstadt, Germany). 

Propylenoxid was from Serva (Heidelberg, Germany). The detailed Epon 
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embedding procedures of fluorescence microscopy and electron microscopy 

are shown in Table.2 and Table.3 respectively. Glycid ether 100 (53.6%), 2-

Dodecenylsuccinic acid anhydride (6.7%), Methylnacid anhydride (38.28 %), 

and 2,4,6-Tris (dimethyl aminomethyl) phenol (1.5%) were used to make Epon. 

They were purchased from Serva (Heidelberg, Germany). 
Table 2. Fluorescence microscopy embedding procedures. 

Procedure  Reagent  time  
Fixation  5% glutaraldehyde in 0.1M 

cacodylate buffer (Dimethylarisinic 

acid sodium salt in distilled water) 

(PH 7.4)  

 

Overnight at 4℃ 

Washing  0.1M cacodylate buffer *3 times  10 min each 

Dehydration Ethanol 30-50-70%-70%-80%-95% 15 min each 

Absolute ethanol for analysis*2 

times  

20 min each 

Intermedium  Propylenoxid*2 times 20 min each 

Resin  Propylenoxid : Epon=1:1  2 h 

Epon 2 h 

Epon 1 h 

Polymerization 60℃ 48 h 

 
Table 3. Electron microscopy embedding procedures. 

Procedure  Reagent  time  
Fixation  5% glutaraldehyde in 0.1M 

cacodylate buffer (PH 7.4)  
Overnight at 4℃ 

Washing  0.1M cacodylate buffer *3 times  10 min each 

Postfixation  1% OsO4 2 h 

Washing  0.1M cacodylate buffer *3 times  10 min each 

Dehydration Ethanol 30-50-70% 15 min each 

Block staining  Saturated UAC in 70% ethanol  Overnight at 4℃ 

Dehydration Ethanol 70%-80%-95% 15 min each 

Absolute ethanol for analysis*2 20 min each 
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times  

Intermedium  Propylenoxid*2 times 20 min each 

Resin  Propylenoxid : Epon=1:1  2 h 

Epon 2 h 

Epon 1 h 

Polymerization 60℃ 48 h 

The sections were made using Reichert-Jung Ultracut E ultramicrotome (Leica 

Biosystems, Nussloch, Germany). The choice of the diamond knife depends on 

the section thickness. Prior to use, the glass slides were coated with 0.01% 

Poly-L-lysine solution (Sigma-Aldrich, Schnelldorf, Germany). For light 

microscopy, 500nm semi-thin sections were prepared and stained with toluidine 

blue. Epon was used as a mounting medium, the slides were put in a 60℃ oven 

overnight. For electron microscopy, 70nm ultra-thin sections were prepared on 

formvar-coated grids, and then poststained with lead citrate. Briefly, the post-

stain procedure includes putting the grid on a droplet of lead citrate for one 

minute under the condition that the section side faces the droplet. For 

fluorescence analysis, 500nm semi-thin sections were prepared and Dako 

fluorescent mounting media (Dako Omnis, Denmark) was used as a coverslip. 

Semi-thin sections were first stained with toluidine blue and investigated by light 

microscopy (Zeiss Axioplan2 imaging, Zeiss, Jena, Germany). 

2.8 Electron microscopy investigation  
The samples were investigated thoroughly for changes in RPE and choroid by a 

Zeiss transmission electron microscope (EM) (Zeiss, EM 902, Jena, Germany). 

To improve the image quality given in the results, brightness and contrast were 

post-processed. 

2.9 Quantification of the area in vacuole-like structures occupied by thin 
lamellar membranes  
Fourteen vacuole-like structures (described by Taubitz et al.) (Taubitz et al., 

2018) of 7-month-old albino Abca4-/- mice in total were analyzed by Fiji software. 

Areas of thin lamellar membranes and flocculate residues in the vacuole were 

determined using the default threshold and normalized to the areas of the 

vacuole. The result is shown in a pie chart. The thickness of thin lamellar 
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membranes was measured in electron micrographs at 140000-fold 

magnification. 
2.10 Quantification of the area in the RPE occupied by vacuoles  
The total areas of vacuole-like structures were measured and normalized to the 

length of RPE in 7-month-old pigmented and albino Abca4-/- mice. The 

measurements were conducted with imageSP Software (Minsk, Belarus). 

2.11 Quantification of the area in RPE cytoplasm occupied by lipofuscin 

melanin, and melanolipofuscin  
The measurements were performed using Fiji software. Electron microscopy 

was used to capture images of ultrathin sections through the optic nerve head in 

order to quantify lipofuscin. Ten electron microscopy images of the RPE with a 

magnification of 7000 were obtained per eye, beginning at the optic nerve head. 

Lipofuscins were observed in Abca4-/- animals as varied-shaped granules with 

lower electron density (grey) but darker than the cytoplasm. Melanin granules 

were distinguished from lipofuscin by their uniform high electron density (black) 

and spindle, or spherical shapes. Melanolipofuscin is a combination of both. 

Among SIN-1 treated pigmented and albino Abca4-/- mice, the regions of 

lipofuscin were quantified in 5 eyes per group. The measurement of the 

lipofuscin area including the lipofuscin part in the melanolipofuscin granules. 

The same manner of measurement was performed for melanin quantification. 

Additionally, I quantified the area of the entire melanolipofuscin granule 

separately. When I measured the cytoplasm regions, nuclei, microvilli, and 

basal labyrinth were not included. 

2.12 Fluorescence microscopy investigation 

Semi-thin samples were investigated by Zeiss Axioplan 2 microscope (Zeiss, 

Jena, Germany). A custom manufactured lipofuscin filter set (excitation 370/36 

nm, emission 575/15) was used for SW-AF, and a commercial Cy7 filter set 

(excitation 708/75 nm, emission 809/81 nm) was used for NIR-AF, as described 

previously (Taubitz et al., 2019). Acquisition duration, as well as microscopy 

and software settings, were kept consistent for any set of samples for the 

comparison of fluorescence intensity. For the figures given in the results, 

brightness and contrast were post-processed by IrfanView software for a better 
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image quality. Image J software was used to merge images. 

2.13 Semi-quantitative analysis of fluorescence intensities in the RPE 

Whole sections were recorded by fluorescence microscopy for analysis. The 

measurements were conducted with Fiji software according to published 

method with modifications (Taubitz et al., 2019). For SW-AF intensity 

measurements, fluorescence areas were determined by the default threshold, 

and the integrated optical density (IOD) was measured. To account for the 

varying lengths of RPE in each image, the IOD was standardized to the length 

of RPE (pixel) in the corresponding pictures. For NIR-AF intensity measurement, 

the default threshold was used to determine the areas of interest in the RPE of 

NIR fluorescence and bright-field (BF) images, area and IOD were measured. 

The integrated optical density was then normalized to the area of the RPE 

pigment threshold in corresponding BF images because of varying amounts of 

pigment granules in the RPE. 

2.14 Correlative fluorescence and electron microscopy 
This procedure was conducted as described by Taubitz et al with modifications 

(Taubitz et al., 2019). 300nm thick ultra-thin sections were used to reach the 

requirements of both fluorescence and electron microscopy. This thickness 

enables enhanced detection of fluorescence granules compared to standard 

70nm ultra-thin sections which are routinely used for electron microscopy, while 

still thin enough for electron microscopic examination (500nm semi-thin sections 

are too thick for the electron beam to penetrate). Non-osmicated sections were 

prepared on formvar-coated mesh grids. Grids were put on glass slides within a 

water drop, covered by the coverslip, then investigated with BF mode to locate 

the pigmented area under fluorescence microscopy. Then the areas of interest 

were investigated under NIR mode. Acquisition times were more prolonged than 

usual. After investigation, grids needed to be carefully removed from the 

coverslips with forceps to not destroy the sections. Since sections are fragile 

and already stressed by being coverslipped, post-staining is likely to cause 

complete section damage. Therefore, post-staining with lead citrate was 

operated carefully, then grids were air-dried and investigated by electron 

microscopy the next day. The lack of heavy-metal staining leads to low contrast, 
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but melanosomes are still identifiable. This procedure enables the investigation 

of NIR-AF signals of the pigmented granules. However, due to the section 

thickness, the NIR-AF signals were not strong enough, and the brightness and 

contrast of the figure shown in the results were post-processed. 

2.15 Statistical analysis 
Prism 8 software (GraphPad Software, Inc., La Jolla, CA) and Excel (Microsoft, 

Inc., Redmond, WA) were used for statistical analyses. To determine whether to 

use parametric or non-parametric test, all data sets were checked for normal 

distribution. The student t-test was used for normally distributed data and 

Mann–Whitney U test was used for non-normally distributed data. A two-tailed 

test was used in all statistical analyses. The null hypothesis stated that the two 

groups did not differ statistically, with p<0.05 considered statistically significant. 

The results were presented as Box plot. 

3. Results 
3.1 Thin lamellar membranes (TLMs) detected in melanolipofuscin 
granules in the RPE of pigmented Abca4-/- mice 
Figure.5 and results related to Figure.5 were published on the preprint server 

bioRxiv (Lyu et al., 2022). The pigmented Abca4-/- mice were investigated by 

high magnification electron microscopy (50000-140000x). Most of the lipofuscin 

granules fused with melanosomes and formed melanolipofuscin that contains 

both properties as shown in Figure.5A. Thin membranes with 3-4 nm thickness 

(black arrowhead) were visible in the lipofuscin part of MLF granules in the form 

of multiple lamellae (Figure.5A). These TLMs were detected in melanolipofuscin 

granules in RPE cells regularly, they were also found in endothelial cells of the 

choriocapillaris (Fig.5B, C). In 140000x magnification, thin membranes surround 

the residual body within the endothelial cell (arrowheads) (Figure.5C). Besides, 

TLMs were also found in Bruch’s membrane (Figure.6). 
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Figure 5. TLMs were detected in melanolipofuscin in pigmented Abca4-/- mice by 
electron microscopy. 
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(A) MLF granule can be seen in the RPE cytoplasm from a pigmented Abca4-/- mouse 

(50000x). The granule consists of melanin (m) with attached lipofuscin (l) that is less 

electron-dense than melanin. Thin membranes in the form of lamellae (arrowheads) 

are visible in the upper region of the lipofuscin portion. (B) TLMs are present in 

endothelial cells of the choriocapillaris (black arrow). (C) B in 140000x magnification, 

thin membranes surround the residual body within the endothelial cell (arrowheads). 

TLMs, thin lamellar membranes; m, melanin; l, lipofuscin; ch, choroidal melanocytes; 

(Lyu et al., 2022). 

 

Figure 6. TLMs were detected in Bruch’s membrane in pigmented Abca4-/- mice 
by electron microscopy. 
(A) Thin lamellar membranes (TLMs) were also detected in the Bruch’s membrane by 

electron microscopy (black arrow). (B) A in 85000x magnification, the fine lamellar 

structure can be seen.  Br, Bruch’s membrane; TLMs, thin lamellar membranes. 

3.2 TLMs may originate from photoreceptor disc membranes 

Figure.7 and results related to it were published on the preprint server bioRxiv 

(Lyu et al., 2022). TLMs were also identified free in the cytoplasm of RPE 

(Figure.7A) (black arrowhead). The fine lamellar membranes were detected 

again in the non-melanin part of melanolipofuscin (Figure.7A) (white arrowhead). 

The transformation in the MLF from the lipofuscin portion to the more electron-
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dense melanin portion is interwoven (Figure.7A). Residual material is 

associated with the MLF granules and is surrounded by TLMs (Figure.7A) 

(black arrow). It is unclear whether it is incorporated into or released from the 

MLF granule, but the latter is more likely given the presence of such structures 

in the endothelium and circulation. The original photoreceptor disc membranes 

have fused inside phagosomes (Figure.7B) (white arrowhead), and they seem 

to be thinner and condensed under higher magnification (Figure.7C). This 

structure is similar to the TLMs found in the cytoplasm of RPE (Figure.7A) and 

endothelial cells (Figure.5B). For comparison, the relative sizes of the 

membranes of the original photoreceptor disc membranes and condensed 

TLMs from an albino Abca4-/- animal RPE vacuole are shown in Figure.7D 

under the same magnification. 
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Figure 7. TLMs may originate from photoreceptor disc membranes. 
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(A) MLF granule in the RPE of pigmented Abca4-/- mouse under electron microscopy 

(50000x). The granule consists of melanin (m) with attached lipofuscin-like (l) material 

which is less electron-dense than the melanin. Although the lipofuscin content appears 

to be more homogenous, TLMs are still visible (white arrowhead). The transformation 

in the MLF from lipofuscin to the more electron-dense melanin is interwoven. TLMs 

were also detected free in the cytoplasm of RPE (black arrowhead). Residual material 

that shares the same features with the residual body in the endothelium (Figure.5B) 

can be seen associated with the MLF granules and is surrounded by TLMs (black 

arrow). (B) Phagosome with electron-dense membranes in the RPE of an 

albino Abca4-/- mouse (arrowhead). (C) Higher magnification of B marked with a white 

arrowhead. The original photoreceptor disk membranes (white arrowhead) are fused 

together (black arrowhead), and their structures are similar to the TLMs shown 

in Figure.5 and Figure.7A morphologically. (D) The relative sizes of the membranes of 

the original photoreceptor disc and condensed TLMs from an albino Abca4-/- animal are 

presented under the same magnification (50000x). TLMs, thin lamellar membranes; m, 

melanin; l, lipofuscin; (Lyu et al., 2022). 

3.3 TLMs primarily accumulate in the vacuoles in the RPE of albino Abca4-

/- mice 
Figure.9, Figure.10B, and results related were published on the preprint server 

bioRxiv (Lyu et al., 2022). Under light microscopy, vacuole-like structures are 

regularly seen in the RPE of albino Abca4-/- mice (Figure.8). When investigated 

under electron microscopy, they are full of various heterogeneous materials 

including TLMs that are either electron-dense or opaque and flocculate residues 

(Figure.9A, B). These vacuole-like structures contain limiting membranes that 

are frequently partial or lacking, separating them from the cytoplasm (Figure.9B). 

60% of the vacuole-like structures are occupied by the TLMs and flocculate 

residues (Figure.10A). Albinos have significantly more vacuole-like structures in 

the RPE than pigmented Abca4-/- mice (Figure.10B) (n=5 eyes/group, **p<0.01, 

unpaired t-test).  
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Figure 8. Vacuole-like structures in albino Abca4-/- mice under light microscopy. 
Under light microscopy, vacuole-like structures (white arrowheads) can be seen often 

in the RPE of albino Abca4-/- mice (6 months). OS, outer segments; RPE, retinal 

pigment epithelium.  
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Figure 9. TLMs were detected in vacuoles in the RPE of albino Abca4-/- mice by 
electron microscopy.   
(A) Under electron microscopy, vacuole-like structure (star) in albino Abca4-/- mice are 

full of various heterogeneous materials including TLMs that are either electron-dense 

(black arrow) or opaque (white arrows). (B) Fine lamellar membranes are detected 
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inside the vacuole (white arrows; magnified in C). Flocculate residues are also present 

in the vacuole (beside star). The vacuole-like structure contains limiting membranes 

that are frequently partial (black arrowhead) or lacking (white arrowhead), separating 

them from the cytoplasm. (C) The lamellar character of these residual bodies 

(arrowhead) is visible under higher magnification. TLMs, thin lamellar membranes; (Lyu 

et al., 2022). 

Figure 10. Quantification of vacuole occupied by TLMs and RPE occupied by 
vacuole-like materials. 
(A) About 60% of the vacuole is occupied by the TLMs and flocculate residues (means, 

standard deviation: 0.603±0.089).  14 vacuoles in total were used for quantification. (B) 

Quantification by electron microscopy revealed that these vacuole-like structures are 

more frequently observed in albino Abca4-/- mice than in pigmented Abca4-/- mice (7-
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month-old, n = 5 eyes/group, unpaired t-test, **p < 0.01, Tukey boxplots), Figure.10B is 

adapted from (Lyu et al., 2022). 

3.4 Tyrosinase-induced melanogenesis in the albino Abca4-/- mice 
To prove the melanin hypothesis, the re-establish of melanin in the retina of 

albino Abca4-/- mice was done by the transfection of tyrosinase cDNA. 

Tyrosinase is the rate-limiting enzyme in melanin synthesis. Two weeks after 

subretinal injection of Ad-Tyr, brown-darkish spots were observed on the retinal 

in vivo by fundoscopy. After enucleation, brown-darkish areas surrounding the 

optic nerve head can be seen directly (Figure.11A). Under light microscopy, the 

pigmented granules which are normally invisible in the albino mouse were 

detected in the RPE (black arrowhead) and choroid (white arrowhead) 

(Figure.11B). Under electron microscopy, classical melanin containing pre-

melanosomes were formed in choroidal melanocytes of albino Abca4-/- mice 

(Figure.12A). Melanofilaments that have a striated periodicity can be seen 

under higher magnification (Figure.12B). 
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Figure 11. Tyrosinase-induced melanogenesis in the albino Abca4-/- mice. 
(A) Brown-darkish spots surrounding the optic nerve were observed 2 weeks after 

tyrosinase cDNA transfection. ONH, optic nerve head. (B) Under light microscopy, 

pigmented granules can be seen in RPE (black arrowhead) and choroid (white 

arrowhead) 2 weeks after tyrosinase cDNA transfection.  
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Figure 12. Tyrosinase-induced melanogenesis in choroidal melanocytes of 
albino Abca4-/- mice under electron microscopy. 
(A) Different stages of pre-melanosomes were formed after transfection with the 

tyrosinase cDNA. (B) Melanofilaments that have a striated periodicity can be seen 

under higher magnification. 



 44 

3.5 Tyrosinase-induced newly formed melanosomes show NIR-AF signals 
Figure.14 and results related were published on the preprint server bioRxiv (Lyu 

et al., 2022). Round, electron-opaque granules were detected in the RPE of the 

albino Abca4-/- mice by electron microscopy (Figure.13), they were identified to 

be melanosomes. To confirm this, correlative fluorescence and electron 

microscopy on the same sections were performed. 300 nm thick sections were 

first investigated under fluorescence microscopy, then the same sections were 

investigated under electron microscopy. Figure.13 shows that melanosomes 

(black arrow) detected by electron microscopy showed NIR-AF signals (white 

arrow). Due to technical difficulties, the NIR-AF signal intensity is low, and the 

signals on the right upper side of the NIR-AF image were caused by the water 

used for covering the section (white arrowhead). In vivo fundus, NIR-AF is 

absent in the untreated eye of albino Abca4-/- mice (Figure.14A), while NIR-AF 

signals were detected 2 weeks after Ad-Tyr injection (Figure.14C). Injection 

could induce SW-AF signals because of tissue damage (Figure.14D, F), but the 

injection does not induce NIR-AF signals as shown in the PBS injected eye 

(Figure.14E). 

 
Figure 13. Correlative fluorescence and electron microscopy of the RPE of albino 
Abca4-/- mice after tyrosinase transfection. 
300 nm section was investigated first by fluorescence microscopy and followed by 

electron microscopy investigation. Melanosomes (black arrow) shown in the electron 
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microscopy showed NIR-AF signals (white arrow). The white arrowhead shows the 

signal caused by water on the section. 
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Figure 14. Fundus autofluorescence in vivo of albino Abca4-/- mice 2 weeks after 
tyrosinase transfection. 

(A) Without Ad-Tyr injection, NIR-AF cannot be detected in the albino Abca4-/- mice. (B) 

SW-AF image of the untreated eye. (C) NIR-AF signals were detected 2 weeks after 

Ad-Tyr injection (treated eye from the same mouse). (D) Injection tissue damage 

resulted in strong SW-AF signals. (E) Eye injected with PBS, NIR-AF is absent. 

Injection does not cause NIR-AF signals. (F) The injection caused SW-AF signals. Ad-

Tyr, adenovirus tyrosinase vector; adapted from (Lyu et al., 2022).  

3.6 Transfecting albino Abca4-/- mice with tyrosinase cDNA induces RPE 
melanosome formation and reduces lipofuscin  
Injection of Ad-Tyr also leads to melanosome (black arrow) formation in the 

RPE of albino Abca4-/- mice (Figure.15A).  No classical pre-melanosome was 

detected in the RPE, indicating the melanogenesis might be different in the RPE 

from choroidal melanocytes. In the area where melanosomes were newly 

formed, the lipofuscin almost disappeared (Figure.15A). Without transfection, 

the RPE was filled with lipofuscin (Figure.15B).  

 
Figure 15. Melanosomes were formed in the RPE after tyrosinase transfection. 
(A) Melanosomes were formed after Ad-Tyr subretinal injection. The lipofuscin can 

barely be seen. (B) Without transfection, the cytoplasm of RPE was full of lipofuscin. 

3.7 SW-AF intensity is reduced in albino Abca4-/- mice after tyrosinase 
transfection 
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Figure.16 and results related were published on the preprint server bioRxiv (Lyu 

et al., 2022). Similar results were observed by fluorescence microscopy. After 

transfection of tyrosinase by subretinal administration of Ad-Tyr vector, newly 

formed melanosomes were detected in the RPE and choroid of the albino 

Abca4-/- mice as shown on the right side of the bright-field image (Figure.16A). 

As expected, these granules showed NIR-AF signals (Figure.16A) (white arrow). 

The left side shows the area without newly formed melanosomes in the same 

eye, there were no bright-field or NIR-AF signals (Figure.16A). A large amount 

of lipofuscin on the left side was shown by the widespread SW-AF signals 

(Figure.16A) (black arrowhead). Lipofuscin, detected as the SW-AF signal, 

almost disappeared in the region of newly produced melanosomes when 

compared to the left side (area without newly formed melanosomes) 

(Figure.16A). Figure.16B shows the magnified image of the overlay of the NIR-

AF and SW-AF images, it’s clear that the amount of lipofuscin decreased in the 

melanosomes newly formed area (Figure.16B). 
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Figure 16. Representative fluorescence microscopy images after tyrosinase 
transfection in albino Abca4-/- mice. 
(A) Left: No pigmented granules were observed in the bright-field (BF) image. Likewise, 

no NIR-AF (near-infrared autofluorescence) was detected. SW-AF (short-wavelength 

autofluorescence) reveals widespread signals, indicating the accumulation of lipofuscin 
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(black arrowhead). Right: Bright-field shows pigmented granules in both RPE and 

choroid. These granules were NIR-AF signal positive (white arrow). Around the 

melanosomes formed area (white arrowhead), SW-AF signals were significantly 

reduced than in the non-pigmentation area on the left side (black arrowhead).  

(B) Magnified overlay images of (A). The lipofuscin granules (black arrowhead) 

detected by SW-AF are nearly absent in the RPE where melanin were formed. The 

autofluorescent photoreceptor outer segments are marked by asterisks. BF, bright-field; 

SW-AF, short-wavelength autofluorescence; NIR-AF, near-infrared autofluorescence; 

(Lyu et al., 2022). 
3.8 Light microscopy findings in pigmented and albino Abca4-/- mice after 
SIN-1 treatment 
After SIN-1 injection, the mice were sacrificed after 48 hours. The eyes were 

fixed and then prepared for light microscopy, fluorescence microscopy, and 

electron microscopy. The toluidine blue stained sections were investigated first 

under light microscopy. All the images shown were taken from the area close to 

optic nerve. Figure.17A and B show the retina structure with and without SIN-1 

treatment in the pigmented Abca4-/- mice. As shown, no significant changes in 

retina thickness and structure were observed after treatment.  Similarly, there 

were no notable changes in retina thickness and structure following SIN-1 

treatment in the albino Abca4-/- mice (Figure.17C, D). No evidence of toxicity 

was shown after SIN-1 treatment in either strain.  Also, toxicity is out of the 

focus of this study. 
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Figure 17. Retina structure overview after SIN-1 treatment in pigmented and 
albino Abca4-/- mice. 
(A) The untreated eye of SIN-1 treated pigmented Abca4-/- mouse. (B) The treated eye 

of the same mouse. (C) The untreated eye of SIN-1 treated albino Abca4-/- mouse. (D) 

The treated eye of the same mouse.  

3.9 Electron microscopy findings in pigmented and albino Abca4-/- mice 
after SIN-1 treatment 
Results related to Figure.19 were published on the preprint server bioRxiv (Lyu 

et al., 2022). SIN-1 (3-morpholinosydnonimine) could decompose to superoxide 

(O2•-) and nitric oxide (NO•) spontaneously. Under electron microscopy, 

compared to the untreated eye (Figure.18A), the amount of lipofuscin in the 

RPE of pigmented Abca4-/- mice is reduced after intravitreal injection of SIN-1 

(Figure.18B). And the amount of melanolipofuscin also decreased after 

treatment in the RPE of pigmented Abca4-/- mice (Figure.18A, B). The 

quantification confirmed these findings, that the amount of lipofuscin and 

melanolipofuscin significantly decreased after SIN-1 treatment (2-year-old 

pigmented Abca4-/- mice, n=5 eyes/group, ****p<0.0001, A, unpaired t-test, B! 

Mann–Whitney U test) (Figure.19A, B). The amount of melanin also decreased 
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after SIN-1 treatment (2-year-old pigmented Abca4-/- mice, n=5 eyes/group, 

*p<0.05, unpaired t-test) (Figure.19C). In albino Abca4-/- mice, the decrease of 

lipofuscin was not observed (Figure.18C, D). This was also confirmed by the 

quantification (6-month-old albino Abca4-/- mice, n=5 eyes/group, ns, p>0.05, 

Mann–Whitney U test) (Figure.19D). As mentioned in the method, the 

pigmented Abca4-/- mice used in this study were 2 years old while due to the 

time limitation the albino Abca4-/- mice were 6 months old. This explains why the 

amount of lipofuscin is generally higher in the pigmented Abca4-/- mice 

compared to albino Abca4-/- mice. No evidence of drug toxicity was shown by 

electron microscopy. 
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Figure 18. Representative electron microscopy images of RPE of pigmented and 
albino Abca4-/- mice treated with SIN-1. 
(A) Pigmented Abca4-/- mouse, untreated left eye. The cytoplasm of the RPE is filled 

with lipofuscin and melanolipofuscin granules. (B) Pigmented Abca4-/- mouse, SIN-1 

treated right eye from the same animal. The amount of lipofuscin and melanolipofuscin 

granules is reduced. (C) Albino Abca4-/- mouse, untreated left eye. The lipofuscin can 

be seen in the cytoplasm. (D) Albino Abca4-/- mouse, SIN-1 treated right eye from the 

same animal. The amount of lipofuscin is not reduced compared to C. 

 
Figure 19. Quantification of electron microscopy images. 
(A) Quantification of RPE cytoplasm occupied by lipofuscin in untreated and SIN-1 

treated pigmented Abca4-/- mice, the amount of lipofuscin is reduced after treatment (2-
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year-old pigmented Abca4-/- mice, n=5 eyes/group, ****p< 0.0001, unpaired t-test). (B) 

Quantification of the RPE cytoplasm occupied by melanolipofuscin in untreated and 

SIN-1 treated pigmented Abca4-/- mice, the amount of melanolipofuscin is reduced (2-

year-old pigmented Abca4-/- mice, n=5 eyes/group, ****p<0.0001, Mann–Whitney U 

test). (C) Quantification of RPE cytoplasm occupied by melanin in untreated and SIN-1 

treated pigmented Abca4-/- mice, the amount of melanin is reduced (2-year-old 

pigmented Abca4-/- mice, n=5 eyes/group, *p<0.05, unpaired t-test). (D) Quantification 

of RPE cytoplasm occupied by lipofuscin in untreated and SIN-1 treated albino Abca4-/-

 mice (6-month-old albino Abca4-/- mice, n=5 eyes/group, ns, not significant, p>0.05, 

Mann–Whitney U test). Data are presented by Tukey boxplots. Adapted from (Lyu et al., 

2022). 

3.10 Pre-melanosomes were detected in the RPE cells of pigmented 
Abca4-/- mice after SIN-1 treatment  
Figure.20 and results related to Figure.20 were published on the preprint server 

bioRxiv (Lyu et al., 2022). After SIN-1 treatment, many pre-melanosomes (black 

arrow) and mature melanosomes (white arrow) were detected. The black 

arrowhead shows the MLF.  
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Figure 20. Pre-melanosomes were detected in the RPE of pigmented Abca4-/- 
mice after SIN-1 treatment. 
Many early-stage (black arrow) and mature melanosomes (white arrow) were detected 

in the RPE after SIN-1 treatment. The inset shows the different stages of 

melanogenesis under higher magnification (Lyu et al., 2022). 

3.11 Fluorescence microscopy findings in pigmented Abca4-/- mice after 
SIN-1 treatment  
Figure.21 and results related to Figure. 21, Figure.22 were published on the 

preprint server bioRxiv (Lyu et al., 2022). Under the fluorescent microscopy 

(Figure.21), the NIR-AF signals located in both RPE and choroid correspond to 

the pigmented areas shown in the bright-field image were detected (Figure.21). 

After SIN-1 treatment, the SW-AF intensity decreased in pigmented Abca4-/- 

mice as compared to the untreated eye of the same mouse (Figure.21). The 

amount of melanin is also reduced as shown in bright-field. The MLF is shown 
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as yellow (overlapped red (melanin) and green (lipofuscin)), the amount of MLF 

decreased after SIN-1 injection as shown in the overlay of SW-AF and NIR-AF. 

The reduction of lipofuscin after treatment in pigmented Abca4-/- mice was 

confirmed by the semi-quantification of SW-AF intensity (2-year-old 

pigmented mice, n=6 eyes/group, *p<0.05, Mann–Whitney U test) (Figure.22A). 

No significant change in the NIR-AF intensity (averaged to each melanosome) 

in the RPE of pigmented Abca4-/- mice after SIN-1 treatment was observed (2-

year-old pigmented mice, n=6 eyes/group, ns, p>0.05, Mann–Whitney U test) 

(Figure.22B).  

 
Figure 21. Representative AF images of pigmented Abca4-/- mice treated with 
SIN-1. 

The SW-AF intensity is reduced after SIN-1 treatment in the pigmented Abca4-/- mice 

(second row). The yellow color (overlapped NIR-AF melanin signal (red) and SW-AF 

lipofuscin signal (green) shows areas that represent Melanolipofuscin (fourth row). The 

MLF amount is also reduced as compared to the untreated eye from the same animal. 

BF, bright-field; SW-AF, short-wavelength autofluorescence; NIR-AF, near-infrared 

autofluorescence; (Lyu et al., 2022). 
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Figure 22. Semi-quantification of SW-AF intensity and NIR-AF intensity in 
pigmented Abca4-/- mice treated with SIN-1. 
(A) Semi-quantification of SW-AF intensity in pigmented Abca4-/- mice treated with SIN-

1 (2-year-old pigmented Abca4-/- mice, n=6 eyes/group, *p<0.05, Mann–Whitney U test), 

adapted from (Lyu et al., 2022). (B) Semi-quantification of NIR-AF intensity of the RPE 

of pigmented Abca4-/- mice treated with SIN-1 (2-year-old pigmented Abca4-/- mice, n=6 

eyes/group, ns, not significant, p>0.05, Mann–Whitney U test). Data are presented by 

Tukey boxplots. 

3.12 Fluorescence microscopy findings in albino Abca4-/- mice after SIN-1 
treatment 
Figure.23 and results related to Figure.23, Figure.24 were published on the 

preprint server bioRxiv (Lyu et al., 2022). In comparison to pigmented Abca4-/- 

mice, the reduction of lipofuscin after SIN-1 treatment was not observed in 

albino Abca4-/- mice (Figure.23). The albino mice do not show signals under 

NIR excitation.  Semi-quantification of SW-AF intensity shows the same result 

that SIN-1 treatment did not effectively reduce the amount of lipofuscin in albino 

Abca4-/- mice (6-month-old albino mice, n=5 eyes/group, ns, p>0.05, Mann–

Whitney U test) (Figure.24). 
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Figure 23. Representative AF images of albino Abca4-/- mice treated with SIN-1. 

The reduction of SW-AF intensity was not observed in albino Abca4-/- mice after SIN-1 

treatment. The albino mice do not show signals under NIR excitation because of the 

lack of melanin. BF, bright-field; SW-AF, short-wavelength autofluorescence; NIR-AF, 

near-infrared autofluorescence; (Lyu et al., 2022). 

Figure 24. Semi-quantification of SW-AF intensity in albino Abca4-/- mice treated 
with SIN-1.  



 58 

Semi-quantification of SW-AF intensity in albino Abca4-/- mice treated with SIN-1 (6-

month-old albino Abca4-/- mice, n=5 eyes/group, ns, not significant, p>0.05, Mann–

Whitney U test). Data are presented by Tukey boxplots, adapted from (Lyu et al., 2022). 

3.13 Semi-quantification of SW-AF in pigmented and albino Abca4-/- mice 
after horseradish peroxidase treatment 
The semi-quantification results shown in Figure.25 were published on the 

preprint server bioRxiv (Lyu et al., 2022). After treated with horseradish 

peroxidase, the reduction of SW-AF intensity was observed in the 

pigmented Abca4-/- mice (7-month-old pigmented Abca4-/- mice, n=3 eyes/group, 

****p<0.0001, Mann–Whitney U test) (Figure.25A). In contrast, the horseradish 

peroxidase did not affect the SW-AF intensity in the albino Abca4-/- mice (7-

month-old albino Abca4-/- mice, n=3 eyes/group, ns, p>0.05, Mann–Whitney U 

test)  (Figure.25B). 

 
Figure 25. Semi-quantification of SW-AF intensity in pigmented and albino 
Abca4-/- mice treated with horseradish peroxidase. 
(A) Semi-quantification of SW-AF intensity in pigmented Abca4-/- mice treated with 

horseradish peroxidase (7-month-old pigmented Abca4-/- mice, n=3 eyes/group, 

****p<0.0001, Mann–Whitney U test). (B) Semi-quantification of SW-AF intensity in 

albino Abca4-/- mice treated with horseradish peroxidase (7-month-old albino Abca4-/- 

mice, n=3 eyes/group, ns, p>0.05, Mann–Whitney U test). Data are presented by 

Tukey boxplots, adapted from (Lyu et al., 2022). 

3.14 Fluorescence microscopy findings in pigmented Abca4-/- mice after 
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ISDN treatment 
The semi-quantification results shown in Figure.27 were published on the 

preprint server bioRxiv (Lyu et al., 2022). ISDN is a medicine used clinically for 

heart disease; it is a nitric oxide donor. As shown in Figure.26, the amount of 

lipofuscin is reduced after ISDN treatment. The semi-quantification showed that 

the lipofuscin decreased significantly after ISDN treatment (7-month-old 

pigmented Abca4-/- mice, n=3 eyes/group, ****p<0.0001, Mann–Whitney U test) 

(Figure.27). For reasons of missing the permission for animal experiments, 

ISDN treatment was not performed in albino Abca4-/- mice. 

 
Figure 26. Representative AF images of pigmented Abca4-/- mice treated with 
ISDN. 
(A)The untreated left eye. (B) The ISDN treated eye from the same mouse. The SW-AF 

signal intensity is reduced, representing the reduction of lipofuscin. 
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Figure 27. Semi-quantification of SW-AF intensity in pigmented Abca4-/- mice 
treated with ISDN.  
Semi-quantification of SW-AF intensity in pigmented Abca4-/- mice treated with ISDN 

(7-month-old pigmented Abca4-/- mice, n=3 eyes/group, ****P<0.0001, Mann–Whitney 

U test). Data are presented by Tukey boxplots, adapted from (Lyu et al., 2022).	 

4. Discussion 
4.1 Fate of photoreceptor discs 

The amount of light-induced toxic materials inside photoreceptors rises daily 

(Sheline et al., 2010). The appropriate function and structure of the retina are 

required for light transduction by photoreceptors(Strauss, 2005). To preserve 

photoreceptor excitability, the photoreceptor outer segments are shed every day 

as a continuous renewal process. One whole photoreceptor outer segment has 

a 10-day turnover rate (Young and Bok, 1969, Strauss, 2005). The shed 

photoreceptor outer segments are then phagocytosed by RPE cells. In 70 years 

of human life, each cell digests billions of photoreceptor discs (Wavre-Shapton 

et al., 2014). The incomplete degradation of phagosomes eventually leads to 

lipofuscin deposit accumulation.  

As observed in other species and in this study (Schraermeyer and Heimann, 

1999, Schraermeyer and Stieve, 1994, Wavre-Shapton et al., 2014), 

photoreceptor discs of pigmented Abca4-/- mice are phagocytized by the RPE, 

partially degraded in lysosomes, and their products fused with RPE 

melanosomes, juxtaposing membranous material derived from photoreceptor 

discs. I found that most of the phagosomal membranes, including intra-

phagosomal membranes derived from discs, are transformed into thin multi-
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lamellar membranes (TLMs)–a structureless material with varied electron 

density (Figure.5, 7) that accumulate within MLF. 

Schraermeyer first reported the fusion of phagosome and melanin in the RPE of 

the mature golden hamster (Schraermeyer, 1993). He suggested that melanin 

granules were involved in the pathway of the RPE handling non-degradable 

material. This was proved by subretinal injection of the gold-labeled outer 

segments to the rat eye (Schraermeyer et al., 1999), five days after outer 

segment residues and gold particles were found in the enlarged space between 

the melanin matrix and the limiting membrane in the RPE. After 12 days, only 

some gold particles can be found within melanosomes. He interpreted this as 

an indication that the phagosomal residues continue to be degraded in 

melanosomes whereas the indigestible gold particles remained longer within 

melanosomes. The fusion of phagosomes and melanosomes was also reported 

by Wavre-Shapton et al using cryo-immuno-electron microscopy (Wavre-

Shapton et al., 2014). However, the residual phagosome content can’t be fully 

digested, resulting in the formation of thin lamellar membranes (TLMs), which 

are likely being transported away together with other remaining materials 

through the choroidal vessels.  Figure.7D demonstrated that the relative shape 

and structure of the TLMs are similar to the photoreceptor disc membranes but 

much thinner indicating that some material, probably protein, has been digested 

but other residues were not. Besides, the electron-dense structures were 

detected in the photoreceptor disc segments by tetramethylbenzidine reaction 

and intensive light exposure (Kayatz et al., 1999), and their structure is identical 

to the TLMs in the  RPE. Through their experiments, it was also demonstrated 

that TLMs are able to induce chemical reactions. Originally Kayatz et al 

suggested that lipid peroxides are involved because TLMs appeared after the 

reaction with tetramethylbenzidine (Kayatz et al., 1999), therefore it is also 

possible that they are the result of a chemical reaction. It’s likely that the 

bisretinoids are still associated with the original disc membrane, which also 

implies that the TLMs originate from the photoreceptor disc membranes.  

4.2 RPE melanosomes are involved in the degradation of bisretinoids 
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Melanin is essential for the eye. Albinism patients suffer from foveal hypoplasia, 

and fundus hypopigmentation because of the defect in melanin biosynthesis(Liu 

et al., 2021). Aging is also accompanied by melanin declination in the RPE cells 

(Schmidt and Peisch, 1986). The amount of TLMs and lipofuscin are 

significantly higher in albino Abca4-/- mice than in pigmented ones (Figure.10) 

(Taubitz et al., 2018). Lipofuscin granules almost disappeared after the 

formation of melanosomes in the RPE of albino Abca4-/- mice (Figure.15, 16) 

while those newly formed granules were already oxidized and NIR fluorescent 

after a short time (Figure.13, 14). What role does melanin play in this process? 

RPE melanosomes are organelles that are related to lysosomes (Diment et al., 

1995, Raposo and Marks, 2002) and contain lysosomal enzymes (Azarian et al., 

2006), suggesting that melanosomes are likely to contribute to phagosome 

content degradation (Wavre-Shapton et al., 2014).  

My data in this study also revealed the continuous degradation of photoreceptor 

disc membranes within the melanosomes (Figure.5A, 7A). The interaction 

between melanin and lipofuscin has also been reported by other researchers. 

Energy-dispersive X-ray microanalysis of human RPE pigment granules 

showed that the phosphorus level of the melanin component of 

melanolipofuscin is higher than individual melanosomes (Biesemeier et al., 

2011). One of the components of lipofuscin is lipid (Terman and Brunk, 2004), 

the precursor of A2E also contains phosphorus (Jang et al., 2005), thus 

phosphorus can be considered a maker of lipofuscin. This finding indicates the 

molecular exchange between the lipofuscin and melanin components within 

melanolipofuscin. The complexes of DOPA-melanin with A2E were reported to 

even enhance the antioxidant property of DOPA-melanin compared with DOPA-

melanin alone, suggesting the excess A2E in RPE cells loses its toxicity by 

bounding with the melanin in melanosome (Dontsov et al., 2013). Melanin has 

stable free radicals and can participate in redox reactions (Godechal and Gallez, 

2011, Mostert et al., 2018). Melanin could not only absorb radicals (Ostrovsky et 

al., 1987) but also generate them (Sever et al., 1962), and is a superoxide(O2-) 

donator (Lapina et al., 1984). Nitric oxide is also formed when melanin is 
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irradiated (Yacout et al., 2019). These properties have led to the suggestion that 

the redox properties of melanin lead to lipofuscin formation or degradation.  

With regard to lipofuscin degradation, RPE melanin comprises redox-active 

metal ions including Fe, Cu, and Zn which are all engaged in the redox reaction 

(Biesemeier et al., 2011, Kim and Lee, 2021). Intracellular Fe promotes 

oxidative/degradation of the bisretinoid A2E in the presence of light (Zhao et al., 

2021, Ueda et al., 2018). Even young rats that normally lack lipofuscin and MLF 

have formed these two types of granules in the RPE when given a zinc-deficient 

diet (Biesemeier et al., 2012, Julien et al., 2011). Furthermore, low zinc diet only 

causes low zinc in melanosomes of the RPE but not in choroidal melanocytes 

(Biesemeier et al., 2012). Studies have shown that lipofuscin can be degraded 

by radicals. For example, Fenton chemistry reactants could degrade A2E 

independently from light and produce dicarbonyls methylglyoxal and glyoxal in 

ARPE-19 cells otherwise inhibited by Fe chelator deferiprone (Ueda et al., 

2018). Light-exposed melanin can itself generate superoxide which is able to 

degrade A2E-bisretinoid (Ueda et al., 2016). Recently Fang et al reported that 

Remofuscin could reverse the accumulation of lipofuscin in aged primary 

human RPE, they demonstrated the involvement of reactive oxygen species 

generated by Remofuscin in the lipofuscin degradation (Fang et al., 2022). It is 

reported that RPE pigments including melanin, lipofuscin and melanolipofuscin 

bind to Remofuscin (Julien-Schraermeyer et al., 2020). The treatment with 

Remofuscin was able to remove the lipofuscin from the monkey RPE as well 

(Julien and Schraermeyer, 2012). It is not clear why peroxidase can degrade 

A2E from RPE cells in vitro (Wu et al., 2011) since it consumes hydrogen 

peroxide rather than generating it, although horseradish peroxidase generates 

peroxyl and hydroperoxyl radicals (Berglund et al., 2002). Peroxidative activity 

was detected in the melanosomes of RPE in cattle (Schraermeyer and Stieve, 

1994) and horseradish peroxidase removed lipofuscin from the RPE of 

pigmented Abca4-/- mice efficiently in the present study.  

If the role of melanin is to generate radicals that degrade bisretinoids or 

lipofuscin directly, then an experimental prediction will be that peroxidase and 

drugs generating superoxide or other radicals will circumvent the melanin step 
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and even be effective in the albino Abca4-/- mice. They were not. The results of 

this study showed that SIN-1 (generator of O2•– and NO•), ISDN (NO• generator), 

and horseradish peroxidase removed lipofuscin only in the pigmented Abca4-/-

 mice. Sundelin et al showed that melanin could inhibit lipofuscin formation in 

photoreceptor outer segments fed RPE cells when exposed to oxidative stress. 

The lipofuscin amounts were significantly higher in pigment-poor bovine cells 

and albino rabbit cells than in pigment-rich bovine RPE cells and pigmented 

rabbit cells after photoreceptor outer segments exposure (Sundelin et al., 2001). 

The highly pigmented human fetal RPE was also reported to be resistant to 

lipofuscin material whereas the amelanotic ARPE19 cells were not. The authors 

observed a mixture of undigestible autofluorescent material and melanin after 

being fed with oxidized outer segments which mimic melanolipofuscin in aged 

human RPE. They concluded that healthy pigmented RPE could sufficiently 

tolerate lipofuscin accumulation (Zhang et al., 2019). Those results, together 

with data of my study, indicate that melanin is directly involved in the 

degradation or detoxification of bisretinoids. 

The chemiexcitation that creates chemical reaction products containing excited 

electrons is crucial in biology (White et al., 1974, Premi et al., 2015). Premi et al 

have shown the chemiexcitation pathway of melanin. The UV radiation to cells 

will cause the generation of nitric oxide (NO•) and superoxide (O2•–), these two 

radicals together form the strong oxidant peroxynitrite (ONOO–), and the 

formed peroxynitrite subsequently reacts with melanin then produce a dioxetane. 

The unstable dioxetane goes through spontaneous thermolysis, and the energy 

is transferred to excite the melanin fragment to the triplet state (Premi et al., 

2015). SIN-1 is a reactive oxygen and nitrogen species generator, it 

decomposes in aqueous solution, releasing O2•– and NO• (Feelisch et al., 

1989), which rapidly combine to create ONOO– for which it is also used as a 

peroxynitrite generator (Ho et al., 2012, Huie and Padmaja, 1993, Cuddy et al., 

2012). A likely explanation for the lipofuscin and melanin reduction in the 

pigmented mice after SIN-1 treatment is that melanin chemiexcitation is 

engaged. Nitric oxide is naturally produced in the human RPE according to an 

investigation of the nitric oxide synthase expression in the retina of aged 
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humans and AMD eyes (Bhutto et al., 2010). Nitric oxide is also important for 

maintaining intraocular pressure homeostasis (Reina-Torres et al., 2021). 

Murdaugh et al detected nitro-A2E within the Bruch’s membrane of aged 

humans (Murdaugh et al., 2010), suggesting the reaction of nitric oxide and  

A2E. Horseradish peroxidase could also create dioxetanes enzymatically, 

including on melanin, and can do so using its oxidase cycle that does not 

require H2O2 as oxidant (Berglund et al., 2002, Premi et al., 2015, Bechara et al., 

1979, Baader et al., 1985). Taken together, melanin-dependent mechanisms 

are able to degrade lipofuscin but its removal also results in melanin destruction.  

4.3 Stress responses opposing melanosome decline with age and disease 
During bisretinoid degradation, toxic byproducts and radicals are formed (Ueda 

et al., 2016), therefore it would be an advantage that this event takes place in 

melanosomes. The membrane could limit the diffusion into the cytoplasm and 

the presence of melanin could also absorb the toxic byproducts and radicals.  

The melanin-involved lipofuscin degradation pathway leads to the consumption 

of melanin. Dontsov et al revealed fluorescent melanin degradation products 

after exposing a combination of melanosomes and lipofuscin to blue light 

(Dontsov et al., 2017).  They used blue light to irradiate the mixture of granules 

with the ratio of 1:5 of melanosome and lipofuscin for 90 min, this led to the 

development of fluorescent products because of melanin destruction. These 

fluorescent products were not present after the blue light irradiation of only 

melanosomes (Dontsov et al., 2017). The same group also discovered that the 

paramagnetic centers’ concentration of human RPE is lower in the MLF than in 

melanin, suggesting the melanin degradation going on in the melanolipofuscin 

(Dontsov et al., 2017). They indicated that the decrease of melanin in RPE 

during aging is caused by the degradation of melanin located in 

melanolipofuscin by superoxide radicals generated by lipofuscin under the light 

(Dontsov et al., 2017).  

NIR-AF is not an intrinsic melanin characteristic, it rises with age and photic or 

oxidative stress (Taubitz et al., 2019). In my current study, the young melanin 

granules already exhibited NIR-AF after 2 weeks while most of the lipofuscin 

granules were eliminated (Figure.16). Also, the reduction of lipofuscin was 



 66 

accompanied by the reduction of melanin after injection of the O2•- and  NO• 

donor SIN-1 in pigmented Abca4-/-mice (Figures.19). The change in average 

NIR-AF intensity is not detected after SIN-1 treatment (Figure.22B). The 

explanation could be that the oxidized melanosomes with increased NIR-AF 

intensity were already degraded. Charbel Issa et al reported that the increased 

MLF with aging in the pigmented Abca4-/- mice is accompanied by decreased 

melanosomes. The rise in melanolipofuscin granules paralleled the rise in 

melanin-related NIR-AF (Charbel Issa et al., 2013), suggesting that interactions 

with lipofuscin lead to oxidation of melanosomes.  Taubitz et al also revealed 

the NIR fluorescence of the melanosomes in the pigmented Abca4-/- mice with 

high amounts of MLF. While the melanosomes of age-matched wild type mice 

do not show NIR signals (Taubitz et al., 2019), again indicating the oxidation of 

melanin through overwhelming reaction with lipofuscin. In the process of 

chemiexcitation, melanosomes are also degraded (Premi et al., 2015). 

Therefore, the RPE melanin formed during embryogenesis would eventually run 

out.  

On the other hand, melanogenesis was reported by Poliakov et al in the ARPE-

19 cells challenged with rod outer segments that were treated with a low level of 

A2E for weeks. ARPE-19 cells produce melanin in response to the excess A2E 

accumulation (Poliakov et al., 2014). In this study, early-stage melanosomes 

were also observed after SIN-1 treatment (Figure.20). The rate of 

melanogenesis can be enhanced 40-fold by radicals (Wood and Schallreuter, 

1991). Nitric oxide was reported to stimulate melanogenesis by enhancing 

tyrosinase gene expression (Roméro-Graillet et al., 1997, Sasaki et al., 2000). 

Post-natal melanin induction (Schraermeyer, 1992, Poliakov et al., 2014) may 

therefore be a stress response to excess lipofuscin because tyrosinase 

expression was detected after feeding cattle and humans RPE cells with outer 

segments (Schraermeyer et al., 2006, Julien et al., 2007).  

4.4 Melanogenesis induced by tyrosinase cDNA and intravitreal injection 
delivery system 
The formation of melanosomes in mammalian RPE cells is generally thought to 

only occur during embryogenesis and maturing during the first two years after 
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birth (Schraermeyer and Heimann, 1999, Biesemeier et al., 2010). Only a few 

studies reported melanogenesis in the mature RPE cells (Dorey et al., 1990, 

Schraermeyer, 1992, Poliakov et al., 2014). I presented clear evidence that 

melanogenesis can occur in adult mammal RPE after birth, the artificial 

formation of melanin in both RPE and choroidal melanocytes was achieved by 

the transfection of tyrosinase cDNA. Pre-melanosomes, which are thought to be 

required for melanogenesis in both melanocytes and RPE cells (Lopes et al., 

2007, Biesemeier et al., 2010) were formed in the choroidal melanocytes of 

albino Abca4-/- mice (Figure.12). However, pre-melanosomes were not detected 

in the RPE cells. It’s possible that the melanin synthesis pathway is different in 

the choroid and RPE. Biesemeier et al also demonstrated the occurrence of 

melanogenesis without the typical pre-melanosomes formation in the human 

RPE cell (Biesemeier et al., 2010). This study suggests the possibility of the 

restoration of melanization in the adult RPE for the rescue of function. However, 

the injection of Ad-Tyr also altered the RPE structure due to the side effects of 

adenovirus. A better approach to melanogenesis in the RPE would be the use 

of new AAV vectors.  

Intravitreal injection was used for the delivery of SIN-1, ISDN, and peroxidase. It 

is a highly effective way of drug delivery to the eye and is wildly used for drugs 

developed for retinal diseases (Martin, 2018). Although peroxynitrite is not 

stable, it’s more likely that SIN-1 diffuses through the RPE. Large proteins like 

Avastin reaches the choroid within 1-day after intravitreal injection 

(Schraermeyer and Julien, 2013). The intravitreal injection was sufficient for 

drug delivery and action in this study.  

In this study, I detected TLMs that originate from photoreceptor membranes. 

Only preliminary descriptions about TLM were made before (Schraermeyer et 

al., 1998), it is still mostly unknown. However, TLMs are very prominent in 

Abca4-/- mice, this underlines the importance of TLMs. These TLMs are often 

related to melanolipofuscin and are more common in albino Abca4-/- mice. I 

discovered a natural mechanism by which lipofuscin in the RPE could be 

degraded with the support of melanosomes. Additionally, lipofuscin degradation 

can be enhanced by drugs generating nitric oxide. The failure of this 
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mechanism may account for the decline in visual acuity of Stargardt patients 

and for the onset of AMD with age. This study indicates (Figure.28) that leftover 

incomplete phagosomal degradation could merge with melanosomes. Radicals 

or chemical reactions generated by melanosomes or during the phagocytosis 

process, lipofuscin is degraded. Some of the phagosomal membranes are 

transformed into a homogeneous substance with varying electron densities that 

reside in the melanolipofuscin granules, lipofuscin, or cytoplasm. In the 

meantime, melanosomes also provide a protective environment against the 

oxidative stress produced during the degradation procedure. When lipofuscin 

cannot be entirely degraded because the burden is too great, as in Stargardt 

disease, or during aging, melanolipofuscins are formed and accumulated. 

These findings suggest a potential treatment approach to lipofuscin-related 

diseases such as Stargardt disease and AMD in the future.  

 
Figure 28. Bisretinoids degradation requires melanosomes and is enhanced by 
radicals. 
Incomplete phagosomal degradation leftover fuse with melanosomes, with radicals 

created by melanin or during the phagocytosis process, lipofuscin could be degraded. 

Some phagosomal membranes are transformed into homogeneous substances with 
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variable electron densities that reside in melanolipofuscin granules, lipofuscin, or 

cytoplasm. In this scenario, melanosomes provide a protective environment against the 

oxidative damage caused during the degradation process. Lipofuscin cannot be entirely 

degraded when the burden is too great, as in Stargardt disease or aging, 

melanolipofuscins are formed. 

5. Summary 
Lipofuscin granules accumulate within the human RPE cell with age. The 

accumulation procedure is especially accelerated among Stargardt disease and 

age-related macular degeneration (AMD). Another pigment granule - 

melanolipofuscin (MLF) starts to accumulate throughout the pathogenic 

procedure and aging, indicating the reduction in the capacity to degrade 

lipofuscin. Studies have shown the major lipofuscin amount differs between 

pigmented and albino Abca4-/- mice as well as non-white people and white 

people. Lipofuscin accumulation is ameliorated by drugs that generate 

superoxide (O2•-), and melanin together with superoxide and nitric oxide was 

discovered to be able to excite melanin electrons to a high-energy state for 

chemical reactions. Therefore, the present study was designed to test whether 

melanin is required for the photoreceptor disc clearance in the RPE and 

whether drugs generating NO• enhance this process. The Abca4-/- mice - 

models for Stargardt disease and for lipofuscin-related diseases were used in 

this study. Subretinal injection of the adenovirus tyrosinase vector was 

performed to induce melanin formation in the albino Abca4-/- mouse. 

Additionally, intravitreous injections of reagents (3-morpholinosydnonimine 

(SIN-1) or isosorbide dinitrate (ISDN)) and horseradish peroxidase that 

generate radicals were performed in both pigmented and albino Abca4-/- mice. 

Fundoscopy was measured in vivo, and electron microscopy, fluorescence 

microscopy, and immunofluorescence stain were used in the method. This 

study demonstrated the unique thin lamellar membranes (TLM)  that are more 

often found in the albinos Abca4-/- mice than in the pigmented mice, It also 

showed that these TLMs originate from incomplete digestion of photoreceptor 

disc membranes. The results also provided an explanation of the formation of 

MLF - it originates from the inability of melanin to continue to degrade 

bisretinoids because melanin is aged or the amount of bisretinoids is 
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overwhelmed as in Stargardt disease. Melanogenesis in adult mammal RPE 

after birth by adenoviral tyrosinase vector was presented. The newly formed 

melanin granules were near-infrared positive and oxidized within 2 weeks. And 

the reduction of lipofuscin was detected in the area where melanin was newly 

formed. The results showed a marked decrease in lipofuscin amount in the RPE 

cell of pigmented Abca4-/- mice after SIN-1, ISDN, or peroxidase treatments. By 

contrast, neither SIN-1 nor peroxidase was able to remove lipofuscin from 

albino Abca4-/- mice. Therefore, the current study showed a natural mechanism 

by which lipofuscin in RPE cells can be degraded with the support of 

melanosomes, and this pathway can be enhanced by drugs generating 

superoxide or nitric oxide. 

6. Zusammenfassung 
Lipofuszingranula sammeln sich mit zunehmendem Alter in der menschlichen 

RPE-Zelle an. Besonders beschleunigt wird der Akkumulationsvorgang bei 

Morbus Stargardt und altersbedingter Makuladegeneration (AMD). Ein weiteres 

Pigmentgranulat – Melanolipofuscin (MLF) – beginnt sich während des 

pathogenen Vorgangs und des Alterns anzusammeln, was auf die Verringerung 

der Fähigkeit zum Abbau von Lipofuscin hinweist. Studien haben gezeigt, dass 

sich die Hauptmenge an Lipofuszin zwischen pigmentierten und Albino-Abca4-/--

Mäusen sowie zwischen nicht-weißen und weißen Menschen unterscheidet. Die 

Anreicherung von Lipofuszin wird durch Arzneimittel verbessert, die Superoxid 

(O2•-) erzeugen, und es wurde entdeckt, dass Melanin zusammen mit 

Superoxid und Stickoxid Melaninelektronen in einen hochenergetischen 

Zustand für chemische Reaktionen anregen kann. Daher wurde die vorliegende 

Studie entwickelt, um zu testen, ob Melanin für die Clearance der Photorezeptor 

Disk im RPE erforderlich ist und ob Medikamente, die NO• erzeugen, diesen 

Prozess verstärken. Die Abca4-/--Maus-Modelle für die Stargardt - Krankheit 

und für Lipofuszin-bedingte Krankheiten wurden in dieser Studie verwendet. 

Eine subretinale Injektion des Adenovirus-Tyrosinase-Vektors wurde 

durchgeführt, um die Melaninbildung in die Albino-Abca4-/--Mäuse einzuleiten. 

Zusätzlich wurden intravitrealen Injektionen von Reagenzien (3-

Morpholinosydnonimin (SIN-1) oder Isosorbiddinitrat (ISDN)) und 
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Meerrettichperoxidase, die Radikale erzeugen, sowohl bei pigmentierten als 

auch bei Albino-Abca4-/--Mäusen durchgeführt. Die Fundoskopie wurde in vivo 

gemessen, und bei dem Verfahren wurden Elektronenmikroskopie, 

Fluoreszenzmikroskopie und Immunfluoreszenzfärbung verwendet. Diese 

Studie demonstrierte die einzigartigen dünnen lamellaren Membranen (TLM), 

die häufiger bei Albino- Abca4-/--Mäusen als bei pigmentierten Mäusen 

gefunden werden. Sie zeigte auch, dass diese TLMs aus einer unvollständigen 

Verdauung von Photorezeptorscheibenmembranen stammen. Die Ergebnisse 

lieferten auch eine Erklärung für die Bildung von MLF – es stammt aus der 

Unfähigkeit von Melanin, weiterhin Bisretinoide abzubauen, weil Melanin 

gealtert ist oder die Menge an Bisretinoiden wie bei der Stargardt-Krankheit zu 

groß ist. Es wurde die Melanogenese in erwachsenen Säuger-RPE nach der 

Geburt durch einen Adenovirus-Tyrosinase-Vektor vorgestellt. Die neu 

gebildeten Melaninkörnchen waren im nahen Infrarot positiv und oxidierten 

innerhalb von 2 Wochen. Und die Reduktion von Lipofuszin wurde in dem 

Bereich nachgewiesen, in dem Melanin neu gebildet wurde. Die Ergebnisse 

zeigten eine deutliche Abnahme der Lipofuszinmenge in den RPE-Zellen 

pigmentierter Abca4-/- Mäuse nach SIN-1-, ISDN-oder Peroxidase-

Behandlungen. Im Gegensatz dazu war weder SIN-1 noch Peroxidase in der 

Lage, Lipofuszin aus Albino Abca4-/- Mäusen zu entfernen. Daher zeigte die 

aktuelle Studie einen natürlichen Mechanismus, durch den Lipofuszin in RPE-

Zellen mit Unterstützung von Melanosomen abgebaut wird, und dieser Weg 

kann durch Medikamente verstärkt werden, die Superoxid oder Stickoxid 

erzeugen. 
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