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cells. Special attention was paid to alterations of 
mitochondria contact sites (MCSs), an organelle net-
work of mitochondria, endoplasmic reticulum, lipid 
droplets (LDs), and peroxisomes being documented 
based on our own electron microscopic findings 
from surgically removed human eyes. Morphometry 
of Bruch’s membrane lipids and proteoglycans has 
also been performed in early AMD and aged con-
trols. Microbial metabolites (short-chain fatty acids, 
polyphenols, and secondary bile acids) and micro-
bial compounds (lipopolysaccharide, peptidoglycan, 
and bacterial DNA)—now called postbiotics—in 
addition to local effects on resident microbiota and 
mucous membrane, regulate systemic metabolic, 
vascular, immune, and neuronal mechanisms in nor-
mal conditions and in various common diseases. We 
also discuss their antioxidant, anti-inflammatory, and 
metabolic effects as well as experimental and clini-
cal observations on regulating the main processes of 

Abstract Age-related macular degeneration (AMD) 
is a progressive neurodegenerative disease affecting 
the central area (macula lutea) of the retina. Research 
on the pathogenic mechanism of AMD showed com-
plex cellular contribution governed by such risk fac-
tors as aging, genetic predisposition, diet, and life-
style. Recent studies suggested that microbiota is a 
transducer and a modifier of risk factors for neurode-
generative diseases, and mitochondria may be one of 
the intracellular targets of microbial signaling mol-
ecules. This review explores studies supporting a new 
concept on the contribution of microbiota—mito-
chondria disorders to AMD. We discuss metabolic, 
vascular, immune, and neuronal mechanism in AMD 
as well as key alterations of photoreceptor cells, reti-
nal pigment epithelium (RPE), Bruch’s membrane, 
choriocapillaris endothelial, immune, and neuronal 
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photoreceptor renewal, mitophagy, and autophagy in 
early AMD. These findings support an emerging con-
cept that microbiota-mitochondria disorders may be 
a crucial pathogenic mechanism of early AMD; and 
similarly, to other age-related neurodegenerative dis-
eases, new treatment approaches should be targeted at 
these disorders.
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Introduction

AMD is a chronic, progressive, and sight-threatening 
disease of the macula lutea—the small, central area 
of the retina. AMD affects a large segment of the 
population, being particularly common among people 
aged 40 and older. Recent studies estimated the prev-
alence of AMD to be 8.7% globally, 12.3% in Europe, 
8.4% in the USA, and 7.4% in Asia. The estimated 
global number of people with AMD was 196 million 
in 2020, with a projecting increase to 288 million in 
2040 [1]. In Europe, approximately 67 million peo-
ple currently suffer from AMD and, due to population 
aging, this number is expected to increase by 15%, up 
to 77 million by 2050 [2].

From a clinical and pathologic point of view, 
atrophic (dry) and exudative (wet) forms of AMD can 
be distinguished [3]. Early dry AMD is characterized 
by the presence of small to medium-sized (≥63 to 125 
μm) yellowish deposits (drusen) under the retinal pig-
ment epithelium (RPE). Visual acuity is still good, but 
difficulties in adapting to light or dark may occur, and 
the center of the visual field becomes fuzzy or shad-
owed—lines appearing wavy, blurred, or distorted. 
In intermediate AMD pigmentary abnormalities with 
medium-sized and at least one large drusen (>125 
μm) can be seen in the macula, visual acuity signifi-
cantly decreases due to blurred central vision for the 
objects both close by and far away, and a gray spot 
may develop in the center of the visual field. In late 

AMD, serious damage to photoreceptors, RPE cells, 
and choriocapillaris appear, forming “geographic” 
atrophy in the central area of the retina; and as the dis-
ease progresses, with the gray central spot becoming 
black, people have difficulty in distinguishing colors, 
details, and later in reading, driving, and working. In 
approximately 10–15% of cases, the atrophic form 
may become exudative, characterized by subretinal 
edema and hemorrhages derived from newly formed 
vessels of choroidal and, in part, retinal origin (neo-
vascular AMD). This “stroke-like” destruction of the 
outer retina may occur at any stage of the disease and 
cause sudden deterioration of visual function [4, 5]. 
AMD is a bilateral disease, but the progression and 
severity may be significantly different between eyes; 
moreover, the atrophic form may occur in one eye, 
with exudative in the contralateral eye.

Multiple risk factors are involved in the pathogenic 
mechanism of AMD such as aging, genetic disposi-
tion, diet, and lifestyle. Epidemiologic studies from 
various countries and regions have explicitly shown 
that age is the main risk factor for AMD, as it affects 
the senior population with increasing prevalence 
with aging [6]. Genetic predisposition may contrib-
ute to the development and progression of AMD in 
most patients [7, 8]. Large population-based studies 
have established genetic dysregulation contributes 
46–71% to the expression of the disease, with CFH 
and ARMS2/HTRA1 being the two most notable risk 
loci among the 103 identified AMD-associated loci so 
far [9–11]. Further studies showed that mitochondrial 
DNA (mtDNA) damage in RPE cells can be an essen-
tial element in AMD pathogenesis [12–15]. Finally, 
other studies demonstrated that the apolipoprotein E 
(APOE) gene polymorphism is strongly associated 
with AMD susceptibility [14, 15]. Diet rich in green 
vegetables, fish, and omega-3-rich oils is beneficial for 
patients with AMD, as it might delay disease progres-
sion and help retain better visual function [16]. The 
Mediterranean diet, for example, was associated with 
a 41% reduced risk of incident advanced AMD [17]. 
Lifestyle and physical activity, in particular, might 
reduce the risk of early AMD, lowering by as much 
as 3-fold the risk of advanced AMD in a person’s life-
time—besides the social and economic costs of AMD 
to society [18, 19]. In contrast, an unfavorable lifestyle 
(having a western diet, sedentary life, smoking, and 
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some medicines) increased the risk of late AMD at 
least 2-fold [20]. Current conceptualizations suggests 
that these risk factors contribute to the development of 
AMD through metabolic [21–23], vascular [24, 25], 
immune [23, 26], and neuronal mechanisms [27, 28]. 
However, the interplay between risk factors and these 
mechanisms is still not fully explored.

Recent observations support evidence that micro-
biota is a transducer of environmental signals, modi-
fying the risk of diseases across all ages and that 
this changes with age. As such, resetting the micro-
biome-derived signals of “unhealthy” aging through 
microbiota-associated interventions may be a new 
approach to preventing and treating age-related dis-
eases [29]. There is a consistent body of evidence 
that suggests correlations between altered microbiota 
and the development of neurodegenerative diseases, 
as low-grade (subclinical) inflammation evoked by 
microbiota-gut dysbiosis has been described in Alz-
heimer’s disease [30], Parkinson’s disease [31], and 
several ocular diseases including AMD [32–35]. 
Clinical studies also found the different microbial 
compositions of pharyngeal as well as both oral and 
nasal samples of AMD cases and controls [36, 37]. 
Others showed an association between AMD and per-
iodontal diseases such as periodontitis, fewer teeth, 
and more alveolar bone loss than those without AMD 
[38]. These observations provide further evidence for 
the existence of microbial triggers for AMD, but the 
exact mechanism is not fully explored.

Although there have been major breakthroughs 
in the treatment of exudative AMD, no efficacious 
treatment is yet available to prevent irreversible loss 
of the central vision, and nowadays AMD represents 
a growing social, medical, and economic burden for 
industrialized societies [34]. The aims of our paper 
are: (i) to highlight an emerging concept on the role 
of microbiota-mitochondria disorders in early AMD 
supported by our own observations on photorecep-
tor-RPE, Bruch’s membrane, and choriocapillaris 
alterations; and (ii) to strengthen microbial treatment 
approaches recommended before irreversible damage 
emerges in this common eye disease. Our findings 
come from a database of surgically removed human 
eyes collected at the 1st Department of Ophthal-
mology, Semmelweis University of Budapest, Hun-
gary over the period between 1970 and 1986 when 
this surgical intervention afforded the best available 

opportunity to treat certain eye diseases. These speci-
mens were fixed immediately after enucleation; thus, 
post-mortem changes of the retina rich in unsatu-
rated lipids were prevented. Finally, for the study of 
membrane-lipids and proteoglycans, we used highly 
specific and sensitive methods that allowed morpho-
metric analysis and comparison of AMD and aging, 
as described in detail in the chapter on Material and 
Methods (see Supporting material).

Photoreceptor‑RPE cells in early AMD

Mitochondrial alterations

Photoreceptor-RPE cells have high energy demands 
and a high density of mitochondria that produce 
ATP through oxidative phosphorylation (OXPHOS) 
of fuel substrates. Similar to other tissues with high 
metabolic rates, photoreceptors metabolize fatty acids 
through OXPHOS [35]. Photoreceptors are prone to 
photo-oxidative damage and approximately 10% of 
the scheduled apical photoreceptor outer segment 
(POS) membranes are daily engulfed by the RPE, 
which are specialized phagocytes responsible for the 
turnover of POS in normal conditions [39]. However, 
in  vitro studies have shown a moderate decline of 
RPE phagocytosis with age, though this was signifi-
cantly reduced in AMD as compared to age-matched 
controls, highlighting the importance of RPE phago-
cytic dysfunction in AMD [40]. Other in  vitro stud-
ies demonstrated that cultured human RPE from AMD 
donors were functionally impaired. Moreover, they 
showed reduced mitochondrial activity associated 
with increased susceptibility to oxidative stress, higher 
levels of ROS under stress conditions, and impaired 
autophagy as compared to RPE from normal donors. 
These studies proposed that impaired phagocytosis 
and mitochondrial activity—as well as dysfunctional 
autophagy in RPE and accumulation of metabolic by-
products—may be underlying mechanisms contribut-
ing to the pathophysiology of AMD [41].

Additionally, electron microscopy of cultured 
human RPE cells showed marked differences in the 
structural features of the mitochondria with aging. 
RPE cells from young and middle-aged donors have 
numerous mitochondria with regular-sized, round, or 
oval-shaped, distinctly visible cristae, and the outer 



 GeroScience

1 3
Vol:. (1234567890)

membrane appeared intact. RPE cells from aged 
donors contained mitochondria sparsely distributed in 
the cytoplasm, with an irregular size, electron-dense 
matrix, less distinct cristae, and disrupted outer mem-
brane [42]. These mitochondrial alterations corre-
spond to those that are characteristic of iron overload 
observed in other organs [43]. Further studies showed 
that increased ferrous ion (Fe2+), and subsequent 
generation of hydrogen peroxide and hydroxyl free 
radicals formed within the inner mitochondrial mem-
brane, may cause severe mitochondrial dysfunction 
and subsequent photoreceptor death, the so-called fer-
roptosis [44].

Ferroptosis—iron-dependent cell death—is, from 
a biochemical and morphological point of view, dif-
ferent from other forms of regulated cell death such 
as apoptosis, necrosis, and pyroptosis [45]. Ferrop-
tosis contributes to numerous severe and common 
diseases in humans, such as stroke, traumatic brain 
injury, ischemia-reperfusion injury, non-alcoholic 
steatohepatitis, cardiomyopathy, metabolic syndrome, 
and neurodegenerative diseases [46, 47]. Increased 
iron levels have been reported in the RPE, outer ret-
ina, and choroid in the elderly [48]. Previous studies 
suggested that ferroptosis may occur also in AMD, as 
phagocytosis of POS discs rich in iron may promote 
iron accumulation in the RPE. This accumulated iron 
either binds to melanin in RPE cells or accumulates 
to toxic levels, and further studies confirmed that 
retinal iron accumulation is a characteristic feature of 
AMD [49, 50]. Excessive ferrous ion (Fe2+) subse-
quently generates RO via Fenton reactions, and ROS 
further reacts with PUFAs, promoting lipid peroxi-
dation, which causes mitochondrial destruction and 
subsequent death of RPE and photoreceptors by fer-
roptosis [51, 52]. Furthermore, mitochondrial ferritin, 
an iron-sequestering protein, is expressed in cell types 
characterized by high metabolic activity and oxygen 
consumption, including the human retina [53].

Previous electron microscopic studies from our 
laboratory showed a decrease in the number and 
area of mitochondria as well as loss of mitochondrial 
cristae and matrix in RPE cells—this being signifi-
cantly more severe in early AMD as compared to age-
matched controls—which we considered to be signs 
of apoptosis [54]. In a reappraisal of these images—
among mitochondria that appeared to be normal and 
damaged—we also found mitochondria characterized 
by their smaller than normal volume and condensed 

mitochondrial membrane densities, as well as by 
diminished or vanished cristae, rupture of their outer 
membrane, and electrodense inclusions in both aged 
eyes and early AMD. These ultrastructural features of 
mitochondria are similar to those seen in iron over-
load; as such our findings may support the role of fer-
roptosis in early AMD. However, further studies are 
certainly needed to detect quantitative differences 
between AMD and aging.

Since RPE metabolism supports the light-induced 
retinoid cycle [55, 56], one of the possible conse-
quences of mitochondrial dysfunction in early AMD 
may manifest as a disorder of light-induced retinoid 
recycle. In fact, impaired dark adaptation was found 
in AMD [57–60]; as well as decreased sensitivity [61] 
and increased recovery time after photostress was 
found in early AMD [62, 63], suggesting impaired 
energy production in this disease.

Additionally, mitochondria of photoreceptors’ 
inner segment are affected in early AMD. Optical 
coherence tomographic (OCT) studies reported that 
the average relative ellipsoid zone intensities (distal 
part of the inner segment) were significantly reduced 
in eyes with intermediate AMD compared to nor-
mal eyes and with increasing age [64, 65]. Further-
more, OCT and histopathologic studies suggested, 
that mitochondrial alterations may be responsible 
for changes in ellipsoid zone reflectivity that may 
indicate early photoreceptor damage [59]. Animal 
studies showed that oxidative stress in RPE leads to 
mitochondrial dysfunction in both RPE and photore-
ceptors [22]. Our electron microscopy of aged human 
retinas confirmed these mitochondrial alterations in 
ellipsoid; what is more, various forms of electrodense 
(possible lipid-containing) granules were observed in 
the myoid in early AMD (Fig. 1A,B).

Mitochondria contact sites in the RPE cells

MCSs or synonymously mitochondria-associated 
membrane (MAM) are recently identified, but well 
studied, special subcellular structural and functional 
networks of organelles, such as mitochondria, and 
the endoplasmic reticulum (ER), LDs, lysosomes, 
and peroxisomes. MCSs are characterized by spe-
cific structural and functional properties at the sites 
of closely apposed membranes, and proteins tethering 
two organelles have also been defined [60]. MCSs are 
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dynamic structures, and these contact sites serve as 
unique intracellular platforms regulating a wide range 
of cellular reactions, including autophagy through 
non-vesicle contact [66]. This extensive communica-
tion through membrane contact sites—including dis-
turbing inter-organelle communication—is intimately 
linked with age-related pathologies [67]. (Fig. 2A,B)

MCSs formed between mitochondria and ER have 
been the most widely studied, with it being proposed 
that they play crucial roles in various biochemical 
and signaling functions such as Ca2+ homeostasis, 
ROS production, lipid biosynthesis, and trafficking—
alongside the regulation of mitochondrial division, 
fusion, and mtDNA replication, autophagosome bio-
genesis, and autophagy [68]. These contacts are also 
involved in different cell dysfunctions and patholo-
gies, including gastrointestinal inflammations, and 
colorectal cancer [69], traumatic brain injury [70], 
neurodegenerative diseases [71], metabolic diseases 
[72], cardiovascular diseases [73], and mood disor-
ders [74], as well as with aging and age-related dis-
eases [75, 76].

LDs are particular forms of cytoplasmic lipid stor-
age that are now considered to be organelles com-
posed of a neutral lipid core, comprising triacylglyc-
erols and sterol esters, surrounded by a phospholipid 

monolayer with several decorating proteins, called 
perilipins [77, 78]. Perilipins are conserved proteins 
and are essential for lipid metabolism [79]. LDs origi-
nate from the ER, with which they maintain close 
contact throughout their life cycle, and their junctions 
facilitate the exchange of both lipids and proteins 
between these two compartments. LDs also form con-
tact sites with ER-derived catabolic organelles, such 
as autophagosomes, lysosomes, autolysosomes, and 
late endosomes. These contacts support lipid catabo-
lism through lipophagy or lipolysis and supply lipids 
for autophagosome biogenesis [80]. LDs have become 
one of the most exciting areas due to the important 
part they play in energy homeostasis, as they seem 
to be the principal regulators of cellular metabolism. 
They are also essential components of cellular stress 
responses, as LDs in stressed cells maintain energy 
and redox homeostasis and protect against lipotoxic-
ity by sequestering toxic lipids (lipofuscin and other 
metabolic by-products) into their neutral lipid core. 
Their mobility and dynamic interactions with mito-
chondria enable the efficient delivery of fatty acids 
for optimal energy production. Furthermore, LDs 
contribute to the removal of protein aggregates when 
severe proteotoxic stress overwhelms the proteasomal 
system [81].

Fig. 1  Photoreceptor inner segment. A Normal aged cone 
and rods. Ellipsoid (el) contains numerous, densely packet, 
uniformly long mitochondria with well-preserved cristae and 
matrix. Myoid (my) contains a few endoplasmic reticula (ER) 
and normal cytoplasm free from inclusions, similarly to neigh-
boring rods (R). olm: outer limiting membrane; 76 years; male; 
×12,000; bar: 1 μm. B Early AMD cone. Ellipsoid (el) con-

tains mitochondria of various shapes and sizes with focal loss 
of cristae and matrix. Myoid (my) is shorter and contains some 
endoplasmic reticulum (ER), lysosome (Ly), electrodense, and 
lipid-containing inclusions (LDs) next to the mitochondria. 
olm: outer limiting membrane; 62 years; male; ×20,000; bar: 
0.1 μm
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LDs form contact sites with mitochondria for meta-
bolic channeling of the released fatty acids toward 
beta-oxidation [82]. Contacts not only supply lipids for 
β-oxidation in mitochondria and peroxisomes but may 
also transfer toxic lipids—as well as misfolded and 
harmful proteins—to LDs. Mitochondrial function has 
been shown to be the main determinant of functional 
lipid storage and oxidation, and adequate regulation of 
cellular lipid storage and oxidation is indispensable for 
the maintenance of cellular energy homeostasis and 
health. Recent studies have identified a subpopula-
tion of mitochondria attached to LDs—denominated 
peridroplet mitochondria—that have distinct bioener-
getics, proteome, cristae organization, and dynamics 
that support LD build-up as compared to cytoplasmic 
mitochondria [83, 84]. LDs also contribute to innate 
immunity as they organize and use immune proteins 
to kill intracellular pathogens as well as being central 
players in the local and systemic metabolic adaptation 
to infection [85]. Finally, they also maintain a symbi-
otic relationship with autophagy and act as reservoirs 
of bioactive lipids that regulate innate immunity [86, 

87]. Increasing evidence suggests significant roles for 
LDs in metabolic disease and inflammation, in which 
dysregulation of lipid metabolism was found to be 
associated with neurodegeneration, as in Alzheimer’s 
and Parkinson’s disease [88, 89]. Most recent studies 
found that accumulation of LDs promotes RPE dys-
function in vitro [90].

Lysosomes play a crucial role in mitophagy, one of 
the key processes in AMD [14, 91, 92]. Mitochondria 
are constantly in a dynamic and regulated balance of 
fusion and fission processes that is known as mito-
chondrial quality control (MQC). Mitophagy, a major 
mechanism of MQC, can selectively degrade dys-
functional mitochondria and maintain mitochondrial 
integrity and function, preventing release of damaged 
mitochondria-derived ROS. Mitochondrial dysfunc-
tion and failing MQC are major determinants of aging 
and age-related neurodegenerative diseases. MCSs 
are an intimate topographic and functional relation-
ship between mitochondria and lysosomes that rep-
resents the fact that lysosomal degradation of dys-
functional mitochondria is the final step of mitophagy 

Fig. 2  MCSs in the RPE. A MCSs in young RPE (normal). 
Typical organization of contact sites between mitochondria, 
endoplasmic reticulum (ER), and LDs (black arrows). ER 
show dilatation at some places, phenomena of ER-stress (white 
arrows), one of these dilatations is continuous with a small LD 
(widened white arrow). Eight years; male; ×32,000; 1 μm. B 
MCSs in adult RPE (normal): Several contact sites between 

mitochondria and ER (black arrows), ER show dilatation at 
some places, phenomena of ER-stress (white arrows), one of 
these dilatations is continuous with a small LD (widened white 
arrow). At the center of the pictures, multiple contact sites 
and presumed mitophagy can be seen (double black arrows). 
Thirty-eight years; male; ×24,000; 1 μm
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[93–95]. Recent studies have demonstrated that acti-
vated mitophagy will prevent damaged mitochondria-
derived ROS triggering oxidative stress and inflam-
matory response, which are the leading causes of 
metabolic diseases [96].

Daily phagocytosis of shed POS leads to the accu-
mulation of non-degradable inclusion bodies, called 
lipofuscin (“age pigment”), within lysosomes of the 
RPE. Detection of autofluorescence from lipofuscin 
is a widely used diagnostic tool in retinal diseases. 
Lipofuscin content is lower at the fovea but increases 
with eccentricity and age, in contrast to those of mel-
anolipofuscin, which is equally distributed at the 
foveal and perifoveal locations with no age-related 
changes. These differences suggest different geneses, 
i.e., cone or rod origin [97].

Peroxisomes are multifunctional, dynamic, and 
membrane-bound organelles with important functions 
in fatty acid β-oxidation and ROS metabolism, in the 
oxidation of very long-chain fatty acids (VLCFAs), 
and in the biosynthesis of phospholipids. Peroxisomes 
communicate with other subcellular organelles, such 
as the mitochondria, ER, LDs, and lysosomes through 
contact sites [98, 99]. Peroxisomal activities decline 
with age, and several studies have suggested that per-
oxisomal dysfunctions might be associated with the 
pathogenesis of age-related neurodegenerative dis-
eases [100]. Peroxisome proliferator-activated recep-
tors (PPARs) are a family of nuclear receptors that 
play an essential role in modulating cell differentia-
tion, inflammation, and metabolism. Studies suggested 
that PPARs may be a therapeutic target for MQC, 
autophagy, and antioxidant activity—and in treating 
AMD, dry eye, and diabetic retinopathy [101, 102].

We have identified for the first time MCSs in 
human RPE cells from young, aged-normal, and early 
AMD eyes. MCSs seems to decrease with the age-
related decrease of mitochondria, but further studies 
are needed to quantify these preliminary observa-
tions, in particular their relation to AMD (Fig. 3A,B).

Mitochondria targeted treatment

Supplements containing mitochondriotropic (mito-
tropic) compounds (L-carnitine, CoQ10, and DHA/
EPA) arrested the progression of both visual impair-
ment and fundus alteration in early AMD—as shown 
by a randomized, placebo-controlled, double-blind 
clinical trial with long-term follow-up observations 

[103]. L-carnitine is a lipid transporter from the cyto-
plasm into mitochondrial β-oxidation, thus it enhances 
the production of energy from lipids, whilst contrib-
uting to the clearance of lipids derived from photo-
receptor turnover. Coenzyme Q10 is a component of 
the electron transport chain and also plays a part in the 
plasma membrane redox system. While it is produced 
endogenously, aging and widely used cholesterol-
lowering statins compromise the CoQ10 synthesis. 
DHA and EPA are essential omega-3 fatty acids that 
are critical components in mitochondrial membrane 
structure and function. The synergistic effects of these 
mitochondrial compounds may prevent the generation 
of ROS in contrast to antioxidant vitamins, which may 
have benefits for neutralizing ROS. This supplement is 
available on the market in some EU countries.

Elamipretide (SS-31), a small mitochondrially tar-
geted synthetic molecule, exhibits therapeutic effects 
and safety in several mitochondria-related diseases 
[104]. Elamipretide exerts its protective effects by 
binding to cardiolipin (CL), a mitochondria-specific 
lipoprotein, vital to normal mitochondrial structure 
and functions. CL is exclusively localized to mito-
chondrial membranes in mammalian mitochondria 
where it stabilizes the inner membrane proteins 
that are closely linked with electron transport and 
OXPHOS. CL contains two phosphatidic acid groups 
linked by glycerol and four linoleic acid groups 
(C18:2), which are essential for normal CL functions. 
Elamipretide, this water-soluble tetrapeptide, has free 
radical scavenging properties. It exerts antioxidant 
and anti-apoptotic effects in both in vitro and in vivo 
models of neurodegeneration, ischemia–reperfusion 
injury, cardiac diseases, and insulin resistance. Exten-
sive studies have shown that where elamipretide is 
bound to CL it enhanced mitochondrial respiration, 
activated neural mitochondrial biogenesis, enhanced 
mitochondrial fusion, inhibited mitochondrial fis-
sion—as well as increased mitophagy and retinal 
function. Currently, elamipretide is an ongoing phase 
II clinical trial in intermediate AMD [105].

Bruch’s membrane in early AMD

Soft drusen LDs

Soft drusen, a clinical and histological hallmark of 
AMD, may appear as well-defined single or multiple 
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focal deposits of metabolic by-products localized 
between the RPE basal lamina and the inner colla-
genous layer of Bruch’s membrane [106–108]. In an 
electron microscope, electron-dense material indi-
cates unsaturated lipids of photoreceptor origin, while 
poorly electron-dense (“empty”) vacuoles are an accu-
mulation of cholesterols and cholesterol esters that 
may be a sign of unneeded lipids from the choriocap-
illaris [24, 109, 110]. The accumulation of numerous 
or confluent drusen, especially in the macula, is a sig-
nificant risk factor for the development of advanced 
AMD. Clinical studies suggest that some visual func-
tions (visual acuity, as well as mesopic and dark-
adapted microperimetry) might indicate structural 
changes related to drusen volume in early AMD [111].

We observed, in addition to these histologic fea-
tures, LDs between basal lamina of RPE and the inner 
collagenous layer of Bruch’s membrane, suggesting 

that LDs may occur extracellularly and contribute to 
the formation of soft drusen (Fig. 4A,B). The biologi-
cal functions of extracellular LDs remain an interesting 
question, specifically their possible role in stimulating 
vascular, immune, and neural reactions from the cho-
roid in dray AMD—alongside generation neovascular-
ization and exudation/hemorrhage in wet AMD.

Basal laminar thickening of RPE

Metabolic disorders of the photoreceptor-RPE in 
addition to the formation of drusen are considered 
to be responsible for further alterations of Bruch’s 
membrane. Lipid accumulation and protein modifi-
cations in the Bruch’s membrane are considered fur-
ther representative phenomena of AMD [112, 113]. 
The electron microscopic hallmark of AMD is focal 
or diffuse thickening of the basal lamina of the RPE, 

Fig. 3  RPE alterations. A Normal aged RPE. Characteristic 
ultrastructural features: sparsely distributed mitochondria in 
the cytoplasm, which contains numerous small vacuoles fea-
tures of the lysosome (Ly) and electrodense LDs of various 
sizes (LDs); mitochondrial cristae and matrix mostly with nor-
mal appearance, one of them forms a contact site with small 
peroxisome (white arrow); two of them show mitochondrial 
fission (black arrows); some small round-form mitochon-
dria with confluent electron-dense cristae characteristic for 
iron overload seen in ferroptosis (fp); basal lamina (BL) of 
RPE shows normal appearance. Eighty-one years; female; 
×22,000;1 μm. B Early AMD. Characteristic ultrastructural 

features: a few sparsely distributed mitochondria in the cyto-
plasm which contains numerous (Ly); focal loss of mitochon-
drial cristae and matrix, one of them forms a MCSs with LDs 
and lysosome (black arrows) and one contact site between 
a small LDs and lysosome (white arrow); some small round-
form mitochondria with confluent electron-dense cristae sug-
gesting seen in ferroptosis (fp); LDs in the cytoplasm (LDs) 
one in the upper right angel, some smaller in the basal cyto-
plasm of RPE; BLD with some round-form electron-translu-
cent areas characteristic to non-membrane-bound cholesterol. 
n: nucleus. Seventy-two years; male; ×22,000; bar: 1 μm
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called basal laminar deposit (BLD) [114, 115]. We 
found filamentary structures decreed with electro-
dense lipids (Fig. 5A,B). Progressive accumulation of 
lipids (mainly phospholipids) in Bruch’s membrane 
in relation to age was found, and the lipid-rich barrier 
in Bruch’s membrane may be implicated as a cause 
of photoreceptor-RPE dysfunction [116]. Choles-
terol esters were also identified in Bruch’s membrane 
which appears as a highly anisotropic “Maltese cross” 
under a polarization microscope [108]. AMD and ath-
erosclerotic cardiovascular disease may share com-
mon pathogenic mechanisms as Bruch’s membrane 
ages—such as arterial intima, for which plasma lipo-
proteins are the known source of extracellular cho-
lesterol [117]. Both drusen and BLDs are now also 
detectable by OCT [118].

The use of polarization microscopy—which is a 
highly sensitive method for detecting lipid, proteogly-
can, and collagen structures (but not for amorphous 
material)—revealed further new details of the age-
related changes in Bruch’s membrane, specifically 
those relating to BLD (Fig. 6A,B,C,D). Histochemical 

reactions, called “topo-optical reactions”, may fur-
ther increase the sensitivity and specificity of this 
microscopic technique. Based on the measurement 
of anisotropy permitted a semi-quantitative analy-
sis of BLD components and comparison of their 
changes with aging versus AMD. The anisotropy 
(“brightness”) of lipids, proteoglycans, and collagen 
increased with age, but it was significantly higher in 
early AMD for lipids and proteoglycans (Fig. 7A,B). 
Our findings confirmed previous observations on the 
composition of BLD in AMD and added some new 
aspects of the structural organization and morpho-
metry of lipids and proteoglycans in early AMD as 
compared to aged controls. Similar age-related thick-
ening and compositional changes were found in reti-
nal capillaries of diabetics and age-matched controls. 
Furthermore, these alterations were significantly 
more pronounced in diabetics, as shown in the mor-
phometric analysis [119–121]. The thickening of the 
capillary wall and accumulation of by-products begin 
at the Müller glial side, similarly to the Bruch’s mem-
brane, where these alterations appear next to the RPE. 

Fig. 4  Drusen in early AMD. A LDs in early AMD. LDs of 
different electron densities and sizes are located under the 
well-circumscribed elevation of the RPE basal lamina (LDs). 
All other layers of BM show normal aged features. Note a 
MCS with ER in the endothelial cell (arrow) and several pino-
cytotic or exocytotic vesicles next to the BM (white arrow). 
Seventy-one years; female; ×22,000; bar 1 μm. B Drusen in 

early AMD. Electron microscopy of drusen containing LDs of 
various sizes and electron-density, membrane-fragments, and 
electron-translucent vacuoles surrounded by appearance homo-
geneous material. Endothelial cell shows normal fenestration 
and a dome-shaped basal laminar thickening (star). Eighty-one 
years; female; ×22,000; bar: 1 μm
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These morphological similarities may come from at 
least partly the common pathogenic mechanism of 
AMD and diabetic retinopathy.

Choriocapillaris in early AMD

Endothelial alterations

Endothelial cells of the choriocapillaris have thin and 
fenestrated cytoplasm comparable to the glomerular 
endothelial of the kidney. This ultrastructural fea-
ture is considered to indicate an intensive metabolic 
exchange between blood and the RPE cells. Cho-
riocapillaris microcirculation evidently plays a nutri-
tional role in photoreceptor-RPE metabolism and 
a well-documented association was found between 
impaired microcirculation and AMD [122, 123]. 
With the use of OCTA, recent studies have demon-
strated that choriocapillaris flow alterations are closely 

associated with the development and progression of 
AMD [124]. Vascular density values of the choriocap-
illaris—in addition to both superficial and deep retinal 
capillary plexus—were smaller in early AMD, and the 
flow-void area in choriocapillaris was greater in early 
AMD than controls [125]. Patients with early AMD 
also exhibited signs of systemic and retinal vascular 
alterations that correlated with known risk markers for 
future cardiovascular morbidity [126]. Attenuation of 
the submacular choriocapillaris and endothelial cell 
loss occurs in early AMD, suggesting a role of altered 
blood supply in the development of functional and 
structural abnormalities [127, 128]. Even more, cho-
riocapillaris breakdown already occurs during normal 
aging and precedes degeneration of the RPE, and loss 
of endothelial cells of the choriocapillaris is one of the 
earliest detectable events in AMD [129, 130]. Linear 
modeling found a statistically significant relationship 
between dry AMD stage and choriocapillaris perfu-
sion, most prominent in the more peripheral regions of 

Fig. 5  BLD in early AMD. A Normal aged Bruch’s mem-
brane. RPE contains some small mitochondria, two of them 
show fission (arrow) and electrodense LDs; inner and outer 
collagenous layers contain electrodense inclusions of various 
shapes and sizes, as well as some of them are round and sin-
gle membrane-bound; elastic layer, basal lamina of RPE, and 
capillary endothelium are normal. ela: elastic layer, cap: cho-
riocapillaris. Seventy-four years; male; ×28,000; bar: 1 μm. B 
BLD in early AMD. A longitudinal section of BLD between 
the basal lamina and basal cytoplasm of RPE. In some places, 

it is amorphous in appearance with small electron-translucent 
vacuoles, while in other palaces it shows filamentary structures 
with electron-dense patches due to lipids. Basal in-foldings of 
the RPE in some places may form deep protrusions into the 
BLD, reaching the basal lamina of the RPE (black arrows). 
The cytoplasm of RPE contains numerous small LDs and only 
a few mitochondria of various sizes but well-preserved cristae 
and matrix. ela: elastic layer, cap: choriocapillaris. Seventy-one 
years; female; ×25,000; bar:1 μm
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the macula [131]. Average foveal choroidal blood flow 
in the dry AMD is lower than that of age-matched 
controls, and the effect is caused mainly by a decrease 
in volume but not the velocity of blood flow [132]. 
There is a systematic decrease in choroidal circulatory 
parameters with an increase in the severity of AMD 
features associated with risk for the development of 
CNV, suggesting a role for ischemia in the develop-
ment of CNV [133]. Further studies confirmed these 
observations; namely, that decreases in the foveo-
lar choroidal circulation precede the development of 
CNV in AMD [134], and lower choroidal perfusion is 

a risk factor for the development of CNV in the fellow 
eye of patients with unilateral CNV [135].

Early transmission and scanning electron micros-
copy have shown that choriocapillaris endothelial 
cells in some places may undergo the loss of fenes-
tration and form sprouting or pseudopodia-like cyto-
plasmic processes invading the Bruch’s membrane 
[136]. Our observations confirmed these findings: 
that sprouting oriented toward the RPE rarely pro-
jected from the lateral side of the choriocapillaris, 
suggesting a functional relationship between the 
RPE and endothelial cells. In most cases, the loss 

Fig. 6  Collagen, lipids, and proteoglycans in Bruch’s mem-
brane of aged normal eyes. A Light microscopy showed PAS-
positive staining in the Bruch’s membrane (arrows), as well as 
in the intercapillary and pericapillary connective tissue, indi-
cating their high carbohydrate content. PAS alcian-blue hema-
toxylin staining, 72 years; male; ×350; bar: 10 μm. B Colla-
gen fibrils in Bruch’s membrane. After the collagen-specific 
phenol reaction, two layers of Bruch’s membrane showed 
intense anisotropy with polarization microscopy. They were 
prominent just beneath the RPE and much less in the capillary 
wall (arrows). Seventy-six years; male; ×350; bar: 10 μm. C 
Lipids in the basal lamina of RPE and capillary walls. Polari-
zation microscopy of unstained sections showed anisotropy 

just beneath the RPE and in the choriocapillaris wall indicat-
ing the presence of oriented structures in both layers (arrows). 
This anisotropy was completely abolished by lipid extraction. 
The basal lamina of choroidal vascular endothelia also appears 
bright, while all other structures of the choroid are dark. 82 
years; female; ×350; bar: 10 μm. D Proteoglycans in the base-
ment membrane of RPE and choriocapillaris. Bruch’s mem-
brane was strongly basophilic and intensively anisotropic after 
the ABT reaction. This anisotropy was due to the carbohydrate 
components of the basement membrane of RPE and choriocap-
illaris as well as those of the inner and outer collagen layers 
of the Bruch’s membrane (arrows). Seventy-one years; male; 
×350; bar: 10 μm
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of fenestration was accompanied by the thickening 
of both cytoplasm of endothelial cells and the base-
ment membrane of choriocapillaris next to the sprout-
ing (Fig.  8A). Cytoplasmic processes of unknown 
origin were found in the thickened basal lamina of 

choriocapillaris. The origin of these cell processes 
can hardly be verified based on only electron micros-
copy. Theoretically, they may come from invading 
endothelial cells, fibrocytes of the choroid, or blood-
derived mononuclear cells (Fig. 8B).

Fig. 7  Morphometric analysis of Bruch’s membrane in early 
AMD as compared to age-matched controls. A The lipid con-
tent of Bruch’s membrane increased significantly in both aged 
and AMD groups. The coefficient of correlation for lipids was 

significantly greater in the AMD group than the age-matched 
normal controls (p < 0.001). B The proteoglycan content 
increased significantly more in AMD compared to normal 
aging until 75 years (p < 0.01)

Fig. 8  Endothelial alterations. A Endothelial sprouting in a 
normal eye. Small, deep sprouting reaches the elastic layer of 
the Bruch’s membrane (black arrow), which contains several 
LDs of various sizes and shapes can be seen. Numerous dilated 
lysosomes and small round-form lysosomes next to a mito-
chondrion can be seen in the RPE (white arrows) ela: elastic 
layer; 48 years; female; ×32,000; bar: 1 μm. B Endothelial cell 

processes of in early AMD. Transversal section of endothe-
lial cell processes in the basal lamina of the choriocapillaris 
(arrows). They contain small mitochondrion with confluent 
cristae. BLD, some small sparsely distributed mitochondria, 
several lysosomes, and LDs can be seen in the RPE. ela: elastic 
layer. Eighty-four years; female; ×22,000; bar: 1 μm
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Choriocapillaris, in addition to their role in blood 
supply, are also involved in physiologic innate 
immune processes, and disorders of choriocapillaris 
through the innate immune system and local inflam-
mation may contribute to the pathophysiology of 
AMD [137]. Vascular endothelial cells—similarly 
to macrophages—have several innate immune func-
tions including phagocytosis, cytokine secretion, 
and antigen presentation, sensing both pathogen- and 
damage-associated molecular patterns, as well as pro-
inflammatory, immune-enhancing, anti-inflammatory, 
immunosuppression, migration, and plasticity. Based 
on these observations, endothelial cells are now con-
sidered to be innate immune cells that have immune 
tolerogenic, memory, and immuno-metabolic func-
tions not only in infections but also in metabolic dis-
eases [138]. Thus, we may speculate that the forma-
tion of cytoplasmic sprouting and processes are seen 
under the electron microscope may indicate innate 
immune functions.

Immune cell alterations

Emerging evidence supports the concept that AMD is 
at least in part an inflammatory disease, as the accu-
mulation of metabolic byproducts evokes inflamma-
tory reactions as signals of impaired innate immu-
nity [139–141]. Macrophage or microglia is resident 
immune cells of the human choroid, and in physiolog-
ical conditions, they perform a housekeeping role in 
the complement-mediated phagocytosis and removal 
cell-debris and metabolic byproducts of the photo-
receptor-RPE cell turnover. Complement activation 
products opsonize cell debris for phagocytic removal, 
which is a normal physiological process during turno-
ver. Furthermore, in the development of AMD, com-
plement positively contributes to disease processes by 
tagging debris for phagocytic removal, which in turn 
contributes to the removal of damaged material and an 
anti-inflammatory microglial phenotype [142].

Recently, the complement system has become 
a new therapeutic target for AMD, particularly its 
advanced forms. While complement inhibitors have 
up to now failed to treat AMD successfully, emerg-
ing gene therapy may offer new opportunities to treat 
AMD in the future [143, 144]. Associations have 
been found between polymorphisms in the comple-
ment pathway and mtDNA damage of RPE in AMD. 
In cell culture, a more pronounced deterioration in 

mitochondrial function and increased inflamma-
tory markers were observed in complement fac-
tor H (CFH) high-risk cells from each phase of the 
AMD state [145]. These results provide evidence for 
a newly recognized link between mitochondrial dys-
function and CFH that could contribute to RPE dam-
age in AMD patients harboring the CFH high-risk 
genotype [146].

Histopathologic studies in early AMD have shown 
macrophages/microglia localized to pathologic areas 
of Bruch’s membrane where they insert processes 
into Bruch’s membrane deposits, presumably to scav-
enge debris, and these alterations were considered to 
be immune-mediated local inflammation [147]. Fur-
ther studies showed that accumulation and extracellu-
lar deposition of metabolic by-products is associated 
with polarization of resident choroidal macrophages 
and recruitment of macrophages to Bruch’s mem-
brane [148]. In an excellent whole-mount immunohis-
tochemical study on human donor eyes, significantly 
more macrophages were found in the submacular 
choroid in all AMD groups as compared to aged con-
trol eyes [149]. Macrophages in eyes with early AMD 
were observed in the outer collagenous layer, next to 
the elastic layer of Bruch’s membrane (Fig. 9).

Emerging evidence suggests that the presence of 
activated immune cells in the subretinal space is asso-
ciated with the up-regulation of purinergic signaling 
pathways [150]. Purines and their derivatives, mainly 
adenosine, and ATP, are the key molecules controlling 
intracellular energy homeostasis and nucleotide syn-
thesis in the healthy CNS. Purines act as endogenous 
ligands that bind to and activate purinoceptors and sub-
sequent purinergic signaling [141]. However, in neu-
rodegenerative diseases, purinergic signaling becomes 
dysregulated, and significant amounts of various purine 
nucleotides are released into the extracellular matrix 
[151]. These purine nucleotides are also potent extra-
cellular signaling molecules that can induce puriner-
gic signaling pathways via activation of purinoceptors 
P1 and P2 that elicit a variety of pathophysiological 
pathways in the retina contributing to three types of 
blinding diseases including AMD, diabetic retinopa-
thy, and glaucoma [152]. Recent studies identified a 
special sub-type of macrophages, capillary-associated 
microglia, which through P2Y purinoceptors regu-
late neurovascular structure and function [153]. P2Y 
purinoceptor agonists may indirectly inhibit microglia 
activity, thus they may have therapeutic importance 
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in neuroinflammatory-neurodegenerative disorders 
of the retina. [154]. The P2X7 receptor is primarily 
known in microglial cells for its immune signaling and 
NLRP3 inflammasome activation. The P2X7 receptor 
modulates the clearance of extracellular and intracel-
lular debris by microglial cells through modifications 
of lysosomal function, phagocytosis, and autophagy 
and mediates lysosomal damage that can activate the 
NLRP3 inflammasome [155]. Loss of the P2X7 puri-
noceptor function in mice induces retinal changes rep-
resenting characteristics of early AMD [156].

Macrophages may also contribute to neovasculari-
zation. Advanced glycation end-product receptors are 
present on endothelial cells and monocytes, and they 
participate in the activation of these cells in inflamma-
tory conditions. The ability of macrophages to promote 
vascular growth has been associated with the secre-
tion and local delivery of proangiogenic factors, such 
as VEGF-A and proteases. Several studies have also 
revealed that physical contact of macrophages with 
growing blood vessels coordinates the vascular fusion 
of emerging sprouts. However, the interactions between 

macrophages and endothelial cells appear to be bidi-
rectional, such that activated endothelial cells also sup-
port the expansion and differentiation of pro-angiogenic 
macrophages from myeloid progenitors [157, 158].

Mitochondria, in addition to their conventional role 
of meeting the cell’s energy requirements, also actively 
regulate innate immune responses. Several components 
of mitochondria, when released or exposed in response 
to damage, can be directly recognized by receptors 
of the innate immune system and trigger an immune 
response [159]. Furthermore, numerous innate immune 
responses are subject to mitochondrial regulation or 
require mitochondrial components. Finally, the meta-
bolic state of the mitochondria within innate immune 
cells and mitochondrial metabolites modulates immune 
responses to stimuli [160]. MCSs are also involved in 
mitochondrial contribution to innate immunity and 
inflammation. There is an interplay between mitochon-
dria and other cellular processes, such as autophagy, 
in controlling mitochondrial homeostasis as well as 
in the regulation of innate immunity and inflamma-
tory responses [161, 162]. Moreover, MCSs have been 
observed in cells of the innate immune system, espe-
cially in macrophages [163]. Furthermore, microglia 
become progressively activated and seemingly dys-
functional with age, and genetic studies have linked 
these cells to the pathogenesis of a growing number 
of neurodegenerative diseases. With aging in mice 
and human brains, these “lipid-droplet-accumulating 
microglia” were defective in phagocytosis, produc-
ing high levels of ROS and secreting proinflammatory 
cytokines [164]. Phagocytic function of monocytes 
was also reduced in AMD, irrespective of the stage 
of the disease; as such, assessing peripheral monocyte 
phagocytic function can provide further insights into 
the etiology of this disease [165].

Ganglion cell alterations

Choroidal ganglion cells (CGCs), with their neurons, 
form an intrinsic choroidal plexus. They are multipo-
lar neurons of 20–40 μm in size and form an intercon-
nected plexus that makes extensive contacts with both 
choroidal blood vessels as well as with non-vascular 
choroidal smooth muscle cells. They appear to be nei-
ther cholinergic nor adrenergic neurons but were stained 
with antibodies against neuronal nitric oxide synthase 
(nNOS) and vasoactive intestinal peptide (VIP) [166]. 
The CGCs were more numerous in the central choroid, 

Fig. 9  Macrophage in early AMD. Oval-shape macrophage in 
the intercapillary zone next to the elastic layer of the BM. The 
narrow cytoplasm is poor in cytoplasmic processes, it contains 
two round-shape mitochondria with confluent electrodense 
cristae and several endosomes. One of the mitochondria forms 
contact site with a lysosome (black arrow). The nuclear mem-
brane is dilated nearly all round the nucleus (white arrows). 
Seventy-two years; male; ×22,000; bar: 1 μm
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specifically in a circumferential area corresponding to 
the entrance of the short posterior ciliary arteries and in 
the vicinity of the submacular area [167].

The CGCs receive parasympathetic, sympathetic, 
and trigeminal sensory nerve fibers that regulate cho-
roidal blood flow. The parasympathetic innervation 
has been shown to vasodilate and increase choroidal 
blood flow, while the sympathetic innervation has 
been shown to vasoconstrict and decrease choroidal 
blood flow. This is suggesting a significant age-related 
decline in VIP-positive parasympathetic nerve fib-
ers and in vessel diameter accompanied by decreased 
macular choroidal blood flow in the submacular cho-
roid of disease-free human donor eyes, suggesting 
that a decline in the neural control of choroidal blood 
flow and vessel diameter may explain the age-related 
decline in macular choroidal blood flow and its adap-
tive control observed clinically with aging [168].

The sensory innervation has been shown to both 
convey pain (light-induced pain called photophobia) 
and thermal information centrally and act locally to 
vasodilate and increase choroidal blood flow by releas-
ing neuropeptides both proinflammatory substance P 
(SP) and calcitonin gen-related peptide (CGRP) and 
anti-inflammatory somatostatin [169]. Neuropeptides 
and their receptors are expressed widely in mamma-
lian retinas, where they exert neuromodulator func-
tions; and in multiple models of retinal diseases, dif-
ferent peptidergic substances play neuroprotective 
actions [170]. Neuropeptides, in addition to regulation 
of blood-flow and their neuroprotective role, contrib-
ute to innate immune functions. Substance P mediates 
interactions between neurons and immune cells, modu-
lating immune cell proliferation rates and cytokine pro-
duction [171]. Substance P is able to activate several 
immune cells, such as macrophages, CD4+ and CD8+ 
T lymphocytes, NK cells, and mast cells [172]. Further-
more, sensory neurons directly promote angiogenesis 
via SP signaling in response to inflammation [173]. 
Human monocytes and macrophages express SP and its 
receptor, supporting the notion that SP is biologically 
involved in regulating the functions of these cells in an 
autocrine fashion [174]. Several novel concepts have 
emerged recently, suggesting that the modulation of the 
neuropeptide system may provide an entirely new set 
of pharmacological approaches. Endothelial transient 
receptor potential (TRP) channels represent potential 
therapeutic targets in multiple disorders featured by 

abnormal vascularization, including ischemic disorders, 
neurodegeneration, and retinal degeneration [175].

We observed previously unknown periendothelial 
cells in the choriocapillary layer next to the Bruch’s 
membrane in early AMD. Their electron microscopic 
features were starkly different from any other cells (mac-
rophages and pericytes), and we suggest the term “pro-
posed ganglion cell” (Fig.  10). Moreover, an intimate 
spatial relationship was found between their cytoplasmic 
processes and the choriocapillaris, suggesting that they 
may have intrinsic regulation of choriocapillary blood 
flow [176]. Further studies using neuro-specific mark-
ers are needed to identify these cells and to reveal their 
physiologic and pathophysiologic role in early AMD.

Microbiota mitochondria intertwined relationship

Microbial metabolites

In recent decades, significant attention has been 
focused on microbiota and on the influence of these 

Fig. 10  Ganglion cells (possible) in early AMD. Two round-
shape cells located in the widened outer collagenous layer of 
the Bruch’s membrane (pGc). They have round nucleus, nar-
row cytoplasm which contain some mitochondria, endoplasmic 
reticula, and lysosomes. Thin basement membrane surrounds 
both cell bodies. Mitochondria with loss of cristae and matrix-
density in the RPE (black arrow), basal linear deposits (white 
arrow), and BLD can also be seen. ela: elastic layer, cap: capil-
laries. Seventy-six years; female; ×19,000; bar: 1 μm
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several trillions of microorganisms on health and 
disease development. While symbiosis seems to be 
essential for health, dysbiosis (disorders of symbio-
sis) has been found to play a central role in different 
pathologies. Several studies on the mechanism of 
symbiosis and dysbiosis identified a series of micro-
bial metabolites and compounds (fragments) that are 
responsible for both local and systemic effects on the 
metabolism, blood circulations, immune, and nerve 
systems. [177–179]. Furthermore, these studies also 
suggested that microbiota may be the common target 
of most epigenetic influences—including diet, stress, 
and physical activity [180, 181].

Recently, an International Scientific Consen-
sus Panel proposed a common term “postbiotic” for 
microbial metabolites and compounds, unifying pre-
viously used terms (“killed probiotic,” “paraprobi-
otic,” “ghost probiotic,” “probiotic lysate,” “Tyndal-
lized probiotics,” etc.), and defined postbiotic to be 
a “preparation of inanimate microorganisms and/or 
their components that confers a health benefit on the 
host”. Five mechanisms of postbiotic action have been 
postulated: (i) modulation of the resident microbiota; 
(ii) enhancement of epithelial barrier functions; (iii) 
modulation of local and systemic immune responses; 
(iv) modulation of systemic metabolic responses; (v) 
systemic signaling via the nervous system [182]. The 
Panel also recapitulated that dietary uptake of postbi-
otics may have similar or even better biological ben-
efits as compared to their live counterparts. Further-
more, the delivery and safety of postbiotics are higher 
as compared to probiotics.

New research findings have highlighted that 
microbiota interacts with host cells, in particular by 
intermingling with the mitochondria and microbial 
metabolites released by microbes, which can directly 
influence mitochondrial metabolism and MQC. This 
microbiota—mitochondria cross-talk is intriguing 
because mitochondria share many common structural 
and functional features with the prokaryotic cells 
[183]. Another line of studies revealed that gut micro-
biota also has a significant influence on LDs in many 
cells. Accumulation of LDs is commonly observed 
in response to numerous host bacteria [184]. Micro-
biota-driven LDs biogenesis is a complexly regulated 
process that involves increased lipid uptake, new lipid 
synthesis, and innate immune receptors. Further stud-
ies demonstrated that pathogens are able to exploit 
LDs as an energy source, a replication site, and/or a 

mechanism of immune response evasion. Neverthe-
less, LDs can also act in favor of the host as part of 
the immune and inflammatory response to kill intra-
cellular pathogens and regulate metabolic adaptation 
to infection [85].

Several studies also reported a correlation between 
microbiota quality, diversity, and mitochondrial func-
tion. Laboratory and clinical research suggested that 
the well-known mitochondrial disorder responsible 
for different pathological states may come from an 
imbalance of the microbial regulation [185–187]. 
Microbiota–mitochondria disorders have been 
described in gastrointestinal diseases, such as in new-
onset Crohn’s disease [188], in chronic intestinal 
inflammation and cancer [69], in neuropsychiatric 
diseases like autism [189], Parkinson’s disease [190], 
Alzheimer’s disease [179], post-traumatic stress dis-
order [191], depression [192], chronic fatigue syn-
drome [193], in metabolic diseases such as obesity 
and type 2 diabetes [194], in chronic Marijuana users 
[195], in exercise [196], in aging [197], and recently 
in COVID-19 [198]. Here below we discuss influ-
ences and potential benefits of some microbial metab-
olites and compounds on AMD.

Microbial metabolites of fibers

Short-chain fatty acids (SCFAs), such as butyrate, 
acetate, and succinate, are the main metabolites pro-
duced in the colon by bacterial fermentation of die-
tary fibers and undigestible starch (“resistant starch”). 
Through binding to G protein-coupled receptors 
(GPCRs), such as free fatty acid receptor 2 and 3, 
SCFA have beneficial effects on mitochondrial activ-
ity and in neuro-immunoendocrine regulation in heath 
and disease. First of all, SCFAs influence intestinal 
mucosal epithelial barrier integrity and function, and, 
through systemic circulation, regulate liver metabolic 
function, insulin secretion by β-pancreatic cells, and 
whole-body energy homeostasis, as well as systemic 
immune functions and blood-brain barrier integrity 
by regulating the expression of tight junction pro-
teins. Through interaction with enteroendocrine cells, 
SCFAs promote indirect signaling to the brain via the 
systemic circulation or vagal pathways by inducing 
the secretion of gut hormones such as glucagon-like 
peptide 1 (GLP1) and peptide YY (PYY), as well as 
γ-aminobutyric acid (GABA), and serotonin (5-HT). 
Finally, SCFAs also influence neuroinflammation by 
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affecting glial cell morphology, continuously modu-
lating microglia maturation, and also functioning to 
modulate the levels of neurotrophic factors, increas-
ing neurogenesis, and improving neuronal homeosta-
sis and function—known as gut microbiota-brain axis 
[187, 199].

Significantly altered SCFA levels were found in 
diseases associated with mitochondrial disorders 
such as autism spectrum disorder, affective disorders, 
multiple sclerosis, and age-related neurodegenerative 
diseases [200]. Acetate, one of the bacteria-derived 
SCFA molecules, was found to modulate microglial 
phagocytosis and disease progression in neurodegen-
eration [201]. Butyrate in cell lines from boys with 
autism positively modulated mitochondrial functions, 
including enhancing oxidative phosphorylation and 
β-oxidation in physiological stress and/or mitochon-
drial dysfunction. It has been proposed as a neuro-
protectant metabolite that can help rescue energy 
metabolism during disease states [202]. Recent stud-
ies have shown that activation of the PGC1α signal-
ing axis could be one of the molecular mechanisms 
underlying the beneficial effects of butyrate treatment 
in improving mitochondrial bioenergetics in NSC34-
G93A cells. PGC1α is a master regulator of mito-
chondrial biogenesis [203].

Microbial metabolites of polyphenols

Polyphenols are a large family of natural compounds 
characterized by multiple phenol units. Recent stud-
ies on their interaction with gut microbiota and on 
microbial metabolites of polyphenols have opened 
up a new line of research and potentially new tar-
gets for application [204, 205]. Anthocyanins, com-
mon polyphenols in blueberries, have well-known 
antioxidant and anti-inflammatory properties and are 
widely used to attenuate visual disorders as antho-
cyanosides promote rhodopsin synthesis and regen-
eration, increasing retinal sensitivity to light inten-
sity, improving visual acuity and dark adaptation—as 
well as the blood supply to the retina [206]. Antho-
cyanins showed retinoprotective effects by increas-
ing the antioxidant defense mechanisms, suppressing 
lipid peroxidation and proinflammatory cytokines, 
and inhibiting apoptosis in a pigmented rabbit model 
of visible-light-induced retinal degeneration [207]. 
In vitro, anthocyanins attenuate light-induced photo-
receptor cell damage [208]. Furthermore, the video 

display terminal (VDT) load-induced reduction in 
critical fusion frequency (CFF) and subjective asthe-
nopia (eyestrain) symptoms were alleviated by antho-
cyanin supplementation in healthy humans [209]. 
In VDT workers, symptoms of dry eyes—such as 
foreign body sensation, eye fatigue, ocular pain, and 
eye heaviness—were also mitigated by anthocyanins 
[210]. Clinical studies showed that the impairment of 
cell clearance, redox homeostasis, anti-inflammatory, 
and antiangiogenic activity of the RPE may be attenu-
ated by anthocyanin-containing phytochemicals and 
may have the potential to improve or halt the progres-
sion of AMD [211, 212].

The latest research findings revealed an interac-
tion of polyphenols with both microbiota and mito-
chondria. Studies in colitis models indicate that 
polyphenols influenced microbiota composition, 
decreased opportunistic pathogenic or proinflamma-
tory microbes, and increased probiotics such as Lac-
tobacillus and Bifidobacterium, counteracting dys-
biosis. Moreover, polyphenols also change microbial 
functions, such as increasing butyrate formation, and 
polyphenol metabolites produced by the gut micro-
biota appear to protect gut barrier integrity, interact 
with the immunometabolism, and mitigate inflamma-
tory conditions in cells and animal models [213–215]. 
Antioxidant properties and phosphodiesterase inhi-
bition by anthocyanins promote both mitochondrial 
function and density, which could be novel targets for 
the dietary management of obesity and its complica-
tions [216].

Urolithins are metabolites of gut bacteria-derived 
from dietary complex polyphenols such as pomegran-
ates, berries, and nuts. Urolithin A (UA), one of the 
most studied microbial metabolites of polyphenols, 
enhances cellular health by increasing mitophagy 
and mitochondrial function and by reducing exces-
sive inflammation. Several preclinical studies have 
shown its protective effects in aging and age-related 
diseases affecting muscle, brain, joints, and other 
organs. In humans, the benefits of UA supplemen-
tation in the muscle are supported by recent clini-
cal trials in elderly people [217]. UA stimulated 
mitophagy and improved muscle function in older 
animals and induced mitochondrial gene expression 
in older humans. Benefits of long-term UA intake 
were observed in a randomized, double-blind, pla-
cebo-controlled clinical trial in adults aged 65 to 90 
years. UA significantly improved muscle endurance 
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and plasma biomarkers as acylcarnitines, ceramides, 
and CRP were decreased by UA, compared with a 
placebo [218, 219].

The therapeutic potential of UA for Alzheimer’s 
and Parkinson’s diseases has also been observed. Cell 
survival and mitochondrial length was significantly 
increased, and protein levels of mitochondrial fusion, 
synaptic and mitophagy genes increased, while 
mitochondrial fragmentation was reduced in treated 
mutant APP-HT22 cells. Furthermore, UA showed 
strong protective effects against mutant APP and 
Aβ-induced mitochondrial and synaptic toxicities in 
Alzheimer’s disease [220, 221]. In mouse models of 
Parkinson’s disease, UA reduced the loss of dopamin-
ergic neurons and ameliorated behavioral deficits and 
neuroinflammation. The mechanism may be related to 
its inhibition of NLRP3 inflammasome activation via 
promoting mitophagy in microglia [222].

UA elicits enhancement of 1,25D-dependent mRNA 
encoding tryptophan hydroxylase-2 (TPH2), the sero-
tonergic neuron-expressed initial enzyme in tryptophan 
metabolism to serotonin in cell culture [223]. In recent 
years, serotonin has emerged as a key neurotransmit-
ter in the microbiota-gut–brain axis because it largely 
contributes to both gut and brain physiology, behavior, 
and cognitive function included [224]. AMD patients 
with higher levels of anxiety show a decrease in their 
quality of life, which depends on their visual functions 
[225]. These preliminary observations may open up a 
new approach for attenuating neuropsychiatric symp-
toms associated with AMD.

Microbial metabolites of bile acids

Primary bile acids (cholic acid and chenodeoxy-
cholic acid) are synthesized in the liver from cho-
lesterol, conjugated with glycine or taurine, and 
released into the intestine where it emulsifies and 
solubilizes food lipids for digestion. Gut micro-
biota secretes bile salt hydrolases and bile salt 
7α-dehydroxylase which convert primary bile acids 
to the secondary bile acids—principally deoxy-
cholic acid and ursodeoxycholic acid (UDCA)—
that conjugate with taurine as tauroursodeoxycholic 
acid (TUDCA). Secondary bile acids regulate many 
physiological processes, including the lipid, carbo-
hydrate, and energy metabolism of the host, but also 
shape the composition and function of the intestinal 
microbiota [226, 227].

Secondary bile acids UDCA and TUDCA are 
ligands for host cell nuclear receptors, farnesoid X 
receptor (FXR), G protein-coupled bile acid receptor 
1 (TGR5), and vitamin D receptors (VDR) and have 
long been known to have antioxidant, antiapoptotic, 
and anti-inflammatory properties. Recent studies have 
demonstrated their benefits in neurological, neuro-
degenerative, and neuropsychiatric disorders, pro-
posing bile acids as potential alternative therapeutic 
approaches for patients suffering from these disorders 
[87, 228]. The mechanisms underlying the protective 
activity have been mainly attributed to the alleviation 
of ER stress and stabilization of the unfolded protein 
response as a chemical chaperone [229].

Bear bile containing mainly UDCA and TUDCA 
has been used in Traditional Chinese Medicine for 
thousands of years due to its therapeutic potential. 
UDCA and TUDCA are approved in several coun-
tries, EU and USA included, for the treatment of cer-
tain cholestatic diseases. However, a growing body of 
research suggests their therapeutic benefits in a wide 
variety of non-liver diseases [230]. Earlier studies 
revealed the effects of UDCA and TUDCA on mito-
chondrial membranes and activity. UDCA reduced 
the mitochondrial membrane permeability transition 
in isolated mitochondria, and it was associated with 
significant prevention of mitochondrial membrane 
alterations [231]. Further study indicated that the 
neuroprotective role of TUDCA in the cell model 
is mediated by up-regulation of mitophagy. Thus, 
TUDCA prevents neurodegeneration as a modulator 
of mitochondrial activity and turnover [232]. TUDCA 
also significantly enhanced expression levels of mito-
chondrial biogenesis-related proteins and mitochon-
drial antioxidant responses in neural stem cells [233, 
234]. In lipid oxidation processes induced by a Fen-
ton reaction, TUDCA reveals substantial antioxidant 
activity [235].

Several experimental and clinical studies have 
described the benefits of secondary bile acids in reti-
nal degeneration of various origins. TUDCA sup-
pressed apoptosis and preserved the function and 
morphology of photoreceptors in two mice models 
of retinal degeneration [236]. It binds specifically to 
the light-activated rhodopsin and enhances phagocy-
tosis of POS membranes by RPE [237, 238]. TUDCA 
can protect RPE cells against oxidative damage, ER 
stress, and inflammation [239]. TUDCA also showed 
immunomodulatory potential affecting the microglial 
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phenotype in vivo and in vitro toward the anti-inflam-
matory [240, 241]. In vitro, TUDCA promoted RPE 
cell integrity and diminished VEGF-induced cho-
roidal endothelial cell migration and tube formation 
[242], as well as protecting RPE tight junctions and 
inhibiting choroidal neovascularization in an in vitro 
model of neovascular AMD [243]. Systemic admin-
istration of UDCA and TUDCA significantly sup-
pressed rat models of laser-induced choroidal neovas-
cularization, and the VEGF levels in the retina were 
lower in the treated group as compared to controls, 
which might be associated with anti-inflammatory 
action [244]. Furthermore, systemic administration 
of UDCA and TUDCA also preserved photorecep-
tors after retinal detachment and upregulated antia-
poptotic, antioxidant, and anti-inflammatory genes, 
suggesting that their oral administration may be a 
potential neuroprotective adjuvant therapy in retinal 
detachment and other retinal degenerative diseases 
like AMD [245, 246].

Microbial compounds

In addition to microbial metabolites released by live 
microorganisms, microbial compounds derived from 
killed bacteria exert biological influences on the host 
organism. Endotoxin (LPS), peptidoglycan (PG), and 
pathogen-associated molecular pattern (PAMP) can 
reach the brain and eye through circulation, where 
they stimulate toll-like receptors (TLRs) of micro-
glia, increasing the production of pro-inflammatory 
cytokines—such as IL-1β, IL-6, and TNF-α—resulting 
in neuroinflammation [247, 248]. Surprisingly, stud-
ies also revealed gene expression for TLRs as poten-
tial targets of microbial compounds in human RPE 
cells [249]. The activation of TLR2-3-4 induces pro-
inflammatory responses in the RPE that may contrib-
ute to low-grade inflammation, modifying RPE func-
tions and contributing to RPE degeneration [250]. In 
contrast, TLR9 recognizes viral or bacterial DNA with 
unmethylated CpG motifs, which decreases inflamma-
tion and enhances phagocytosis in RPE cells [251]. 
The protective effect of CpG oligodinucleotide in the 
mitigation of apoptosis is dependent on the reduction 
of ROS [252]. PCR analysis also showed gene expres-
sion of TLR1-6 and 9 in human choroidal endothe-
lial cells [253]. These findings suggest that in addi-
tion to immune cells, RPE and endothelial cells may 

also contribute to microbiota-induced inflammatory 
responses of the retina.

Recent studies have shown that certain micro-
bial compounds may have benefits on immune dis-
orders evoked by dysbiosis in neurodegenerative 
diseases. Microbial compounds from heat-killed 
probiotic Lactobacillus fermentum increased mito-
chondrial activity and lipid metabolism, decreased 
the LDs content, and at the same time, improved 
age-related physiological features and extended the 
lifespan of Caenorhabditis elegans [254]. Treatment 
containing lysate of probiotics decreased amyloid 
beta accumulation and the progression of symp-
toms in transgenic mice model of Alzheimer’s dis-
ease. Additionally, exercise enhanced these benefits 
[255]. In in vitro studies, it has also been shown that 
heat-killed Lactobacillus plantarum has neuropro-
tective effects [256]. Moreover, in vitro and animal 
studies have demonstrated that intake of heat-killed 
probiotic Lactobacillus paracasei suppressed inflam-
mation and photoreceptor degeneration in a murine 
model of light-induced retinopathy. These results 
suggest that it may have a preventive effect against 
retinal degenerative diseases [257–259].

Conclusions

In industrialized countries, with an increase in the 
senior population, age-related neurodegenerative 
diseases have progressively become greater medi-
cal and socioeconomic burdens. These diseases 
have well-known common risk factors and common 
pathologic characteristics, such as the accumula-
tion of metabolic by-products and chronic low-grade 
inflammation. Although enormous effort has been 
devoted to understanding the pathogenic mecha-
nisms of neurodegenerative diseases, interventions 
to prevent or delay disease progression are largely 
ineffective, and the development of new strate-
gies targeting these pathological features has long 
remained an urgent demand. In the present paper, we 
have outlined recent experimental and clinical stud-
ies supporting a new concept on the role of microbi-
ota–mitochondria disorders binding risk factors and 
the manifestations of AMD (Fig. 11). We integrated 
our own observations into this concept to strengthen 
new strategies for the diagnosis and treatment of 
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early AMD, and hopefully for other neurodegenera-
tive diseases that share several common features of 
this blinding eye disease.
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Fig. 11  Microbiota–mitochondria disorders in early AMD. 
A proposed concept. Risk factors of AMD, aging, genetics, 
diet, and lifestyle are transduced by microbiota. Microbiota 
is established in early life and continuously reshaped by envi-
ronmental influences throughout life. Microbial metabolites 
and compounds (‘healthy’ or ‘unhealthy’) released mainly in 
the gut regulate epithelial barrier and local mechanism, and 
through systemic circulation, gut-liver, and gut-brain axis 
they affect other organs, eye included. Mitochondria, the pow-
erhouse of cells in addition to energy supply, through MCSs, 
an organelle-network of mitochondria, endoplasmic reticulum 
(ER), lipid droplets (LD), lysosomes (Ly), and peroxisomes 

(Ps) regulate main cellular functions including photoreceptor 
turnover, autophagy, and MQC. Mitochondrial ROS also influ-
ences microbial composition and function. Mitochondria are 
the organelle target of microbiota metabolites and compounds. 
SCFA, polyphenols, bile acids, and unmethylated CpG con-
taining oligonucleotides improve metabolism and have anti-
inflammatory, while endotoxins (LPS and PG) have proinflam-
matory effects. Microbiota-mitochondria disorders affect local 
and systemic metabolism, circulation, and neuro-immune sur-
veillance and result in alterations of photoreceptors, RPE cells, 
Bruch’s membrane, endothelium, microglia, and ganglion cells 
of the choriocapillaris in early AMD
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References

 1. Wong WL, Su X, Li X, Cheung CM, Klein R, Cheng CY, 
et  al. Global prevalence of age-related macular degen-
eration and disease burden projection for 2020 and 2040: 
a systematic review and meta-analysis. Lancet Glob 
Health. 2014;2:e106–16. https:// doi. org/ 10. 1016/ S2214- 
109X(13) 70145-1.

 2. Li JQ, Welchowski T, Schmid M, Mauschitz MM, Holz 
FG, Finger RP. Prevalence and incidence of age-related 
macular degeneration in Europe: a systematic review 
and meta-analysis. Br J Ophthalmol. 2020;104:1077–84. 
https:// doi. org/ 10. 1136/ bjoph thalm ol- 2019- 314422.

 3. Bird AC, Bressler NM, Bressler SB, Chisholm IH, 
Coscas G, Davis MD, et  al. An international classifica-
tion and grading system for age-related maculopathy 
and age-related macular degeneration. The International 
ARM Epidemiological Study Group. Surv Ophthalmol. 
1995;39:367–74. https:// doi. org/ 10. 1016/ s0039- 6257(05) 
80092-x.

 4. Keenan TDL, Cukras CA, Chew EY. Age-related macu-
lar degeneration: epidemiology and clinical aspectsre-
lated macular degeneration: epidemiology and clinical 
aspects. Adv Exp Med Biol. 2021;1256:1–31. https:// doi. 
org/ 10. 1007/ 978-3- 030- 66014-7_1.

 5. Spaide RF, Jaffe GJ, Sarraf D, Freund KB, Sadda SR, 
Staurenghi G, et al. Consensus nomenclature for report-
ing neovascular age-related macular degeneration data: 
consensus on neovascular age-related macular degen-
eration nomenclature study group. Ophthalmology. 
2020;127:616–36. https:// doi. org/ 10. 1016/j. ophtha. 2019. 
11. 004.

 6. Heesterbeek TJ, Lorés-Motta L, Hoyng CB, Lechanteur 
YTE, den Hollander AI. Risk factors for progression of 
age-related macular degeneration. Ophthalmic Physiol 
Opt. 2020;40:140–70. https:// doi. org/ 10. 1111/ opo. 
12675.

 7. Nguyen T, Urrutia-Cabrera D, Liou RH, Luu CD, 
Guymer R, Wong RC. New technologies to study func-
tional genomics of age-related macular degeneration. 
Front Cell Dev Biol. 2021;8:604220. https:// doi. org/ 10. 
3389/ fcell. 2020. 604220.

 8. Botto C, Rucli M, Tekinsoy MD, Pulman J, Sahel JA, 
Dalkara D. Early and late stage gene therapy interven-
tions for inherited retinal degenerations. Prog Retin Eye 
Res. 2022;2022:100975. https:// doi. org/ 10. 1016/j. prete 
yeres. 2021. 100975.

 9. Haines JL, Hauser MA, Schmidt S, Scott WK, Olson 
LM, Gallins P, et  al. Complement factor H variant 
increases the risk of age-related macular degeneration. 
Science. 2005;308:419–21. https:// doi. org/ 10. 1126/ scien 
ce. 11103 590.

 10. Deng Y, Qiao L, Du M, Qu C, Wan L, Li J, Huang L. 
Age-related macular degeneration: epidemiology, genet-
ics, pathophysiology, diagnosis, and targeted therapy. 
Genes Dis. 2021;9:62–79. https:// doi. org/ 10. 1016/j. gen-
dis. 2021. 02. 009.

 11. Schmitz-Valckenberg S, Fleckenstein M, Zouache MA, 
Pfau M, Pappas C, Hageman JL, et  al. Progression of 
age-related macular degeneration among individuals 
homozygous for risk alleles on chromosome 1 (CFH-
CFHR5) or chromosome 10 (ARMS2/HTRA1) or both. 
JAMA Ophthalmol. 2022;140:e216072. https:// doi. org/ 
10. 1001/ jamao phtha lmol. 2021. 6072.

 12. Kaarniranta K, Pawlowska E, Szczepanska J, Jablkowska 
A, Blasiak J. Role of mitochondrial DNA damage in 
ROS-mediated pathogenesis of age-related macular 
degeneration (AMD). Int J Mol Sci. 2019;20:2374. 
https:// doi. org/ 10. 3390/ ijms2 01023 74.

 13. Ferrington DA, Kenney MC, Atilano SR, Hurley JB, 
Brown EE, Ash JD. Mitochondria: the retina’s Achilles’ 
heel in AMD. Adv Exp Med Biol. 2021;1256:237–64. 
https:// doi. org/ 10. 1007/ 978-3- 030- 66014-7_ 10.

 14. Klaver CC, Kliffen M, van Duijn CM, Hofman A, Cruts 
M, Grobbee DE, et al. Genetic association of apolipopro-
tein E with age-related macular degeneration. Am J Hum 
Genet. 1998;63:200–6. https:// doi. org/ 10. 1086/ 301901.

 15. Xiying M, Wenbo W, Wangyi F, Qinghuai L. Associa-
tion of apolipoprotein E polymorphisms with age-related 
macular degeneration subtypes: an updated systematic 
review and meta-analysis. Arch Med Res. 2017;48:370–
7. https:// doi. org/ 10. 1016/j. arcmed. 2017. 08. 002.

 16. Ulańczyk Z, Grabowicz A, Cecerska-Heryć E, Śleboda-
Taront D, Krytkowska E, Mozolewska-Piotrowska K, 
et al. Dietary and lifestyle factors modulate the activity of 
the endogenous antioxidant system in patients with age-
related macular degeneration: correlations with disease 
severity. Antioxidants (Basel). 2020;9:954. https:// doi. 
org/ 10. 3390/ antio x9100 954.

 17. Merle BMJ, Colijn JM, Cougnard-Grégoire A, de Kon-
ing-Backus APM, Delyfer MN, Kiefte-de Jong JC, et al. 
Mediterranean diet and incidence of advanced age-
related macular degeneration: the EYE-RISK Consor-
tium. Ophthalmology. 2019;126:381–90. https:// doi. org/ 
10. 1016/j. ophtha. 2018. 08. 006.

 18. Mares JA, Voland RP, Sondel SA, Millen AE, Larowe 
T, Moeller SM, et  al. Healthy lifestyles related to sub-
sequent prevalence of age-related macular degeneration. 
Arch Ophthalmol. 2011;129:470–80. https:// doi. org/ 10. 
1001/ archo phtha lmol. 2010. 314.

 19. McGuinness MB, Le J, Mitchell P, Gopinath B, Cerin 
E, Saksens NTM, et al. Physical activity and age-related 
macular degeneration: a systematic literature review 
and meta-analysis. Am J Ophthalmol. 2017;180:29–38. 
https:// doi. org/ 10. 1016/j. ajo. 2017. 05. 016.

 20. Colijn JM, Meester-Smoor M, Verzijden T, de Breuk A, 
Silva R, Merle BMJ, et  al. Genetic risk, lifestyle, and 
age-related macular degeneration in Europe: the EYE-
RISK Consortium. Ophthalmology. 2021;128:1039–49. 
https:// doi. org/ 10. 1016/j. ophtha. 2020. 11. 024.

 21. Mettu PS, Wielgus AR, Ong SS, Cousins SW. Retinal 
pigment epithelium response to oxidant injury in the 
pathogenesis of early age-related macular degeneration. 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/S2214-109X(13)70145-1
https://doi.org/10.1016/S2214-109X(13)70145-1
https://doi.org/10.1136/bjophthalmol-2019-314422
https://doi.org/10.1016/s0039-6257(05)80092-x
https://doi.org/10.1016/s0039-6257(05)80092-x
https://doi.org/10.1007/978-3-030-66014-7_1
https://doi.org/10.1007/978-3-030-66014-7_1
https://doi.org/10.1016/j.ophtha.2019.11.004
https://doi.org/10.1016/j.ophtha.2019.11.004
https://doi.org/10.1111/opo.12675
https://doi.org/10.1111/opo.12675
https://doi.org/10.3389/fcell.2020.604220
https://doi.org/10.3389/fcell.2020.604220
https://doi.org/10.1016/j.preteyeres.2021.100975
https://doi.org/10.1016/j.preteyeres.2021.100975
https://doi.org/10.1126/science.11103590
https://doi.org/10.1126/science.11103590
https://doi.org/10.1016/j.gendis.2021.02.009
https://doi.org/10.1016/j.gendis.2021.02.009
https://doi.org/10.1001/jamaophthalmol.2021.6072
https://doi.org/10.1001/jamaophthalmol.2021.6072
https://doi.org/10.3390/ijms20102374
https://doi.org/10.1007/978-3-030-66014-7_10
https://doi.org/10.1086/301901
https://doi.org/10.1016/j.arcmed.2017.08.002
https://doi.org/10.3390/antiox9100954
https://doi.org/10.3390/antiox9100954
https://doi.org/10.1016/j.ophtha.2018.08.006
https://doi.org/10.1016/j.ophtha.2018.08.006
https://doi.org/10.1001/archophthalmol.2010.314
https://doi.org/10.1001/archophthalmol.2010.314
https://doi.org/10.1016/j.ajo.2017.05.016
https://doi.org/10.1016/j.ophtha.2020.11.024


 GeroScience

1 3
Vol:. (1234567890)

Mol Asp Med. 2012;33:376–98. https:// doi. org/ 10. 
1016/j. mam. 2012. 04. 006.

 22. Brown EE, DeWeerd AJ, Ildefonso CJ, Lewin AS, Ash 
JD. Mitochondrial oxidative stress in the retinal pig-
ment epithelium (RPE) led to metabolic dysfunction in 
both the RPE and retinal photoreceptors. Redox Biol. 
2019;24:101201. https:// doi. org/ 10. 1016/j. redox. 2019. 
101201.

 23. Kauppinen A, Paterno JJ, Blasiak J, Salminen A, 
Kaarniranta K. Inflammation and its role in age-related 
macular degeneration. Cell Mol Life Sci. 2016;73:1765–
86. https:// doi. org/ 10. 1007/ s00018- 016- 2147-8.

 24. Curcio CA. Soft drusen in age-related macular degen-
eration: biology and targeting via the oil spill strate-
gies. Invest Ophthalmol Vis Sci. 2018;59:AMD160–81. 
https:// doi. org/ 10. 1167/ iovs. 18- 24882.

 25. Ruan Y, Jiang S, Gericke A. Age-related macular degen-
eration: role of oxidative stress and blood vessels. Int J 
Mol Sci. 2021;22:1296. https:// doi. org/ 10. 3390/ ijms2 
20312 96.

 26. Romero-Vazquez S, Llorens V, Soler-Boronat A, 
Figueras-Roca M, Adan A, Molins B. Interlink between 
inflammation and oxidative stress in age-related macular 
degeneration: role of complement factor H. Biomedi-
cines. 2021;9:763. https:// doi. org/ 10. 3390/ biome dicin 
es907 0763.

 27. Reiner A, Fitzgerald MEC, Del Mar N, Li C. Neural 
control of choroidal blood flow. Prog Retin Eye Res. 
2018;64:96–130. https:// doi. org/ 10. 1016/j. prete yeres. 
2017. 12. 001.

 28. Li C, Fitzgerald MEC, Del Mar N, Wang H, Haughey 
C, Honig MG, et  al. Role of the superior salivatory 
nucleus in parasympathetic control of choroidal blood 
flow and in maintenance of retinal health. Exp Eye Res. 
2021;206:108541. https:// doi. org/ 10. 1016/j. exer. 2021. 
108541.

 29. Ghosh TS, Shanahan F, O’Toole PW. The gut micro-
biome as a modulator of healthy ageing. Nat Rev Gas-
troenterol Hepatol. 2022. https:// doi. org/ 10. 1038/ 
s41575- 022- 00605-x.

 30. Leblhuber F, Ehrlich D, Steiner K, Geisler S, Fuchs D, 
Lanser L, et al. The immunopathogenesis of Alzheimer’s 
disease is related to the composition of gut microbiota. 
Nutrients. 2021;13:361. https:// doi. org/ 10. 3390/ nu130 
20361.

 31. Zheng SY, Li HX, Xu RC, Miao WT, Dai MY, Ding 
ST, et  al. Potential roles of gut microbiota and micro-
bial metabolites in Parkinson’s disease. Ageing Res 
Rev. 2021;69:101347. https:// doi. org/ 10. 1016/j. arr. 2021. 
101347.

 32. Rinninella E, Mele MC, Merendino N, Cintoni M, 
Anselmi G, Caporossi A, et al. The role of diet, micro-
nutrients and the gut microbiota in age-related macular 
degeneration: new perspectives from the  gut-retina axis. 
Nutrients. 2018;10:1677. https:// doi. org/ 10. 3390/ nu101 
11677.

 33. Scuderi G, Troiani E, Minnella AM. Gut microbiome in 
retina health: the crucial role of the gut-retina axis. Front 
Microbiol. 2022;12:726792. https:// doi. org/ 10. 3389/ 
fmicb. 2021. 726792.

 34. Fleckenstein M, Keenan TDL, Guymer RH, Chakravar-
thy U, Schmitz-Valckenberg S, Klaver CC, et  al. Age-
related macular degeneration. Nat Rev Dis Primers. 
2021;7:31. https:// doi. org/ 10. 1038/ s41572- 021- 00265-2.

 35. Fu Z, Kern TS, Hellström A, Smith LEH. Fatty acid 
oxidation and photoreceptor metabolic needs. J Lipid 
Res. 2021;62:100035. https:// doi. org/ 10. 1194/ jlr. TR120 
000618.

 36. Ho EXP, Cheung CMG, Sim S, Chu CW, Wilm A, Lin 
CB, et  al. Human pharyngeal microbiota in age-related 
macular degeneration. PLoS One. 2018;13:e0201768. 
https:// doi. org/ 10. 1371/ journ al. pone. 02017 68.

 37. Rullo J, Far PM, Quinn M, Sharma N, Bae S, Irrcher I, 
et al. Local oral and nasal microbiome diversity in age-
related macular degeneration. Sci Rep. 2020;10:3862. 
https:// doi. org/ 10. 1038/ s41598- 020- 60674-3.

 38. Javed F, Sculean A, Romanos GE. Association between 
age-related macular degeneration and periodontal and 
peri-implant diseases: a systematic review. Acta Ophthal-
mol. 2021;99:351–6. https:// doi. org/ 10. 1111/ aos. 14629.

 39. Kwon W, Freeman SA. Phagocytosis by the retinal pig-
ment epithelium: recognition, resolution, recycling. Front 
Immunol. 2020;11:604205. https:// doi. org/ 10. 3389/ 
fimmu. 2020. 604205.

 40. Inana G, Murat C, An W, Yao X, Harris IR, Cao J. RPE 
phagocytic function declines in age-related macular 
degeneration and is rescued by human umbilical tissue 
derived cells. J Transl Med. 2018;16:63. https:// doi. org/ 
10. 1186/ s12967- 018- 1434-6.

 41. Golestaneh N, Chu Y, Xiao YY, Stoleru GL, Theos AC. 
Dysfunctional autophagy in RPE, a contributing fac-
tor in age-related macular degeneration. Cell Death Dis. 
2017;8:e2537. https:// doi. org/ 10. 1038/ cddis. 2016. 453.

 42. He Y, Ge J, Burke JM, Myers RL, Dong ZZ, Tom-
bran-Tink J. Mitochondria impairment correlates with 
increased sensitivity of aging RPE cells to oxidative 
stress. J Ocul Biol Dis Infor. 2010;3:92–108. https:// doi. 
org/ 10. 1007/ s12177- 011- 9061-y.

 43. Otasevic V, Vucetic M, Grigorov I, Martinovic V, Stancic A. 
Ferroptosis in different pathological contexts seen through 
the eyes of mitochondria. Oxidative Med Cell Longev. 
2021;2021:5537330. https:// doi. org/ 10. 1155/ 2021/ 55373 30.

 44. Chen C, Chen J, Wang Y, Liu Z, Wu Y. Ferroptosis drives 
photoreceptor degeneration in mice with defects in all-
trans-retinal clearance. J Biol Chem. 2021;296:100187. 
https:// doi. org/ 10. 1074/ jbc. RA120. 015779.

 45. Wang H, Liu C, Zhao Y, Gao G. Mitochondria regulation 
in ferroptosis. Eur J Cell Biol. 2020;99:151058. https:// 
doi. org/ 10. 1016/j. ejcb. 2019. 151058.

 46. Yuan H, Pratte J, Giardina C. Ferroptosis and its potential as a 
therapeutic target. Biochem Pharmacol. 2021;186:114486. 
https:// doi. org/ 10. 1016/j. bcp. 2021. 114486.

 47. Le Y, Zhang Z, Wang C, Lu D. Ferroptotic cell death: new 
regulatory mechanisms for metabolic diseases. Endocr 
Metab Immune Disord Drug Targets. 2021;21(5):785–800. 
https:// doi. org/ 10. 2174/ 18715 30320 66620 07311 75328.

 48. Hahn P, Ying GS, Beard J, Dunaief JL. Iron levels in 
human retina: sex difference and increase with age. 
Neuroreport. 2006;17:1803–6. https:// doi. org/ 10. 1097/ 
WNR. 0b013 e3280 107776.

https://doi.org/10.1016/j.mam.2012.04.006
https://doi.org/10.1016/j.mam.2012.04.006
https://doi.org/10.1016/j.redox.2019.101201
https://doi.org/10.1016/j.redox.2019.101201
https://doi.org/10.1007/s00018-016-2147-8
https://doi.org/10.1167/iovs.18-24882
https://doi.org/10.3390/ijms22031296
https://doi.org/10.3390/ijms22031296
https://doi.org/10.3390/biomedicines9070763
https://doi.org/10.3390/biomedicines9070763
https://doi.org/10.1016/j.preteyeres.2017.12.001
https://doi.org/10.1016/j.preteyeres.2017.12.001
https://doi.org/10.1016/j.exer.2021.108541
https://doi.org/10.1016/j.exer.2021.108541
https://doi.org/10.1038/s41575-022-00605-x
https://doi.org/10.1038/s41575-022-00605-x
https://doi.org/10.3390/nu13020361
https://doi.org/10.3390/nu13020361
https://doi.org/10.1016/j.arr.2021.101347
https://doi.org/10.1016/j.arr.2021.101347
https://doi.org/10.3390/nu10111677
https://doi.org/10.3390/nu10111677
https://doi.org/10.3389/fmicb.2021.726792
https://doi.org/10.3389/fmicb.2021.726792
https://doi.org/10.1038/s41572-021-00265-2
https://doi.org/10.1194/jlr.TR120000618
https://doi.org/10.1194/jlr.TR120000618
https://doi.org/10.1371/journal.pone.0201768
https://doi.org/10.1038/s41598-020-60674-3
https://doi.org/10.1111/aos.14629
https://doi.org/10.3389/fimmu.2020.604205
https://doi.org/10.3389/fimmu.2020.604205
https://doi.org/10.1186/s12967-018-1434-6
https://doi.org/10.1186/s12967-018-1434-6
https://doi.org/10.1038/cddis.2016.453
https://doi.org/10.1007/s12177-011-9061-y
https://doi.org/10.1007/s12177-011-9061-y
https://doi.org/10.1155/2021/5537330
https://doi.org/10.1074/jbc.RA120.015779
https://doi.org/10.1016/j.ejcb.2019.151058
https://doi.org/10.1016/j.ejcb.2019.151058
https://doi.org/10.1016/j.bcp.2021.114486
https://doi.org/10.2174/1871530320666200731175328
https://doi.org/10.1097/WNR.0b013e3280107776
https://doi.org/10.1097/WNR.0b013e3280107776


GeroScience 

1 3
Vol.: (0123456789)

 49. Wong RW, Richa DC, Hahn P, Green WR, Dunaief JL. Iron 
toxicity as a potential factor in AMD. Retina. 2007;27:997–
1003. https:// doi. org/ 10. 1097/ IAE. 0b013 e3180 74c290.

 50. Błasiak J, Skłodowska A, Ulińska M, Szaflik JP. Iron and age-
related macular degeneration. Klin Ocz. 2009;111(4-6):174–7.

 51. Tang Z, Ju Y, Dai X, Ni N, Liu Y, Zhang D, et al. HO-1-medi-
ated ferroptosis as a target for protection against retinal pig-
ment epithelium degeneration. Redox Biol. 2021;43:101971. 
https:// doi. org/ 10. 1016/j. redox. 2021. 101971.

 52. Zhao T, Guo X, Sun Y. Iron accumulation and lipid 
peroxidation in the aging retina: implication of ferrop-
tosis in age-related macular degeneration. Aging Dis. 
2021;12:529–51. https:// doi. org/ 10. 14336/ AD. 2020. 0912.

 53. Stenirri S, Santambrogio P, Setaccioli M, Erba BG, 
Pia Manitto M, Rovida E, et  al. Study of FTMT and 
ABCA4 genes in a patient affected by age-related 
macular degeneration: identification and analysis of 
new mutations. Clin Chem Lab Med. 2012;50:1021–9. 
https:// doi. org/ 10. 1515/ cclm- 2011- 0854.

 54. Feher J, Kovacs I, Artico M, Cavallotti C, Papale A, 
Balacco GC. Mitochondrial alterations of retinal pig-
ment epithelium in age-related macular degeneration. 
Neurobiol Aging. 2006;27:983–93. https:// doi. org/ 10. 
1016/j. neuro biola ging. 2005. 05. 012.

 55. Kuksa V, Imanishi Y, Batten M, Palczewski K, Moise 
AR. Retinoid cycle in the vertebrate retina: experimen-
tal approaches and mechanisms of isomerization. Vis 
Res. 2003;43:2959–81. https:// doi. org/ 10. 1016/ s0042- 
6989(03) 00482-6.

 56. Huang J, Possin DE, Saari JC. Localizations of visual 
cycle components in retinal pigment epithelium. Mol 
Vis. 2009;15:223–34.

 57. Steinmetz RL, Haimovici R, Jubb C, Fitzke FW, Bird 
AC. Symptomatic abnormalities of dark adaptation in 
patients with age-related Bruch’s membrane change. 
Br J Ophthalmol. 1993;77:549–54. https:// doi. org/ 10. 
1136/ bjo. 77.9. 549.

 58. Owsley C, McGwin G Jr, Clark ME, Jackson GR, Callahan 
MA, Kline LB, et  al. Delayed rod-mediated dark adapta-
tion is a functional biomarker for incident early age-related 
macular degeneration. Ophthalmology. 2016;123:344–51. 
https:// doi. org/ 10. 1016/j. ophtha. 2015. 09. 041.

 59. Litts KM, Zhang Y, Freund KB, Curcio CA. Optical 
coherence tomography and histology of age-related 
macular degeneration support mitochondria as reflec-
tivity sources. Retina. 2018;38:445–61. https:// doi. org/ 
10. 1097/ IAE. 00000 00000 001946.

 60. Enrich C, Lu A, Tebar F, Rentero C, Grewal T. Annex-
ins bridging the gap: novel roles in membrane contact 
site formation. Front Cell Dev Biol. 2022;9:797949. 
https:// doi. org/ 10. 3389/ fcell. 2021. 797949.

 61. Remky A, Lichtenberg K, Elsner AE, Arend O. Short 
wavelength automated perimetry in age related macu-
lopathy. Br J Ophthalmol. 2001;85:1432–6. https:// doi. 
org/ 10. 1136/ bjo. 85. 12. 1432.

 62. Midena E, Degli Angeli C, Blarzino MC, Valenti M, 
Segato T. Macular function impairment in eyes with 
early age-related macular degeneration. Invest Ophthal-
mol Vis Sci. 1997;38:469–77.

 63. Feher J, Papale A, Mannino G, Gualdi L, Balacco GC. 
Mitotropic compounds for the treatment of age-related 

macular degeneration. The metabolic approach and a 
pilot study. Ophthalmologica. 2003;217:351–7. https:// 
doi. org/ 10. 1159/ 00007 135.

 64. Gin TJ, Wu Z, Chew SK, Guymer RH, Luu CD. Quantita-
tive analysis of the ellipsoid zone intensity in phenotypic 
variations of intermediate age-related macular degen-
eration. Invest Ophthalmol Vis Sci. 2015;58(4):2079–86. 
https:// doi. org/ 10. 1167/ iovs. 16- 20105.

 65. Toprak I, Yaylalı V, Yildirim C. Early deterioration in 
ellipsoid zone in eyes with non-neovascular age-related 
macular degeneration. Int Ophthalmol. 2017;37:801–6. 
https:// doi. org/ 10. 1007/ s10792- 016- 0331-3.

 66. Perrone M, Caroccia N, Genovese I, Missiroli S, Mod-
esti L, Pedriali G, Vezzani B, Vitto VAM, Antenori M, 
Lebiedzinska-Arciszewska M, Wieckowski MR, Giorgi 
C, Pinton P. The role of mitochondria-associated mem-
branes in cellular homeostasis and diseases. Int Rev Cell 
Mol Biol. 2020;350:119–96. https:// doi. org/ 10. 1016/ bs. 
ircmb. 2019. 11. 002.

 67. Petkovic M, O’Brien CE, Jan YN. Interorganelle com-
munication, aging, and neurodegeneration. Genes Dev. 
2021;35:449–69. https:// doi. org/ 10. 1101/ gad. 346759. 
120.

 68. Aoyama-Ishiwatari S, Hirabayashi Y. Endoplasmic retic-
ulum-mitochondria contact sites-emerging intracellular 
signaling hubs. Front Cell Dev Biol. 2021;9:653828. 
https:// doi. org/ 10. 3389/ fcell. 2021. 653828.

 69. Jackson DN, Theiss AL. Gut bacteria signaling to mito-
chondria in intestinal inflammation and cancer. Gut 
Microbes. 2020;11:285–304. https:// doi. org/ 10. 1080/ 
19490 976. 2019. 15924 21.

 70. Sun D, Chen X, Gu G, Wang J, Zhang J. Poten-
tial roles of mitochondria-associated ER membranes 
(MAMs) in traumatic brain injury. Cell Mol Neu-
robiol. 2017;37:1349–57. https:// doi. org/ 10. 1007/ 
s10571- 017- 0484-2.

 71. Leal NS, Martins LM. Mind the gap: mitochondria and 
the endoplasmic reticulum in neurodegenerative dis-
eases. Biomedicines. 2021;9:227. https:// doi. org/ 10. 
3390/ biome dicin es902 0227.

 72. Yang M, Li C, Sun L. Mitochondria-associated mem-
branes (MAMs): A novel therapeutic target for treating 
metabolic syndrome. Curr Med Chem. 2021;28:1347–62. 
https:// doi. org/ 10. 2174/ 09298 67327 66620 02121 00644.

 73. Luan Y, Luan Y, Yuan RX, Feng Q, Chen X, Yang Y. 
Structure and function of mitochondria-associated endo-
plasmic reticulum membranes (MAMs) and their role 
in cardiovascular diseases. Oxidative Med Cell Longev. 
2021;2021:4578809. https:// doi. org/ 10. 1155/ 2021/ 45788 09.

 74. Resende R, Fernandes T, Pereira AC, De Pascale J, 
Marques AP, Oliveira P, Morais S, et  al. Mitochondria, 
endoplasmic reticulum and innate immune dysfunction 
in mood disorders: do mitochondria-associated mem-
branes (MAMs) play a role? Biochim Biophys Acta Mol 
basis Dis. 2020;1866:165752. https:// doi. org/ 10. 1016/j. 
bbadis. 2020. 165752.

 75. Krols M, van Isterdael G, Asselbergh B, Kremer A, Lip-
pens S, Timmerman V, et  al. Mitochondria-associated 
membranes as hubs for neurodegeneration. Acta Neu-
ropathol. 2016;131:505–23. https:// doi. org/ 10. 1007/ 
s00401- 015- 1528-7.

https://doi.org/10.1097/IAE.0b013e318074c290
https://doi.org/10.1016/j.redox.2021.101971
https://doi.org/10.14336/AD.2020.0912
https://doi.org/10.1515/cclm-2011-0854
https://doi.org/10.1016/j.neurobiolaging.2005.05.012
https://doi.org/10.1016/j.neurobiolaging.2005.05.012
https://doi.org/10.1016/s0042-6989(03)00482-6
https://doi.org/10.1016/s0042-6989(03)00482-6
https://doi.org/10.1136/bjo.77.9.549
https://doi.org/10.1136/bjo.77.9.549
https://doi.org/10.1016/j.ophtha.2015.09.041
https://doi.org/10.1097/IAE.0000000000001946
https://doi.org/10.1097/IAE.0000000000001946
https://doi.org/10.3389/fcell.2021.797949
https://doi.org/10.1136/bjo.85.12.1432
https://doi.org/10.1136/bjo.85.12.1432
https://doi.org/10.1159/00007135
https://doi.org/10.1159/00007135
https://doi.org/10.1167/iovs.16-20105
https://doi.org/10.1007/s10792-016-0331-3
https://doi.org/10.1016/bs.ircmb.2019.11.002
https://doi.org/10.1016/bs.ircmb.2019.11.002
https://doi.org/10.1101/gad.346759.120
https://doi.org/10.1101/gad.346759.120
https://doi.org/10.3389/fcell.2021.653828
https://doi.org/10.1080/19490976.2019.1592421
https://doi.org/10.1080/19490976.2019.1592421
https://doi.org/10.1007/s10571-017-0484-2
https://doi.org/10.1007/s10571-017-0484-2
https://doi.org/10.3390/biomedicines9020227
https://doi.org/10.3390/biomedicines9020227
https://doi.org/10.2174/0929867327666200212100644
https://doi.org/10.1155/2021/4578809
https://doi.org/10.1016/j.bbadis.2020.165752
https://doi.org/10.1016/j.bbadis.2020.165752
https://doi.org/10.1007/s00401-015-1528-7
https://doi.org/10.1007/s00401-015-1528-7


 GeroScience

1 3
Vol:. (1234567890)

 76. Janikiewicz J, Szymański J, Malinska D, Patalas-Kraw-
czyk P, Michalska B, Duszyński J, et  al. Mitochon-
dria-associated membranes in aging and senescence: 
structure, function, and dynamics. Cell Death Dis. 
2018;9:332. https:// doi. org/ 10. 1038/ s41419- 017- 0105-5.

 77. Arrese EL, Saudale FZ, Soulages JL. Lipid droplets as 
signaling platforms linking metabolic and cellular func-
tions. Lipid Insights. 2014;7:7–16. https:// doi. org/ 10. 
4137/ LPI. S11128.

 78. Cohen S. Lipid droplets as organelles. Int Rev Cell Mol 
Biol. 2018;337:83–110. https:// doi. org/ 10. 1016/ bs. ircmb. 
2017. 12. 007.

 79. Conte M, Medici V, Malagoli D, Chiariello A, Cirrin-
cione A, Davin A, et al. Expression pattern of perilipins 
in human brain during aging and in Alzheimer’s disease. 
Neuropathol Appl Neurobiol. 2022;48:e12756. https:// 
doi. org/ 10. 1111/ nan. 12756.

 80. Drizyte-Miller K, Schott MB, McNiven MA. Lipid 
droplet contacts with autophagosomes, lysosomes, and 
other degradative vesicles. Contact (Thousand Oaks). 
2020;3:1–13. https:// doi. org/ 10. 1177/ 25152 56420 
910892.

 81. Geltinger F, Schartel L, Wiederstein M, Tevini J, Aigner 
E, Felder TK, et al. Friend or foe: lipid droplets as orga-
nelles for protein and lipid storage in cellular stress 
response, aging and disease. Molecules. 2020;25:5053. 
https:// doi. org/ 10. 3390/ molec ules2 52150 53.

 82. Choudhary V, Schneiter R. A Unique junctional inter-
face at contact sites between the endoplasmic reticulum 
and lipid droplets. Front Cell Dev Biol. 2021;9:650186. 
https:// doi. org/ 10. 3389/ fcell. 2021. 650186.

 83. Benador IY, Veliova M, Liesa M, Shirihai OS. Mito-
chondria bound to lipid droplets: where mitochondrial 
dynamics regulate lipid storage and utilization. Cell 
Metab. 2019;29:827–35. https:// doi. org/ 10. 1016/j. cmet. 
2019. 02. 011.

 84. Veliova M, Petcherski A, Liesa M, Shirihai OS. The biol-
ogy of lipid droplet-bound mitochondria. Semin Cell Dev 
Biol. 2020;108:55–64. https:// doi. org/ 10. 1016/j. semcdb. 
2020. 04. 013.

 85. Bosch M, Sánchez-Álvarez M, Fajardo A, Kapetanovic 
R, Steiner B, Dutra F, et al. Mammalian lipid droplets are 
innate immune hubs integrating cell metabolism and host 
defense. Science. 2020;370:eaay8085. https:// doi. org/ 10. 
1126/ scien ce. aay80 85.

 86. Jarc E, Petan T. Lipid droplets and the management of 
cellular stress. Yale J Biol Med. 2019;92:435–52.

 87. Teixeira V, Maciel P, Costa V. Leading the way in the 
nervous system: lipid droplets as new players in health 
and disease. Biochim Biophys Acta Mol Cell Biol 
Lipids. 2021;1866:158820. https:// doi. org/ 10. 1016/j. bba-
lip. 2020. 158820.

 88. Van Den Brink DM, Cubizolle A, Chatelain G, Davoust 
N, Girard V, Johansen S, et al. Physiological and patho-
logical roles of FATP-mediated lipid droplets in Dros-
ophila and mice retina. PLoS Genet. 2018;14:e1007627. 
https:// doi. org/ 10. 1371/ journ al. pgen. 10076 27.

 89. Farmer BC, Walsh AE, Kluemper JC, Johnson LA. Lipid 
droplets in neurodegenerative disorders. Front Neurosci. 
2020;14:742. https:// doi. org/ 10. 3389/ fnins. 2020. 00742.

 90. Yako T, Otsu W, Nakamura S, Shimazawa M, Hara H. 
Lipid droplet accumulation promotes RPE dysfunction. 
Int J Mol Sci. 2022;23:1790. https:// doi. org/ 10. 3390/ 
ijms2 30317 90.

 91. Singh LP, Yumnamcha T, Devi TS. Mitophagy, ferritin-
ophagy and ferroptosis in retinal pigment epithelial cells 
under high glucose conditions: implications for diabetic 
retinopathy and age-related retinal diseases. JOJ Ophthal-
mol. 2021;8:77–85.

 92. Skeie JM, Nishimura DY, Wang CL, Schmidt GA, 
Aldrich BT, Greiner MA. Mitophagy: an emerging tar-
get in ocular pathology. Invest Ophthalmol Vis Sci. 
2021;62:22. https:// doi. org/ 10. 1167/ iovs. 62.3. 22.

 93. Wong YC, Kim S, Peng W, Krainc D. Regulation and func-
tion of mitochondria-lysosome membrane contact sites in 
cellular homeostasis. Trends Cell Biol. 2019;29:500–13. 
https:// doi. org/ 10. 1016/j. tcb. 2019. 02. 004.

 94. Picca A, Guerra F, Calvani R, Romano R, Coelho-Júnior 
HJ, Bucci C, et  al. Mitochondrial dysfunction, pro-
tein misfolding and neuroinflammation in Parkinson’s 
disease: roads to biomarker discovery. Biomolecules. 
2021;11:1508. https:// doi. org/ 10. 3390/ biom1 11015 08.

 95. Pijuan J, Cantarero L, Natera-de Benito D, Altimir A, 
Altisent-Huguet A, Díaz-Osorio Y, et  al. Mitochondrial 
dynamics and mitochondria-lysosome contacts in neu-
rogenetic diseases. Front Neurosci. 2022;16:784880. 
https:// doi. org/ 10. 3389/ fnins. 2022. 784880.

 96. Su Z, Guo Y, Huang X, Feng B, Tang L, Zheng G, et al. 
Phytochemicals: targeting mitophagy to treat metabolic 
disorders. Front Cell Dev Biol. 2021;9:686820. https:// 
doi. org/ 10. 3389/ fcell. 2021. 686820.

 97. Bermond K, Wobbe C, Tarau IS, Heintzmann R, Hillen-
kamp J, Curcio CA, et al. Autofluorescent granules of the 
human retinal pigment epithelium: phenotypes, intracel-
lular distribution, and age-related topography. Invest 
Ophthalmol Vis Sci. 2020;61:35. https:// doi. org/ 10. 1167/ 
iovs. 61.5. 35.

 98. Schrader M, Kamoshita M, Islinger M. Organelle inter-
play-peroxisome interactions in health and disease. J 
Inherit Metab Dis. 2020;43:71–89. https:// doi. org/ 10. 
1002/ jimd. 12083.

 99. Chen X, Kang R, Kroemer G, Tang D. Organelle-specific reg-
ulation of ferroptosis. Cell Death Differ. 2021;28:2843–56. 
https:// doi. org/ 10. 1038/ s41418- 021- 00859-z.

 100. Kim J, Bai H. Peroxisomal stress response and inter-
organelle communication in cellular homeostasis and 
aging. Antioxidants (Basel). 2022;11:192. https:// doi. org/ 
10. 3390/ antio x1102 0192.

 101. Escandon P, Vasini B, Whelchel AE, Nicholas SE, Mat-
lock HG, Ma JX, et al. The role of peroxisome prolifera-
tor-activated receptors in healthy and diseased eyes. Exp 
Eye Res. 2021;208:108617. https:// doi. org/ 10. 1016/j. 
exer. 2021. 108617.

 102. Hyttinen J, Blasiak J, Tavi P, Kaarniranta K. Therapeutic 
potential of PGC-1α in age-related macular degeneration 
(AMD) - the involvement of mitochondrial quality con-
trol, autophagy, and antioxidant response. Expert Opin 
Ther Targets. 2021;25:773–85. https:// doi. org/ 10. 1080/ 
14728 222. 2021. 19919 13.

 103. Feher J, Kovacs B, Kovacs I, Schveoller M, Papale 
A, Balacco GC. Improvement of visual functions and 

https://doi.org/10.1038/s41419-017-0105-5
https://doi.org/10.4137/LPI.S11128
https://doi.org/10.4137/LPI.S11128
https://doi.org/10.1016/bs.ircmb.2017.12.007
https://doi.org/10.1016/bs.ircmb.2017.12.007
https://doi.org/10.1111/nan.12756
https://doi.org/10.1111/nan.12756
https://doi.org/10.1177/2515256420910892
https://doi.org/10.1177/2515256420910892
https://doi.org/10.3390/molecules25215053
https://doi.org/10.3389/fcell.2021.650186
https://doi.org/10.1016/j.cmet.2019.02.011
https://doi.org/10.1016/j.cmet.2019.02.011
https://doi.org/10.1016/j.semcdb.2020.04.013
https://doi.org/10.1016/j.semcdb.2020.04.013
https://doi.org/10.1126/science.aay8085
https://doi.org/10.1126/science.aay8085
https://doi.org/10.1016/j.bbalip.2020.158820
https://doi.org/10.1016/j.bbalip.2020.158820
https://doi.org/10.1371/journal.pgen.1007627
https://doi.org/10.3389/fnins.2020.00742
https://doi.org/10.3390/ijms23031790
https://doi.org/10.3390/ijms23031790
https://doi.org/10.1167/iovs.62.3.22
https://doi.org/10.1016/j.tcb.2019.02.004
https://doi.org/10.3390/biom11101508
https://doi.org/10.3389/fnins.2022.784880
https://doi.org/10.3389/fcell.2021.686820
https://doi.org/10.3389/fcell.2021.686820
https://doi.org/10.1167/iovs.61.5.35
https://doi.org/10.1167/iovs.61.5.35
https://doi.org/10.1002/jimd.12083
https://doi.org/10.1002/jimd.12083
https://doi.org/10.1038/s41418-021-00859-z
https://doi.org/10.3390/antiox11020192
https://doi.org/10.3390/antiox11020192
https://doi.org/10.1016/j.exer.2021.108617
https://doi.org/10.1016/j.exer.2021.108617
https://doi.org/10.1080/14728222.2021.1991913
https://doi.org/10.1080/14728222.2021.1991913


GeroScience 

1 3
Vol.: (0123456789)

fundus alterations in early age-related macular degen-
eration treated with a combination of acetyl-L-carnitine, 
n-3 fatty acids, and coenzyme Q10. Ophthalmologica. 
2005;219:154–66. https:// doi. org/ 10. 1159/ 00008 5248.

 104. Nhu NT, Xiao SY, Liu Y, Kumar VB, Cui ZY, Lee SD. 
Neuroprotective effects of a small mitochondrially-tar-
geted tetrapeptide elamipretide in neurodegeneration. 
Front Integr Neurosci. 2022;15:747901. https:// doi. org/ 
10. 3389/ fnint. 2021. 747901.

 105. Nashine S. Potential therapeutic candidates for 
age-related macular degeneration (AMD). Cells. 
2021;10:2483. https:// doi. org/ 10. 3390/ cells 10092 483.

 106. Sarks SH, Arnold JJ, Killingsworth MC, Sarks JP. Early 
drusen formation in the normal and aging eye and their 
relation to age related maculopathy: a clinicopathological 
study. Br J Ophthalmol. 1999;83:358–68. https:// doi. org/ 
10. 1136/ bjo. 83.3. 358.

 107. Spraul CW, Lang GE, Grossniklaus HE, Lang GK. Histo-
logic and morphometric analysis of the choroid, Bruch’s 
membrane, and retinal pigment epithelium in postmortem 
eyes with age-related macular degeneration and histologic 
examination of surgically excised choroidal neovascular 
membranes. Surv Ophthalmol. 1999;44(Suppl 1):S10–32. 
https:// doi. org/ 10. 1016/ s0039- 6257(99) 00086-7.

 108. Haimovici R, Gantz DL, Rumelt S, Freddo TF, Small 
DM. The lipid composition of drusen, Bruch’s mem-
brane, and sclera by hot stage polarizing light micros-
copy. Invest Ophthalmol Vis Sci. 2001;42:1592–9.

 109. Curcio CA, Presley JB, Malek G, Medeiros NE, Avery 
DV, Kruth HS. Esterified and unesterified cholesterol in 
drusen and basal deposits of eyes with age-related macu-
lopathy. Exp Eye Res. 2005;81:731–41. https:// doi. org/ 
10. 1016/j. exer. 2005. 04. 012.

 110. Chen L, Yang P, Curcio CA. Visualizing lipid behind the 
retina in aging and age-related macular degeneration, via 
indocyanine green angiography (ASHS-LIA). Eye (Lond). 
2022. https:// doi. org/ 10. 1038/ s41433- 022- 02016-3.

 111. Pondorfer SG, Wintergerst MWM, Gorgi Zadeh S, 
Schultz T, Heinemann M, Holz FG, et  al. Association 
of visual function measures with drusen volume in early 
stages of age-related macular degeneration. Invest Oph-
thalmol Vis Sci. 2020;61:55. https:// doi. org/ 10. 1167/ 
iovs. 61.3. 55.

 112. Crabb JW, Miyagi M, Gu X, Shadrach K, West KA, 
Sakaguchi H, et  al. Drusen proteome analysis: an 
approach to the etiology of age-related macular degen-
eration. Proc Natl Acad Sci U S A. 2002;99:14682–7. 
https:// doi. org/ 10. 1073/ pnas. 22255 1899.

 113. Meng LH, Chen YX. Lipid accumulation and protein 
modifications of Bruch’s membrane in age-related mac-
ular degeneration. Int J Ophthalmol. 2021;14:766–73. 
https:// doi. org/ 10. 18240/ ijo. 2021. 05. 19.

 114. Feeney-Burns L, Ellersieck MR. Age-related changes in 
the ultrastructure of Bruch’s membrane. Am J Ophthal-
mol. 1985;100:686–97. https:// doi. org/ 10. 1016/ 0002- 
9394(85) 90625-7.

 115. Young RW. Pathophysiology of age-related macular 
degeneration. Surv Ophthalmol. 1987;31:291–306. 
https:// doi. org/ 10. 1016/ 0039- 6257(87) 90115-9.

 116. Pauleikhoff D, Harper CA, Marshall J, Bird AC. Aging 
changes in Bruch’s membrane. A histochemical and mor-
phologic study. Ophthalmology. 1990;97:171–8.

 117. Curcio CA, Millican CL, Bailey T, Kruth HS. Accumula-
tion of cholesterol with age in human Bruch’s membrane. 
Invest Ophthalmol Vis Sci. 2001 Jan;42(1):265–74.

 118. Sura AA, Chen L, Messinger JD, Swain TA, McGwin 
G Jr, Freund KB, et  al. Measuring the contributions of 
basal laminar deposit and Bruch’s membrane in age-
related macular degeneration. Invest Ophthalmol Vis Sci. 
2020;61:19. https:// doi. org/ 10. 1167/ iovs. 61. 13. 19.

 119. Bianchi E, Ripandelli G, Taurone S, Feher J, Plateroti R, 
Kovacs I, et al. Age and diabetes related changes of the reti-
nal capillaries: an ultrastructural and immunohistochemi-
cal study. Int J Immunopathol Pharmacol. 2016;29:40–53. 
https:// doi. org/ 10. 1177/ 03946 32015 615592.

 120. Fehér J, Taurone S, Spoletini M, Biró Z, Varsányi B, 
Scuderi G, et al. Ultrastructure of neurovascular changes 
in human diabetic retinopathy. Int J Immunopathol Phar-
macol. 2018;31:394632017748841. https:// doi. org/ 10. 
1177/ 03946 32017 748841.

 121. Roy S, Kim D. Retinal capillary basement membrane 
thickening: role in the pathogenesis of diabetic retinopa-
thy. Prog Retin Eye Res. 2021;82:100903. https:// doi. org/ 
10. 1016/j. prete yeres. 2020. 100903.

 122. Bhutto I, Lutty G. Understanding age-related macular 
degeneration (AMD): relationships between the photo-
receptor/retinal pigment epithelium/Bruch’s membrane/
choriocapillaris complex. Mol Asp Med. 2012;33:295–
317. https:// doi. org/ 10. 1016/j. mam. 2012. 04. 005.

 123. Chirco KR, Sohn EH, Stone EM, Tucker BA, Mullins 
RF. Structural and molecular changes in the aging cho-
roid: implications for age-related macular degeneration. 
Eye (Lond). 2017;31:10–25. https:// doi. org/ 10. 1038/ eye. 
2016. 216.

 124. Lipecz A, Miller L, Kovacs I, Czakó C, Csipo T, Baffi J, 
Csiszar A, Tarantini S, Ungvari Z, Yabluchanskiy A, Con-
ley S. Microvascular contributions to age-related macular 
degeneration (AMD): from mechanisms of choriocapillaris 
aging to novel interventions. Geroscience. 2019;41:813–
45. https:// doi. org/ 10. 1007/ s11357- 019- 00138-3.

 125. Lee B, Ahn J, Yun C, Kim SW, Oh J. Variation of reti-
nal and choroidal vasculatures in patients with age-
related macular degeneration. Invest Ophthalmol Vis Sci. 
2018;59:5246–55. https:// doi. org/ 10. 1167/ iovs. 17- 23600.

 126. Qin L, Mroczkowska SA, Ekart A, Patel SR, Gibson 
JM, Gherghel D. Patients with early age-related macular 
degeneration exhibit signs of macro- and micro-vascular 
disease and abnormal blood glutathione levels. Graefes 
Arch Clin Exp Ophthalmol. 2014;252:23–30. https:// doi. 
org/ 10. 1007/ s00417- 013- 2418-0.

 127. Mullins RF, Johnson MN, Faidley EA, Skeie JM, Huang 
J. Choriocapillaris vascular dropout related to density 
of drusen in human eyes with early age-related macular 
degeneration. Invest Ophthalmol Vis Sci. 2011;52:1606–
12. https:// doi. org/ 10. 1167/ iovs. 10- 6476.

 128. Lutty GA, McLeod DS, Bhutto IA, Edwards MM, Sed-
don JM. Choriocapillaris dropout in early age-related 
macular degeneration. Exp Eye Res. 2020;192:107939. 
https:// doi. org/ 10. 1016/j. exer. 2020. 107939.

https://doi.org/10.1159/000085248
https://doi.org/10.3389/fnint.2021.747901
https://doi.org/10.3389/fnint.2021.747901
https://doi.org/10.3390/cells10092483
https://doi.org/10.1136/bjo.83.3.358
https://doi.org/10.1136/bjo.83.3.358
https://doi.org/10.1016/s0039-6257(99)00086-7
https://doi.org/10.1016/j.exer.2005.04.012
https://doi.org/10.1016/j.exer.2005.04.012
https://doi.org/10.1038/s41433-022-02016-3
https://doi.org/10.1167/iovs.61.3.55
https://doi.org/10.1167/iovs.61.3.55
https://doi.org/10.1073/pnas.222551899
https://doi.org/10.18240/ijo.2021.05.19
https://doi.org/10.1016/0002-9394(85)90625-7
https://doi.org/10.1016/0002-9394(85)90625-7
https://doi.org/10.1016/0039-6257(87)90115-9
https://doi.org/10.1167/iovs.61.13.19
https://doi.org/10.1177/0394632015615592
https://doi.org/10.1177/0394632017748841
https://doi.org/10.1177/0394632017748841
https://doi.org/10.1016/j.preteyeres.2020.100903
https://doi.org/10.1016/j.preteyeres.2020.100903
https://doi.org/10.1016/j.mam.2012.04.005
https://doi.org/10.1038/eye.2016.216
https://doi.org/10.1038/eye.2016.216
https://doi.org/10.1007/s11357-019-00138-3
https://doi.org/10.1167/iovs.17-23600
https://doi.org/10.1007/s00417-013-2418-0
https://doi.org/10.1007/s00417-013-2418-0
https://doi.org/10.1167/iovs.10-6476
https://doi.org/10.1016/j.exer.2020.107939


 GeroScience

1 3
Vol:. (1234567890)

 129. Biesemeier A, Taubitz T, Julien S, Yoeruek E, Schraer-
meyer U. Choriocapillaris breakdown precedes reti-
nal degeneration in age-related macular degeneration. 
Neurobiol Aging. 2014;35:2562–73. https:// doi. org/ 10. 
1016/j. neuro biola ging. 2014. 05. 003.

 130. Nassisi M, Tepelus T, Corradetti G, Sadda SR. Relation-
ship between choriocapillaris flow and scotopic micro-
perimetry in early and intermediate age-related macu-
lar degeneration. Am J Ophthalmol. 2021;222:302–9. 
https:// doi. org/ 10. 1016/j. ajo. 2020. 04. 018.

 131. Braun PX, Mehta N, Gendelman I, Alibhai AY, Moult 
EM, Zhao Y, et al. Global analysis of macular choriocap-
illaris perfusion in dry age-related macular degeneration 
using swept-source optical coherence tomography angi-
ography. Invest Ophthalmol Vis Sci. 2019;60:4985–90. 
https:// doi. org/ 10. 1167/ iovs. 19- 27861.

 132. Grunwald JE, Hariprasad SM, DuPont J, Maguire MG, 
Fine SL, Brucker AJ, Maguire AM, Ho AC. Foveolar 
choroidal blood flow in age-related macular degenera-
tion. Invest Ophthalmol Vis Sci. 1998;39:385–90.

 133. Grunwald JE, Metelitsina TI, Dupont JC, Ying GS, 
Maguire MG. Reduced foveolar choroidal blood flow in 
eyes with increasing AMD severity. Invest Ophthalmol 
Vis Sci. 2005;46:1033–8. https:// doi. org/ 10. 1167/ iovs. 
04- 1050.

 134. Metelitsina TI, Grunwald JE, DuPont JC, Ying GS, 
Brucker AJ, Dunaief JL. Foveolar choroidal circulation 
and choroidal neovascularization in age-related macular 
degeneration. Invest Ophthalmol Vis Sci. 2008;49:358–
63. https:// doi. org/ 10. 1167/ iovs. 07- 0526.

 135. Boltz A, Luksch A, Wimpissinger B, Maar N, Weigert 
G, Frantal S, et al. Choroidal blood flow and progression 
of age-related macular degeneration in the fellow eye in 
patients with unilateral choroidal neovascularization. 
Invest Ophthalmol Vis Sci. 2010;51:4220–5. https:// doi. 
org/ 10. 1167/ iovs. 09- 4968.

 136. Yamamoto T, Fukuda S, Obata H, Yamashita H. Electron 
microscopic observation of pseudopodia from choriocap-
illary endothelium. Jpn J Ophthalmol. 1994;38:129–38.

 137. Wautier JL, Wautier MP. Endothelial cell participation 
in inflammatory reaction. Int J Mol Sci. 2021;22:6341. 
https:// doi. org/ 10. 3390/ ijms2 21263 41.

 138. Shao Y, Saredy J, Yang WY, Sun Y, Lu Y, Saaoud F, 
et  al. Vascular endothelial cells and innate immunity. 
Arterioscler Thromb Vasc Biol. 2020;40:e138–52. 
https:// doi. org/ 10. 1161/ ATVBA HA. 120. 314330.

 139. Szatmári-Tóth M, Kristóf E, Veréb Z, Akhtar S, Fac-
skó A, Fésüs L, et  al. Clearance of autophagy-associ-
ated dying retinal pigment epithelial cells - a possible 
source for inflammation in age-related macular degen-
eration. Cell Death Dis. 2016;7:e2367. https:// doi. org/ 
10. 1038/ cddis. 2016. 133.

 140. Zhang Y, Wong WT. Innate immunity in age-
related macular degeneration. Adv Exp Med 
Biol. 2021;1256:121–41. https:// doi. org/ 10. 1007/ 
978-3- 030- 66014-7_5.

 141. Huang Z, Xie N, Illes P, Di Virgilio F, Ulrich H, Semy-
anov A, et  al. From purines to purinergic signalling: 
molecular functions and human diseases. Signal Trans-
duct Target Ther. 2021;6:162. https:// doi. org/ 10. 1038/ 
s41392- 021- 00553-z.

 142. Borucki DM, Toutonji A, Couch C, Mallah K, Rohrer B, 
Tomlinson S. Complement-mediated microglial phago-
cytosis and pathological changes in the development 
and degeneration of the visual system. Front Immunol. 
2020;11:566892. https:// doi. org/ 10. 3389/ fimmu. 2020. 
566892.

 143. Qin S, Dong N, Yang M, Wang J, Feng X, Wang Y. 
Complement inhibitors in age-related macular degen-
eration: a potential therapeutic option. J Immunol Res. 
2021;2021:9945725. https:// doi. org/ 10. 1155/ 2021/ 99457 
25.

 144. Armento A, Ueffing M, Clark SJ. The complement 
system in age-related macular degeneration. Cell Mol 
Life Sci. 2021;78:4487–505. https:// doi. org/ 10. 1007/ 
s00018- 021- 03796-9.

 145. Ferrington DA, Kapphahn RJ, Leary MM, Atilano SR, 
Terluk MR, Karunadharma P, Chen GK, Ratnapriya R, 
Swaroop A, Montezuma SR, Kenney MC. Increased 
retinal mtDNA damage in the CFH variant associated 
with age-related macular degeneration. Exp Eye Res. 
2016;145:269–77. https:// doi. org/ 10. 1016/j. exer. 2016. 01. 
018.

 146. Ebeling MC, Geng Z, Kapphahn RJ, Roehrich H, Mon-
tezuma SR, Dutton JR, et  al. Impaired mitochondrial 
function in iPSC-retinal pigment epithelium with the 
complement factor H polymorphism for age-related mac-
ular degeneration. Cells. 2021;10:789. https:// doi. org/ 10. 
3390/ cells 10040 789.

 147. Anderson DH, Mullins RF, Hageman GS, Johnson LV. 
A role for local inflammation in the formation of drusen 
in the aging eye. Am J Ophthalmol. 2002;134:411–31. 
https:// doi. org/ 10. 1016/ s0002- 9394(02) 01624-0.

 148. Cherepanoff S, McMenamin P, Gillies MC, Kettle E, 
Sarks SH. Bruch’s membrane and choroidal macrophages 
in early and advanced age-related macular degeneration. 
Br J Ophthalmol. 2010;94:918–25. https:// doi. org/ 10. 
1136/ bjo. 2009. 165563.

 149. McLeod DS, Bhutto I, Edwards MM, Silver RE, Seddon 
JM, Lutty GA. Distribution and quantification of choroi-
dal macrophages in human eyes with age-related macular 
degeneration. Invest Ophthalmol Vis Sci. 2016;57:5843–
55. https:// doi. org/ 10. 1167/ iovs. 16- 20049.

 150. Fletcher EL. Contribution of microglia and monocytes to 
the development and progression of age related macular 
degeneration. Ophthalmic Physiol Opt. 2020;40:128–39. 
https:// doi. org/ 10. 1111/ opo. 12671.

 151. Chang CP, Wu KC, Lin CY, Chern Y. Emerging roles 
of dysregulated adenosine homeostasis in brain disor-
ders with a specific focus on neurodegenerative dis-
eases. J Biomed Sci. 2021;28:70. https:// doi. org/ 10. 
1186/ s12929- 021- 00766-y.

 152. Ye SS, Tang Y, Song JT. ATP and adenosine in 
the retina and retinal diseases. Front Pharmacol. 
2021;12:654445. https:// doi. org/ 10. 3389/ fphar. 2021. 
654445.

 153. Bisht K, Okojie KA, Sharma K, Lentferink DH, Sun YY, 
Chen HR, et  al. Capillary-associated microglia regulate 
vascular structure and function through PANX1-P2RY12 
coupling in mice. Nat Commun. 2021;12:5289. https:// 
doi. org/ 10. 1038/ s41467- 021- 25590-8.

https://doi.org/10.1016/j.neurobiolaging.2014.05.003
https://doi.org/10.1016/j.neurobiolaging.2014.05.003
https://doi.org/10.1016/j.ajo.2020.04.018
https://doi.org/10.1167/iovs.19-27861
https://doi.org/10.1167/iovs.04-1050
https://doi.org/10.1167/iovs.04-1050
https://doi.org/10.1167/iovs.07-0526
https://doi.org/10.1167/iovs.09-4968
https://doi.org/10.1167/iovs.09-4968
https://doi.org/10.3390/ijms22126341
https://doi.org/10.1161/ATVBAHA.120.314330
https://doi.org/10.1038/cddis.2016.133
https://doi.org/10.1038/cddis.2016.133
https://doi.org/10.1007/978-3-030-66014-7_5
https://doi.org/10.1007/978-3-030-66014-7_5
https://doi.org/10.1038/s41392-021-00553-z
https://doi.org/10.1038/s41392-021-00553-z
https://doi.org/10.3389/fimmu.2020.566892
https://doi.org/10.3389/fimmu.2020.566892
https://doi.org/10.1155/2021/9945725
https://doi.org/10.1155/2021/9945725
https://doi.org/10.1007/s00018-021-03796-9
https://doi.org/10.1007/s00018-021-03796-9
https://doi.org/10.1016/j.exer.2016.01.018
https://doi.org/10.1016/j.exer.2016.01.018
https://doi.org/10.3390/cells10040789
https://doi.org/10.3390/cells10040789
https://doi.org/10.1016/s0002-9394(02)01624-0
https://doi.org/10.1136/bjo.2009.165563
https://doi.org/10.1136/bjo.2009.165563
https://doi.org/10.1167/iovs.16-20049
https://doi.org/10.1111/opo.12671
https://doi.org/10.1186/s12929-021-00766-y
https://doi.org/10.1186/s12929-021-00766-y
https://doi.org/10.3389/fphar.2021.654445
https://doi.org/10.3389/fphar.2021.654445
https://doi.org/10.1038/s41467-021-25590-8
https://doi.org/10.1038/s41467-021-25590-8


GeroScience 

1 3
Vol.: (0123456789)

 154. Harsing LG Jr, Szénási G, Zelles T, Köles L. Purinergic-
glycinergic interaction in neurodegenerative and neu-
roinflammatory disorders of the retina. Int J Mol Sci. 
2021;22:6209. https:// doi. org/ 10. 3390/ ijms2 21262 09.

 155. Campagno KE, Mitchell CH. The P2X7 receptor in 
microglial cells modulates the endolysosomal axis, 
autophagy, and phagocytosis. Front Cell Neurosci. 
2021;15:645244. https:// doi. org/ 10. 3389/ fncel. 2021. 
645244.

 156. Vessey KA, Gu BJ, Jobling AI, Phipps JA, Greferath U, 
Tran MX, Dixon MA, Baird PN, Guymer RH, Wiley JS, 
Fletcher EL. Loss of function of P2X7 receptor scaven-
ger activity in aging mice: a novel model for investigat-
ing the early pathogenesis of age-related macular degen-
eration. Am J Pathol. 2017;187:1670–85. https:// doi. org/ 
10. 1016/j. ajpath. 2017. 04. 016.

 157. Baer C, Squadrito ML, Iruela-Arispe ML, De Palma M. 
Reciprocal interactions between endothelial cells and 
macrophages in angiogenic vascular niches. Exp Cell 
Res. 2013;319:1626–34. https:// doi. org/ 10. 1016/j. yexcr. 
2013. 03. 026.

 158. Alves CH, Fernandes R, Santiago AR, Ambrósio AF. 
Microglia contribution to the regulation of the retinal and 
choroidal vasculature in age-related macular degenera-
tion. Cells. 2020;9(5):1217. https:// doi. org/ 10. 3390/ cells 
90512 17.

 159. Meyer A, Laverny G, Bernardi L, Charles AL, Alsaleh 
G, Pottecher J, Sibilia J, Geny B. Mitochondria: an orga-
nelle of bacterial origin controlling inflammation. Front 
Immunol. 2018;9:536. https:// doi. org/ 10. 3389/ fimmu. 
2018. 00536.

 160. Banoth B, Cassel SL. Mitochondria in innate immune 
signaling. Transl Res. 2018 Dec;202:52–68. https:// doi. 
org/ 10. 1016/j. trsl. 2018. 07. 014.

 161. Misawa T, Takahama M, Saitoh T. Mitochondria-endo-
plasmic reticulum contact sites mediate innate immune 
responses. Adv Exp Med Biol. 2017;997:187–97. https:// 
doi. org/ 10. 1007/ 978- 981- 10- 4567-7_ 14.

 162. Mohanty A, Tiwari-Pandey R, Pandey NR. Mitochon-
dria: the indispensable players in innate immunity and 
guardians of the inflammatory response. J Cell Com-
mun Signal. 2019;13:303–18. https:// doi. org/ 10. 1007/ 
s12079- 019- 00507-9.

 163. Namgaladze D, Khodzhaeva V, Brüne B. ER-Mitochon-
dria communication in cells of the innate immune sys-
tem. Cells. 2019;8:1088. https:// doi. org/ 10. 3390/ cells 
80910 88.

 164. Marschallinger J, Iram T, Zardeneta M, Lee SE, Lehal-
lier B, Haney MS, et  al. Lipid-droplet-accumulating 
microglia represent a dysfunctional and proinflammatory 
state in the aging brain. Nat Neurosci. 2020;23:194–208. 
https:// doi. org/ 10. 1038/ s41593- 019- 0566-1.

 165. Gu BJ, Huang X, Avula PK, Caruso E, Drysdale C, 
Vessey KA, et  al. Deficits in monocyte function in age 
related macular degeneration: a novel systemic change 
associated with the disease. Front Med (Lausanne). 
2021;8:634177. https:// doi. org/ 10. 3389/ fmed. 2021. 
634177.

 166. May CA, Neuhuber W, Lütjen-Drecoll E. Immunohis-
tochemical classification and functional morphology 
of human choroidal ganglion cells. Invest Ophthalmol 

Vis Sci. 2004;45:361–7. https:// doi. org/ 10. 1167/ iovs. 
03- 0624.

 167. Triviño A, De Hoz R, Salazar JJ, Ramírez AI, Rojas B, 
Ramírez JM. Distribution and organization of the nerve 
fiber and ganglion cells of the human choroid. Anat 
Embryol (Berl). 2002;205:417–30. https:// doi. org/ 10. 
1007/ s00429- 002- 0257-6.

 168. Jablonski MM, Iannaccone A, Reynolds DH, Gallaher P, 
Allen S, Wang X, et al. Age-related decline in VIP-posi-
tive parasympathetic nerve fibers in the human submacu-
lar choroid. Invest Ophthalmol Vis Sci. 2007;48:479–85. 
https:// doi. org/ 10. 1167/ iovs. 06- 0972.

 169. McDougal DH, Gamlin PD. Autonomic control of the 
eye. Compr Physiol. 2015;5:439–73. https:// doi. org/ 10. 
1002/ cphy. c1400 14.

 170. Cervia D, Catalani E, Casini G. Neuroprotective peptides 
in retinal disease. J Clin Med. 2019;8:1146. https:// doi. 
org/ 10. 3390/ jcm80 81146.

 171. Mashaghi A, Marmalidou A, Tehrani M, Grace PM, 
Pothoulakis C, Dana R. Neuropeptide substance P and 
the immune response. Cell Mol Life Sci. 2016;73:4249–
64. https:// doi. org/ 10. 1007/ s00018- 016- 2293-z.

 172. Lim JE, Chung E, Son Y. A neuropeptide, substance-P, 
directly induces tissue-repairing M2 like macrophages 
by activating the PI3K/Akt/mTOR pathway even in the 
presence of IFNγ. Sci Rep. 2017;7:9417. https:// doi. org/ 
10. 1038/ s41598- 017- 09639-7.

 173. Liu L, Dana R, Yin J. Sensory neurons directly promote 
angiogenesis in response to inflammation via substance 
P signaling. FASEB J. 2020;34:6229–43. https:// doi. org/ 
10. 1096/ fj. 20190 3236R.

 174. Ho WZ, Lai JP, Zhu XH, Uvaydova M, Douglas SD. 
Human monocytes and macrophages express sub-
stance P and neurokinin-1 receptor. J Immunol. 
1997;159:5654–60.

 175. Negri S, Faris P, Berra-Romani R, Guerra G, Moccia 
F. Endothelial transient receptor potential channels and 
vascular remodeling: extracellular Ca2 + entry for angio-
genesis, arteriogenesis and vasculogenesis. Front Phys-
iol. 2020;10:1618. https:// doi. org/ 10. 3389/ fphys. 2019. 
01618.

 176. Cavallotti C, Corrado BG, Feher J. The human cho-
riocapillaris: evidence for an intrinsic regulation of the 
endothelium? J Anat. 2005;206:243–7. https:// doi. org/ 10. 
1111/j. 1469- 7580. 2005. 00389.x.

 177. Amedei A, Morbidelli L. Circulating metabolites origi-
nating from gut microbiota control endothelial cell 
function. Molecules. 2019;24(21):3992. https:// doi. org/ 
10. 3390/ molec ules2 42139 92.

 178. Abdel-Haq R, Schlachetzki JCM, Glass CK, Mazma-
nian SK. Microbiome-microglia connections via the 
gut-brain axis. J Exp Med. 2019;216:41–59. https:// doi. 
org/ 10. 1084/ jem. 20180 794.

 179. Shabbir U, Arshad MS, Sameen A, Oh DH. Crosstalk 
between gut and brain in Alzheimer’s disease: the role 
of gut microbiota modulation strategies. Nutrients. 
2021;13:690. https:// doi. org/ 10. 3390/ nu130 20690.

 180. Gubert C, Kong G, Renoir T, Hannan AJ. Exercise, diet and 
stress as modulators of gut microbiota: implications for neu-
rodegenerative diseases. Neurobiol Dis. 2020;134:104621. 
https:// doi. org/ 10. 1016/j. nbd. 2019. 104621.

https://doi.org/10.3390/ijms22126209
https://doi.org/10.3389/fncel.2021.645244
https://doi.org/10.3389/fncel.2021.645244
https://doi.org/10.1016/j.ajpath.2017.04.016
https://doi.org/10.1016/j.ajpath.2017.04.016
https://doi.org/10.1016/j.yexcr.2013.03.026
https://doi.org/10.1016/j.yexcr.2013.03.026
https://doi.org/10.3390/cells9051217
https://doi.org/10.3390/cells9051217
https://doi.org/10.3389/fimmu.2018.00536
https://doi.org/10.3389/fimmu.2018.00536
https://doi.org/10.1016/j.trsl.2018.07.014
https://doi.org/10.1016/j.trsl.2018.07.014
https://doi.org/10.1007/978-981-10-4567-7_14
https://doi.org/10.1007/978-981-10-4567-7_14
https://doi.org/10.1007/s12079-019-00507-9
https://doi.org/10.1007/s12079-019-00507-9
https://doi.org/10.3390/cells8091088
https://doi.org/10.3390/cells8091088
https://doi.org/10.1038/s41593-019-0566-1
https://doi.org/10.3389/fmed.2021.634177
https://doi.org/10.3389/fmed.2021.634177
https://doi.org/10.1167/iovs.03-0624
https://doi.org/10.1167/iovs.03-0624
https://doi.org/10.1007/s00429-002-0257-6
https://doi.org/10.1007/s00429-002-0257-6
https://doi.org/10.1167/iovs.06-0972
https://doi.org/10.1002/cphy.c140014
https://doi.org/10.1002/cphy.c140014
https://doi.org/10.3390/jcm8081146
https://doi.org/10.3390/jcm8081146
https://doi.org/10.1007/s00018-016-2293-z
https://doi.org/10.1038/s41598-017-09639-7
https://doi.org/10.1038/s41598-017-09639-7
https://doi.org/10.1096/fj.201903236R
https://doi.org/10.1096/fj.201903236R
https://doi.org/10.3389/fphys.2019.01618
https://doi.org/10.3389/fphys.2019.01618
https://doi.org/10.1111/j.1469-7580.2005.00389.x
https://doi.org/10.1111/j.1469-7580.2005.00389.x
https://doi.org/10.3390/molecules24213992
https://doi.org/10.3390/molecules24213992
https://doi.org/10.1084/jem.20180794
https://doi.org/10.1084/jem.20180794
https://doi.org/10.3390/nu13020690
https://doi.org/10.1016/j.nbd.2019.104621


 GeroScience

1 3
Vol:. (1234567890)

 181. Burtscher J, Ticinesi A, Millet GP, Burtscher M, 
Strasser B. Exercise-microbiota interactions in aging-
related sarcopenia. J Cachexia Sarcopenia Muscle. 
2022. https:// doi. org/ 10. 1002/ jcsm. 12942.

 182. Salminen S, Collado MC, Endo A, Hill C, Lebeer S, 
Quigley EMM, et al. The International Scientific Asso-
ciation of Probiotics and Prebiotics (ISAPP) consen-
sus statement on the definition and scope of postbiot-
ics. Nat Rev Gastroenterol Hepatol. 2021;18:649–67. 
https:// doi. org/ 10. 1038/ s41575- 021- 00440-6.

 183. Saint-Georges-Chaumet Y, Edeas M. Microbiota-mito-
chondria inter-talk: consequence for microbiota-host 
interaction. Pathog Dis. 2016;74:ftv096. https:// doi. 
org/ 10. 1093/ femspd/ ftv096.

 184. Libbing CL, McDevitt AR, Azcueta RP, Ahila A, 
Mulye M. Lipid droplets: a significant but understud-
ied contributor of  host-bacterial interactions. Cells. 
2019;8:354. https:// doi. org/ 10. 3390/ cells 80403 54.

 185. Bajpai P, Darra A, Agrawal A. Microbe-mitochondrion 
crosstalk and health: an emerging paradigm. Mitochon-
drion. 2018;39:20–5. https:// doi. org/ 10. 1016/j. mito. 
2017. 08. 008.

 186. Anderson G, Maes M. Gut dysbiosis dysregulates 
central and systemic homeostasis via suboptimal 
mitochondrial function: assessment, treatment and 
classification implications. Curr Top Med Chem. 
2020;20:524–39. https:// doi. org/ 10. 2174/ 15680 26620 
66620 01310 94445.

 187. Silva YP, Bernardi A, Frozza RL. The role of short-chain 
fatty acids from gut microbiota in gut-brain communica-
tion. Front Endocrinol (Lausanne). 2020;11:25. https:// 
doi. org/ 10. 3389/ fendo. 2020. 00025.

 188. Mottawea W, Chiang CK, Mühlbauer M, Starr AE, 
Butcher J, Abujamel T, et  al. Altered intestinal micro-
biota-host mitochondria crosstalk in new onset Crohn’s 
disease. Nat Commun. 2016;7:13419. https:// doi. org/ 10. 
1038/ ncomm s13419.

 189. Hu T, Dong Y, He C, Zhao M, He Q. The gut microbiota 
and oxidative stress in autism spectrum disorders (ASD). 
Oxidative Med Cell Longev. 2020;2020:8396708. https:// 
doi. org/ 10. 1155/ 2020/ 83967 08.

 190. Liang Y, Cui L, Gao J, Zhu M, Zhang Y, Zhang HL. Gut 
microbial metabolites in Parkinson’s disease: implica-
tions of mitochondrial dysfunction in the pathogenesis 
and treatment. Mol Neurobiol. 2021;58:3745–58. https:// 
doi. org/ 10. 1007/ s12035- 021- 02375-0.

 191. Bersani FS, Mellon SH, Lindqvist D, Kang JI, Ramper-
saud R, Somvanshi PR, et al. Novel pharmacological tar-
gets for combat PTSD-metabolism, inflammation, the gut 
microbiome, and mitochondrial dysfunction. Mil Med. 
2020;185:311–8. https:// doi. org/ 10. 1093/ milmed/ usz260.

 192. Chen J, Vitetta L. Mitochondria could be a potential key 
mediator linking the intestinal microbiota to depression. 
J Cell Biochem. 2020;121:17–24. https:// doi. org/ 10. 
1002/ jcb. 29311.

 193. Anderson G, Maes M. Mitochondria and immunity in 
chronic fatigue syndrome. Prog Neuro-Psychopharmacol 
Biol Psychiatry. 2020;103:109976. https:// doi. org/ 10. 
1016/j. pnpbp. 2020. 109976.

 194. Vezza T, Abad-Jiménez Z, Marti-Cabrera M, Rocha 
M, Víctor VM. Microbiota-mitochondria inter-talk: a 

potential therapeutic strategy in obesity and type 2 diabe-
tes. Antioxidants (Basel). 2020;9:848. https:// doi. org/ 10. 
3390/ antio x9090 848.

 195. Panee J, Gerschenson M, Chang L. Associations between 
microbiota, mitochondrial function, and cognition in chronic 
marijuana users. J NeuroImmune Pharmacol. 2018;13:113–
22. https:// doi. org/ 10. 1007/ s11481- 017- 9767-0.

 196. Clark A, Mach N. The crosstalk between the gut micro-
biota and mitochondria during exercise. Front Physiol. 
2017;8:319. https:// doi. org/ 10. 3389/ fphys. 2017. 00319.

 197. Gruber J, Kennedy BK. Microbiome and longevity: 
gut microbes send signals to host mitochondria. Cell. 
2017;169:1168–9. https:// doi. org/ 10. 1016/j. cell. 2017. 05. 
048.

 198. Bókkon I, Kapócs G, Vucskits A, Erdöfi-Szabó A, 
Vagedes J, Scholkmann F, Szőke H. COVID-19: The sig-
nificance of platelets, mitochondria, vitamin D, serotonin 
and the gut microbiota. Curr Med Chem. 2021. https:// 
doi. org/ 10. 2174/ 09298 67328 66621 05261 00147.

 199. Doroszkiewicz J, Groblewska M, Mroczko B. The role 
of gut microbiota and gut-brain interplay in selected 
diseases of the central nervous system. Int J Mol Sci. 
2021;22:10028. https:// doi. org/ 10. 3390/ ijms2 21810 028.

 200. Tran SM, Mohajeri MH. The role of gut bacterial metab-
olites in brain development, aging and disease. Nutrients. 
2021;13:732. https:// doi. org/ 10. 3390/ nu130 30732.

 201. Erny D, Dokalis N, Mezö C, Castoldi A, Mossad O, 
Staszewski O, et  al. Microbiota-derived acetate enables 
the metabolic fitness of the brain innate immune system 
during health and disease. Cell Metab. 2021;33:2260–
2276.e7. https:// doi. org/ 10. 1016/j. cmet. 2021. 10. 010.

 202. Rose S, Bennuri SC, Davis JE, Wynne R, Slattery JC, 
Tippett M, et al. Butyrate enhances mitochondrial func-
tion during oxidative stress in cell lines from boys with 
autism. Transl Psychiatry. 2018;8:42. https:// doi. org/ 10. 
1038/ s41398- 017- 0089-z.

 203. Li X, Dong L, Li A, Yi J, Brotto M, Zhou J. Butyrate 
ameliorates mitochondrial respiratory capacity of the 
motor-neuron-like cell line NSC34-G93A, a cellular 
model for ALS. Biomolecules. 2022;12:333. https:// doi. 
org/ 10. 3390/ biom1 20203 33.

 204. Man AWC, Zhou Y, Xia N, Li H. Involvement of gut 
microbiota, microbial metabolites and interaction with 
polyphenol in host immunometabolism. Nutrients. 
2020;12:3054. https:// doi. org/ 10. 3390/ nu121 03054.

 205. Riaz Rajoka MS, Thirumdas R, Mehwish HM, Umair 
M, Khurshid M, Hayat HF, et al. Role of food antioxi-
dants in modulating gut microbial communities: novel 
understandings in intestinal oxidative stress damage 
and their impact on host health. Antioxidants (Basel). 
2021;10:1563. https:// doi. org/ 10. 3390/ antio x1010 1563.

 206. Vorobeva IV, Vorobeva IV. Current data on the role of 
anthocyanosides and flavonoids in the treatment of eye 
diseases. Vestn oftalmol. 2015;131:104–10. https:// doi. 
org/ 10. 17116/ oftal ma201 51315 104- 108.

 207. Wang Y, Zhao L, Lu F, Yang X, Deng Q, Ji B, et  al. 
Retinoprotective effects of bilberry anthocyanins via 
antioxidant, anti-inflammatory, and anti-apoptotic 
mechanisms in a visible light-induced retinal degen-
eration model in pigmented rabbits. Molecules. 

https://doi.org/10.1002/jcsm.12942
https://doi.org/10.1038/s41575-021-00440-6
https://doi.org/10.1093/femspd/ftv096
https://doi.org/10.1093/femspd/ftv096
https://doi.org/10.3390/cells8040354
https://doi.org/10.1016/j.mito.2017.08.008
https://doi.org/10.1016/j.mito.2017.08.008
https://doi.org/10.2174/1568026620666200131094445
https://doi.org/10.2174/1568026620666200131094445
https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.3389/fendo.2020.00025
https://doi.org/10.1038/ncomms13419
https://doi.org/10.1038/ncomms13419
https://doi.org/10.1155/2020/8396708
https://doi.org/10.1155/2020/8396708
https://doi.org/10.1007/s12035-021-02375-0
https://doi.org/10.1007/s12035-021-02375-0
https://doi.org/10.1093/milmed/usz260
https://doi.org/10.1002/jcb.29311
https://doi.org/10.1002/jcb.29311
https://doi.org/10.1016/j.pnpbp.2020.109976
https://doi.org/10.1016/j.pnpbp.2020.109976
https://doi.org/10.3390/antiox9090848
https://doi.org/10.3390/antiox9090848
https://doi.org/10.1007/s11481-017-9767-0
https://doi.org/10.3389/fphys.2017.00319
https://doi.org/10.1016/j.cell.2017.05.048
https://doi.org/10.1016/j.cell.2017.05.048
https://doi.org/10.2174/0929867328666210526100147
https://doi.org/10.2174/0929867328666210526100147
https://doi.org/10.3390/ijms221810028
https://doi.org/10.3390/nu13030732
https://doi.org/10.1016/j.cmet.2021.10.010
https://doi.org/10.1038/s41398-017-0089-z
https://doi.org/10.1038/s41398-017-0089-z
https://doi.org/10.3390/biom12020333
https://doi.org/10.3390/biom12020333
https://doi.org/10.3390/nu12103054
https://doi.org/10.3390/antiox10101563
https://doi.org/10.17116/oftalma20151315104-108
https://doi.org/10.17116/oftalma20151315104-108


GeroScience 

1 3
Vol.: (0123456789)

2015;20:22395–410. https:// doi. org/ 10. 3390/ molec ules2 
01219 785.

 208. Ooe E, Kuse Y, Yako T, Sogon T, Nakamura S, Hara 
H, et  al. Bilberry extract and anthocyanins suppress 
unfolded protein response induced by exposure to blue 
LED light of cells in photoreceptor cell line. Mol Vis. 
2018;24:621–32.

 209. Nakaishi H, Matsumoto H, Tominaga S, Hirayama M. 
Effects of black current anthocyanoside intake on dark 
adaptation and VDT work-induced transient refrac-
tive alteration in healthy humans. Altern Med Rev. 
2000;5:553–62.

 210. Ozawa Y, Kawashima M, Inoue S, Inagaki E, Suzuki A, 
Ooe E, et  al. Bilberry extract supplementation for pre-
venting eye fatigue in video display terminal workers. J 
Nutr Health Aging. 2015;19:548–54. https:// doi. org/ 10. 
1007/ s12603- 014- 0573-6.

 211. Pinelli R, Biagioni F, Limanaqi F, Bertelli M, Scaffidi E, 
Polzella M, et  al. A re-appraisal of pathogenic mecha-
nisms bridging wet and dry age-related macular degen-
eration leads to reconsider a role for phytochemicals. Int 
J Mol Sci. 2020;21:5563. https:// doi. org/ 10. 3390/ ijms2 
11555 63.

 212. Wong KH, Nam HY, Lew SY, Naidu M, David P, Kamal-
den TA, et  al. Discovering the potential of natural anti-
oxidants in age-related macular degeneration: a review. 
Pharmaceuticals (Basel). 2022;15:101. https:// doi. org/ 10. 
3390/ ph150 10101.

 213. Zhao Y, Jiang Q. Roles of the polyphenol-gut microbiota 
interaction in alleviating colitis and preventing colitis-
associated colorectal cancer. Adv Nutr. 2021;12:546–65. 
https:// doi. org/ 10. 1093/ advan ces/ nmaa1 04.

 214. Kalt W, Cassidy A, Howard LR, Krikorian R, Stull AJ, 
Tremblay F, et  al. Recent Research on the Health Ben-
efits of Blueberries and Their Anthocyanins. Adv Nutr. 
2020;11:224–36. https:// doi. org/ 10. 1093/ advan ces/ nmz065.

 215. Rajha HN, Paule A, Aragonès G, Barbosa M, Caddeo C, 
Debs E, et  al. Recent advances in research on polyphe-
nols: effects on microbiota, metabolism, and health. Mol 
Nutr Food Res. 2022;66:e2100670. https:// doi. org/ 10. 
1002/ mnfr. 20210 0670.

 216. Solverson P. Anthocyanin bioactivity in obesity and dia-
betes: the essential role of glucose transporters in the gut 
and periphery. Cells. 2020;9:2515. https:// doi. org/ 10. 
3390/ cells 91125 15.

 217. D’Amico D, Andreux PA, Valdés P, Singh A, Rinsch 
C, Auwerx J. Impact of the natural compound uro-
lithin A on health, disease, and aging. Trends Mol Med. 
2021;27:687–99. https:// doi. org/ 10. 1016/j. molmed. 2021. 
04. 009.

 218. Andreux PA, Blanco-Bose W, Ryu D, Burdet F, Ibber-
son M, Aebischer P, et al. The mitophagy activator uro-
lithin A is safe and induces a molecular signature of 
improved mitochondrial and cellular health in humans. 
Nat Metab. 2019;1:595–603. https:// doi. org/ 10. 1038/ 
s42255- 019- 0073-4.

 219. Liu S, D’Amico D, Shankland E, Bhayana S, Garcia JM, 
Aebischer P, et al. Effect of urolithin A supplementation 
on muscle endurance and mitochondrial health in older 

adults: a randomized clinical trial. JAMA Netw Open. 
2022;5:e2144279. https:// doi. org/ 10. 1001/ jaman etwor 
kopen. 2021. 44279.

 220. Jayatunga DPW, Hone E, Khaira H, Lunelli T, Singh H, 
Guillemin GJ, et al. Therapeutic potential of mitophagy-
inducing microflora metabolite, urolithin A for Alzhei-
mer’s disease. Nutrients. 2021;13:3744. https:// doi. org/ 
10. 3390/ nu131 13744.

 221. Kshirsagar S, Sawant N, Morton H, Reddy AP, Reddy 
PH. Protective effects of mitophagy enhancers against 
amyloid beta-induced mitochondrial and synap-
tic toxicities in Alzheimer disease. Hum Mol Genet. 
2022;31:423–39. https:// doi. org/ 10. 1093/ hmg/ ddab2 62.

 222. Qiu J, Chen Y, Zhuo J, Zhang L, Liu J, Wang B, et  al. 
Urolithin A promotes mitophagy and suppresses NLRP3 
inflammasome activation in lipopolysaccharide-induced 
BV2 microglial cells and MPTP-induced Parkinson’s 
disease model. Neuropharmacology. 2022;207:108963. 
https:// doi. org/ 10. 1016/j. neuro pharm. 2022. 108963.

 223. Livingston S, Mallick S, Lucas DA, Sabir MS, Sabir 
ZL, Purdin H, et al. Pomegranate derivative urolithin A 
enhances vitamin D receptor signaling to amplify seroto-
nin-related gene induction by 1,25-dihydroxyvitamin D. 
Biochem Biophys Rep. 2020;24:100825. https:// doi. org/ 
10. 1016/j. bbrep. 2020. 100825.

 224. Layunta E, Buey B, Mesonero JE, Latorre E. Crosstalk 
between intestinal serotonergic system and pattern recog-
nition receptors on the microbiota-gut-brain axis. Front 
Endocrinol (Lausanne). 2021;12:748254. https:// doi. org/ 
10. 3389/ fendo. 2021. 748254.

 225. Caballe-Fontanet D, Alvarez-Peregrina C, Busquet-
Duran N, Pedemonte-Sarrias E, Andreu-Vázquez C, 
Sánchez-Tena MÁ. Quality of life and anxiety in age 
macular degeneration patients: a cross-sectional study. 
Int J Environ Res Public Health. 2022;19:820. https:// doi. 
org/ 10. 3390/ ijerp h1902 0820.

 226. Grüner N, Mattner J. Bile acids and microbiota: multi-
faceted and versatile regulators of the liver-gut axis. Int 
J Mol Sci. 2021;22:1397. https:// doi. org/ 10. 3390/ ijms2 
20313 97.

 227. Kiriyama Y, Nochi H. Physiological role of bile acids modi-
fied by the gut microbiome. Microorganisms. 2021;10:68. 
https:// doi. org/ 10. 3390/ micro organ isms1 00100 68.

 228. Huang F, Pariante CM, Borsini A. From dried bear bile 
to molecular investigation: a systematic review of the 
effect of bile acids on cell apoptosis, oxidative stress and 
inflammation in the brain, across pre-clinical models of 
neurological, neurodegenerative and neuropsychiatric 
disorders. Brain Behav Immun. 2022;99:132–46. https:// 
doi. org/ 10. 1016/j. bbi. 2021. 09. 021.

 229. Mikó E, Kovács T, Sebő É, Tóth J, Csonka T, Ujlaki G, 
et al. Microbiome-microbial metabolome-cancer cell inter-
actions in breast cancer-familiar, but unexplored. Cells. 
2019;8:E293. https:// doi. org/ 10. 3390/ cells 80402 93.

 230. Kusaczuk M. Tauroursodeoxycholate-bile acid with 
chaperoning activity: molecular and cellular effects and 
therapeutic perspectives. Cells. 2019;8:1471. https:// doi. 
org/ 10. 3390/ cells 81214 71.

 231. Vang S, Longley K, Steer CJ, Low WC. The unexpected 
uses of urso- and tauroursodeoxycholic acid in the 

https://doi.org/10.3390/molecules201219785
https://doi.org/10.3390/molecules201219785
https://doi.org/10.1007/s12603-014-0573-6
https://doi.org/10.1007/s12603-014-0573-6
https://doi.org/10.3390/ijms21155563
https://doi.org/10.3390/ijms21155563
https://doi.org/10.3390/ph15010101
https://doi.org/10.3390/ph15010101
https://doi.org/10.1093/advances/nmaa104
https://doi.org/10.1093/advances/nmz065
https://doi.org/10.1002/mnfr.202100670
https://doi.org/10.1002/mnfr.202100670
https://doi.org/10.3390/cells9112515
https://doi.org/10.3390/cells9112515
https://doi.org/10.1016/j.molmed.2021.04.009
https://doi.org/10.1016/j.molmed.2021.04.009
https://doi.org/10.1038/s42255-019-0073-4
https://doi.org/10.1038/s42255-019-0073-4
https://doi.org/10.1001/jamanetworkopen.2021.44279
https://doi.org/10.1001/jamanetworkopen.2021.44279
https://doi.org/10.3390/nu13113744
https://doi.org/10.3390/nu13113744
https://doi.org/10.1093/hmg/ddab262
https://doi.org/10.1016/j.neuropharm.2022.108963
https://doi.org/10.1016/j.bbrep.2020.100825
https://doi.org/10.1016/j.bbrep.2020.100825
https://doi.org/10.3389/fendo.2021.748254
https://doi.org/10.3389/fendo.2021.748254
https://doi.org/10.3390/ijerph19020820
https://doi.org/10.3390/ijerph19020820
https://doi.org/10.3390/ijms22031397
https://doi.org/10.3390/ijms22031397
https://doi.org/10.3390/microorganisms10010068
https://doi.org/10.1016/j.bbi.2021.09.021
https://doi.org/10.1016/j.bbi.2021.09.021
https://doi.org/10.3390/cells8040293
https://doi.org/10.3390/cells8121471
https://doi.org/10.3390/cells8121471


 GeroScience

1 3
Vol:. (1234567890)

treatment of non-liver diseases. Glob Adv Health Med. 
2014;3:58–69. https:// doi. org/ 10. 7453/ gahmj. 2014. 017.

 232. Rodrigues CM, Fan G, Ma X, Kren BT, Steer CJ. A 
novel role for ursodeoxycholic acid in inhibiting apopto-
sis by modulating mitochondrial membrane perturbation. 
J Clin Invest. 1998;101:2790–9. https:// doi. org/ 10. 1172/ 
JCI13 25.

 233. Fonseca I, Gordino G, Moreira S, Nunes MJ, Azevedo 
C, Gama MJ, et  al. Tauroursodeoxycholic acid pro-
tects against mitochondrial dysfunction and cell death 
via mitophagy in human neuroblastoma cells. Mol 
Neurobiol. 2017;54:6107–19. https:// doi. org/ 10. 1007/ 
s12035- 016- 0145-3.

 234. Soares R, Ribeiro FF, Xapelli S, Genebra T, Ribeiro 
MF, Sebastião AM, et  al. Tauroursodeoxycholic acid 
enhances mitochondrial biogenesis, neural stem cell 
pool, and early neurogenesis in adult rats. Mol Neu-
robiol. 2018;55:3725–38. https:// doi. org/ 10. 1007/ 
s12035- 017- 0592-5.

 235. Sreekumar PG, Ferrington DA, Kannan R. Glutathione 
metabolism and the novel role of mitochondrial GSH in 
retinal degeneration. Antioxidants (Basel). 2021;10:661. 
https:// doi. org/ 10. 3390/ antio x1005 0661.

 236. Sabat MJ, Wiśniewska-Becker AM, Markiewicz M, 
Marzec KM, Dybas J, Furso J, et  al. Tauroursodeoxy-
cholic acid (TUDCA)-lipid interactions and antioxidant 
properties of TUDCA studied in model of photoreceptor 
membranes. Membranes (Basel). 2021;11:327. https:// 
doi. org/ 10. 3390/ membr anes1 10503 27.

 237. Boatright JH, Moring AG, McElroy C, Phillips MJ, Do 
VT, Chang B, et  al. Tool from ancient pharmacopoeia 
prevents vision loss. Mol Vis. 2006;12:1706–14.

 238. Lobysheva E, Taylor CM, Marshall GR, Kisselev OG. 
Tauroursodeoxycholic acid binds to the G-protein site on 
light activated rhodopsin. Exp Eye Res. 2018;170:51–7. 
https:// doi. org/ 10. 1016/j. exer. 2018. 02. 015.

 239. Murase H, Tsuruma K, Shimazawa M, Hara H. TUDCA 
promotes phagocytosis by retinal pigment epithelium 
via MerTK activation. Invest Ophthalmol Vis Sci. 
2015;56:2511–8. https:// doi. org/ 10. 1167/ iovs. 14- 15962.

 240. Alhasani RH, Almarhoun M, Zhou X, Reilly J, Patter-
son S, Zeng Z, et al. Tauroursodeoxycholic acid protects 
retinal pigment epithelial cells from oxidative injury and 
endoplasmic reticulum stress in  vitro. Biomedicines. 
2020;8:367. https:// doi. org/ 10. 3390/ biome dicin es809 
0367.

 241. Noailles A, Fernández-Sánchez L, Lax P, Cuenca N. 
Microglia activation in a model of retinal degenera-
tion and TUDCA neuroprotective effects. J Neuroin-
flammation. 2014;11:186. https:// doi. org/ 10. 1186/ 
s12974- 014- 0186-3.

 242. Yanguas-Casás N, Barreda-Manso MA, Nieto-Sampe-
dro M, Romero-Ramírez L. TUDCA: an agonist of 
the bile acid receptor GPBAR1/TGR5 with anti-
inflammatory effects in microglial cells. J Cell Physiol. 
2017;232:2231–45. https:// doi. org/ 10. 1002/ jcp. 25742.

 243. Warden C, Barnett JM, Brantley MA Jr. Taurocholic acid 
inhibits features of age-related macular degeneration 
in vitro. Exp Eye Res. 2020 Apr;193:107974. https:// doi. 
org/ 10. 1016/j. exer. 2020. 107974.

 244. Warden C, Brantley MA Jr. Glycine-conjugated bile 
acids protect RPE tight junctions against oxidative 
stress and inhibit choroidal endothelial cell angiogenesis 
in  vitro. Biomolecules. 2021;11:626. https:// doi. org/ 10. 
3390/ biom1 10506 26.

 245. Woo SJ, Kim JH, Yu HG. Ursodeoxycholic acid and tau-
roursodeoxycholic acid suppress choroidal neovasculariza-
tion in a laser-treated rat model. J Ocul Pharmacol Ther. 
2010;26:223–9. https:// doi. org/ 10. 1089/ jop. 2010. 0012.

 246. Mantopoulos D, Murakami Y, Comander J, Thanos A, Roh 
M, Miller JW, et al. Tauroursodeoxycholic acid (TUDCA) 
protects photoreceptors from cell death after experimental 
retinal detachment. PLoS One. 2011;6:e24245. https:// doi. 
org/ 10. 1371/ journ al. pone. 00242 45.

 247. Daruich A, Jaworski T, Henry H, Zola M, Youale J, Par-
enti L, et al. Oral ursodeoxycholic acid crosses the blood 
retinal barrier in patients with retinal detachment and 
protects against retinal degeneration in an ex vivo model. 
Neurotherapeutics. 2021;18:1325–38. https:// doi. org/ 10. 
1007/ s13311- 021- 01009-6.

 248. Gómez Morillas A, Besson VC, Lerouet D. Microglia 
and neuroinflammation: what place for P2RY12? Int J 
Mol Sci. 2021;22:1636. https:// doi. org/ 10. 3390/ ijms2 
20416 36.

 249. Giovannini MG, Lana D, Traini C, Vannucchi MG. The 
microbiota-gut-brain axis and Alzheimer disease. From 
Dysbiosis to Neurodegeneration: focus on the central 
nervous system glial cells. J Clin Med. 2021;10:2358. 
https:// doi. org/ 10. 3390/ jcm10 112358.

 250. Kumar MV, Nagineni CN, Chin MS, Hooks JJ, Detrick 
B. Innate immunity in the retina: toll-like receptor (TLR) 
signaling in human retinal pigment epithelial cells. 
J Neuroimmunol. 2004;153:7–15. https:// doi. org/ 10. 
1016/j. jneur oim. 2004. 04. 018.

 251. Klettner A, Roider J. Retinal pigment epithelium 
expressed toll-like receptors and their potential role 
in age-related macular degeneration. Int J Mol Sci. 
2021;22:8387. https:// doi. org/ 10. 3390/ ijms2 21683 87.

 252. Ebihara N, Chen L, Tokura T, Ushio H, Iwatsu M, 
Murakami A. Distinct functions between toll-like recep-
tors 3 and 9 in retinal pigment epithelial cells. Ophthal-
mic Res. 2007;39(3):155–63. https:// doi. org/ 10. 1159/ 
00010 3235.

 253. Qu Y, Yang C, Li X, Luo H, Li S, Niu M, et  al. CpG-
Oligodeoxynucleotides alleviate tert-butyl hydroperox-
ide-induced macrophage apoptosis by regulating mito-
chondrial function and suppressing ROS production. 
Oxidative Med Cell Longev. 2020;2020:1714352. https:// 
doi. org/ 10. 1155/ 2020/ 17143 52.

 254. Stewart EA, Wei R, Branch MJ, Sidney LE, Amoaku WM. 
Expression of toll-like receptors in human retinal and choroi-
dal vascular endothelial cells. Exp Eye Res. 2015;138:114–
23. https:// doi. org/ 10. 1016/j. exer. 2015. 06. 012.

 255. Dinić M, Herholz M, Kačarević U, Radojević D, Novović 
K, Đokić J, et al. Host-commensal interaction promotes 
health and lifespan in Caenorhabditis elegans through 
the activation of HLH-30/TFEB-mediated autophagy. 
Aging (Albany NY). 2021;13:8040–54. https:// doi. org/ 
10. 18632/ aging. 202885.

 256. Abraham D, Feher J, Scuderi GL, Szabo D, Dobolyi A, 
Cservenak M, et al. Exercise and probiotics attenuate the 

https://doi.org/10.7453/gahmj.2014.017
https://doi.org/10.1172/JCI1325
https://doi.org/10.1172/JCI1325
https://doi.org/10.1007/s12035-016-0145-3
https://doi.org/10.1007/s12035-016-0145-3
https://doi.org/10.1007/s12035-017-0592-5
https://doi.org/10.1007/s12035-017-0592-5
https://doi.org/10.3390/antiox10050661
https://doi.org/10.3390/membranes11050327
https://doi.org/10.3390/membranes11050327
https://doi.org/10.1016/j.exer.2018.02.015
https://doi.org/10.1167/iovs.14-15962
https://doi.org/10.3390/biomedicines8090367
https://doi.org/10.3390/biomedicines8090367
https://doi.org/10.1186/s12974-014-0186-3
https://doi.org/10.1186/s12974-014-0186-3
https://doi.org/10.1002/jcp.25742
https://doi.org/10.1016/j.exer.2020.107974
https://doi.org/10.1016/j.exer.2020.107974
https://doi.org/10.3390/biom11050626
https://doi.org/10.3390/biom11050626
https://doi.org/10.1089/jop.2010.0012
https://doi.org/10.1371/journal.pone.0024245
https://doi.org/10.1371/journal.pone.0024245
https://doi.org/10.1007/s13311-021-01009-6
https://doi.org/10.1007/s13311-021-01009-6
https://doi.org/10.3390/ijms22041636
https://doi.org/10.3390/ijms22041636
https://doi.org/10.3390/jcm10112358
https://doi.org/10.1016/j.jneuroim.2004.04.018
https://doi.org/10.1016/j.jneuroim.2004.04.018
https://doi.org/10.3390/ijms22168387
https://doi.org/10.1159/000103235
https://doi.org/10.1159/000103235
https://doi.org/10.1155/2020/1714352
https://doi.org/10.1155/2020/1714352
https://doi.org/10.1016/j.exer.2015.06.012
https://doi.org/10.18632/aging.202885
https://doi.org/10.18632/aging.202885


GeroScience 

1 3
Vol.: (0123456789)

development of Alzheimer’s disease in transgenic mice: 
role of microbiome. Exp Gerontol. 2019;115:122–31. 
https:// doi. org/ 10. 1016/j. exger. 2018. 12. 005.

 257. Cheon MJ, Lee NK, Paik HD. Neuroprotective effects 
of heat-killed Lactobacillus plantarum 200655 isolated 
from kimchi against oxidative stress. Probiotics Antimi-
crob Proteins. 2021;13:788–95. https:// doi. org/ 10. 1007/ 
s12602- 020- 09740-w.

 258. Morita Y, Miwa Y, Jounai K, Fujiwara D, Kurihara T, 
Kanauchi O. Lactobacillus paracasei KW3110 prevents 
blue light-induced inflammation and degeneration in the 
retina. Nutrients. 2018;10:1991. https:// doi. org/ 10. 3390/ 
nu101 21991.

 259. Kim HR, Kim S, Lee SW, Sin HS, Kim SY. Protective 
effects of fermented paprika (Capsicum annuum L.) 
on sodium iodate-induced retinal damage. Nutrients. 
2020;13:25. https:// doi. org/ 10. 3390/ nu130 10025.

Publisher’s note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.1016/j.exger.2018.12.005
https://doi.org/10.1007/s12602-020-09740-w
https://doi.org/10.1007/s12602-020-09740-w
https://doi.org/10.3390/nu10121991
https://doi.org/10.3390/nu10121991
https://doi.org/10.3390/nu13010025

	Microbiota mitochondria disorders as hubs for early age-related macular degeneration
	Abstract 
	Introduction
	Photoreceptor-RPE cells in early AMD
	Mitochondrial alterations
	Mitochondria contact sites in the RPE cells
	Mitochondria targeted treatment

	Bruch’s membrane in early AMD
	Soft drusen LDs
	Basal laminar thickening of RPE

	Choriocapillaris in early AMD
	Endothelial alterations
	Immune cell alterations
	Ganglion cell alterations

	Microbiota mitochondria intertwined relationship
	Microbial metabolites
	Microbial metabolites of fibers
	Microbial metabolites of polyphenols
	Microbial metabolites of bile acids

	Microbial compounds

	Conclusions
	Acknowledgements 
	References


