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Abstract
Age-related macular degeneration (AMD) is a leading cause of 

irreversible vision loss characterized by progressive retinal pigment 
epithelium (RPE) dysfunction, mitochondrial damage, oxidative stress, 
and chronic inflammation. While mitochondrial dysfunction is a known 
contributor to AMD, the contribution of the endoplasmic reticulum (ER) 
has not been fully explored. Mitochondrial associated membranes (MAMs) 
are regions of the mitochondria which are in direct contact with the ER 
and are critical areas for regulating essential cellular functions including 
calcium signaling, mitochondrial dynamics, and apoptosis. Dysfunction of 
these critical sites may lead to progressive retinal degeneration through 
the production of reactive oxygen species (ROS), calcium overload, and 
inflammasome activation in RPE cells. The study was conducted as a 
comprehensive critical review article on the subject. Findings are reported 
on the connection between the mitochondria and ER, specifically through 
MAM dysfunction, in macular degeneration. Overall, this critical review 
article discusses the pathophysiology of macular degeneration with the 
mechanistic insights into MAM deregulation and decoding the structural 
and functional breakdown of MAMs. Understanding the role of MAM-
mediated signaling in AMD may identify potential therapeutic targets 
aimed at restoring mitochondrial resilience and retinal homeostasis.
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Introduction
Age-related macular degeneration (AMD) is a progressive, multifactorial 

ocular disease that is a leading cause for vision loss and blindness in individuals 
over 50, affecting ~196 million individuals worldwide [1].  The condition 
causes severe complications in individuals through macular degeneration 
which keeps peripheral vision somewhat intact in comparison to central vision 
loss, affecting basic visual tasks like reading and facial recognition. These 
symptoms are irreversible due to limited understanding of the pathogenesis 
and thus, lack of treatment options.  

The irreversible vision loss in AMD is characterized by progressive 
retinal pigment epithelium (RPE) dysfunction, mitochondrial damage, 
oxidative stress, and chronic inflammation [2-4]. While the pathological 
mechanism is complex with genetic, age, and environmental contributions, 
studies have shown these factors converging to result in cellular damage and 
dysfunction, specifically of cells within the RPE. The RPE is the outermost 
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layer of the retina essential for visual functions including 
a complex metabolic system that removes reactive oxygen 
species (ROS) and prevents oxidative damage. Damage to the 
structure leads to multiple retinopathies, including being tied 
to symptoms of aging and AMD [5]. Aging causes a decrease 
in RPE cell repair capacity, more mitochondrial dysfunction, 
and increased cell death. The accumulation of oxidative stress 
and ROS from dysfunctional mitochondria compounds and 
damages the RPE, thus leading to impaired function.  

Mitochondria generate cellular energy and regulate cell 
life and death. Mitochondrial dysfunction may damage high-
energy organs like the brain, heart, and muscles, and drives 
rare genetic disorders, common chronic illnesses [6-12]. 
While mitochondrial dysfunction is a known contributor 
to AMD, there has been an increase in attention upon the 
contribution of the endoplasmic reticulum (ER) [13-15]. The 
ER is essential for calcium homeostasis, protein folding, and 
lipid metabolism which has been linked to neurodegenerative 
diseases. However, the ER has not been fully explored in 
relation to the mitochondria and AMD.  

Through investigation of association sites or connections 
between the mitochondria and ER, we may be able to 
discover new pathogenic pathways and targets for therapy. 
Mitochondrial associated membranes (MAMs) are regions of 
the mitochondria which are in direct contact with the ER and 
are critical areas for regulating essential cellular functions 
including calcium signaling, mitochondrial dynamics, and 
apoptosis. Dysfunction of these critical sites may lead to 

progressive retinal degeneration through the production 
of reactive oxygen species (ROS), calcium overload, and 
inflammasome activation in RPE cells (Figure 1).

The review article presents a comprehensive overview of 
the underlying pathogenesis of AMD and the current evidence 
of mitochondria and endoplasmic reticulum interactions and 
its contributions and connections to AMD.  

Mitochondrial Dysfunction in AMD
Mitochondrial dysfunction has been shown to be central 

to not only aging in general, but also the pathogenesis of 
AMD [16,17]. Specifically, the mitochondria within the RPE 
contribute heavily to vision loss through a cyclic damage 
pattern. The RPE is heavily dependent on mitochondrial 
efficiency and function for its highly metabolic activities 
involved in visual processes. Aging decreases the functional 
capacity of mitochondria through damage to mitochondrial 
DNA (mtDNA) over time. These damages lead to less 
effective oxidative phosphorylation which results in decreased 
ATP production and an accumulation of ROS [18,19]. This 
accumulation of ROS leads to increased risk of further 
mtDNA damage due to its proximity to the electron transport 
chain and lack of proactive histones unlike nuclear DNA. 
Furthermore, this can lead to inflammation and possibly 
eventual cell death. The exacerbation of mitochondrial damage 
and impaired function continues through the pathogenesis of 
AMD compounding upon the natural mtDNA mutations that 
come with age (Figure 1). 

Figure 1: Pathological mechanism of ER-mitochondrial dysfunction in the retinal pigment epithelium (RPE) of AMD versus healthy subjects. 
The comparative figure provides a breakdown of the steps leading to retinal degeneration on the left, while the functional necessities for 
maintaining a healthy retina are detailed on the right.
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In addition to the lack of cellular homeostasis, the 
mitochondrial damage activates inflammation and apoptotic 
pathways due to the cells inability to produce sufficient 
ATP and having excessive stress from ROS. To maintain 
homeostasis and relieve excess ROS, there is an activation of 
mitochondrial permeability transition and caspase enzymes. 
The initial increase in mitochondrial permeability attempts to 
release the buildup of excessive molecules such as calcium 
and ROS but leads to caspase mediated apoptosis if the stress 
continues to overwhelm the cell [20,21]. The compounding 
effects of aging, oxidative stress, and this cyclic pathology also 
decrease the cell’s ability to remove damaged mitochondria 
from the RPE. The high ROS additionally damages the 
proteins used in autophagy and eventual mitophagy failure 
[22]. The damaged, dysfunctional mitochondria continue to 
accumulate due to failure of cellular machinery and repair 
systems. Excessive ROS from these damaged mitochondria 
continue to create a toxic cellular environment, spreading to 
affect other healthy mitochondria through further mtDNA 
damage, excessive calcium release, mitophagy machinery 
failure, and other factors (Figure 2).

ER Downstream Stress and Its Role 
The endoplasmic reticulum (ER) is fundamental for 

cellular functions of protein folding, calcium storage, and 
intracellular signaling. In the RPE this is fundamental for 
cellular homeostasis, repair, and clean-up processes. These 
functions are particularly essential in the RPE cells due to 
the high metabolic activity of RPE and exposure to chronic 
oxidative stress. The interruption of the usual functions of 
ER leads to misfolded or unfolded protein accumulation 
which creates a condition called ER stress. In response to 
this decreased efficiency, the ER further slows down the 
production of new proteins and degradation of misfolded 
proteins through a process called Unfolded Protein Response 
(UPR) (Figure 2). UPR is a protective mechanism to restore 
cellular homeostasis through an adaptive signaling network 
[25,26]. However, this mechanism may lead to damage 
through inflammation and apoptosis if ER stress is not 
relieved. Chronic activation of these pathways leads to pro-
apoptotic signaling in the RPE which is a key feature of AMD 
progression. Additionally, inflammatory pathways via innate 
immune response are initiated with an increased recruitment 
of pro-inflammatory cytokines. These reactions cause a 
chronic inflammation within the retina and exacerbate the 
cellular damage and disease progression.  

ER and Mitochondria Associated Membranes  
While studies have explored the individual pathogenic 

contributions of the ER and mitochondria, there is 
little discussion of how the two may interconnectedly 
contribute to the pathogenesis of AMD. The two organelles 
were discovered to have physical connections between 
them, “based on co-sedimentation of ER particles with 
mitochondria and electron microscopic observations of 
close associations between mitochondria and ER vesicles” 
[27-29]. These physical linkages between the two are called 
mitochondrial associated membranes (MAMs). These areas 
of direct physical linkage between the ER and mitochondria 
may provide a potential explanation for the disruption of 
homeostasis and functionality of both organelles. MAMs are 
discussed in playing a direct role in calcium signaling, lipid 
synthesis, and intracellular signaling upon the mitochondria. 
If impaired, this would lead to damage upon the mitochondria 
and conversely, the mitochondria would affect the ER at these 
MAM interfaces.  

The ER releases calcium at the MAM sites for 
mitochondrial uptake which is imperative for ATP synthesis, 
membrane potential, and respiration. In turn, these processes 
cause the production of ROS. However, in times of age-
related dysfunction or other causes of ER stress such as 
structural MAM changes, the release of calcium may increase 
to maintain homeostasis. This excess calcium release leads 
to excess ROS, leading to mitochondrial and ER damage 

Figure 2: Multifactorial intracellular factors contributing to the cell 
death of retinal pigment epithelium (RPE) in Age-Related Macular 
Degeneration. This figure provides a visual of the various pathways 
that converge to result in the characteristic cellular damage in AMD.

The self-perpetuating cycle of oxidative stress and cellular 
damage leads to degeneration of the RPE which is a key factor 
in AMD progression. Thus, the critical role of mitochondria 
in this cycle is indicative of the connection between AMD 
and mitochondrial dysfunction. 

It is important to note that quantifying the amount of 
mitochondrial dysfunction within the RPE is still limited. 
Current evidence is from experimental models and 
indirect measurements which do not directly allow us to 
fully understand the mitochondria within the retina due 
to measurements having to be done on surrogate tissues. 
Additionally, current literature relies upon in vitro models 
and animal studies which lack the full complexity of human 
disease [23,24]. These various methods made it difficult to 
compare studies and determine the extent of mitochondrial 
dysfunction within AMD.
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via the MAM interface. This indicates the importance of 
MAMs as sites of calcium regulation and reveals how the 
connection can directly injure either organelle due to one’s 
dysfunction [30,31]. Furthermore, this excessive calcium 
uptake can lead to opening the mitochondrial permeability 
transition pore which disrupts the regulation and diminishes 
the proton gradient necessary for ATP production. Eventually 
this “leak” leads to mitochondrial swelling, outer membrane 
rupture, and pro-apoptotic protein release. This demise can 
occur rapidly in the high energy RPE cells, contributing to 
AMD patients’ retinal thinning and vision loss [32-34].  

The ER is essential for lipid and cholesterol biosynthesis 
and its close contact with mitochondria is to actively regulate 
the biogenesis, remodeling, and function of the organelle. 
Dysregulation of the lipid biosynthesis pathway has been 
strongly implicated in retinal degeneration and specifically in 
AMD [35]. While the exact cellular mechanism between lipid 
dysregulation and downstream effects are currently unknown, 
studies have found lipid imbalance in damaged retinal cells, 
implicating a strong correlation between lipids dysregulation 
and AMD [36,37]. A deficiency in lipids such as cholesterol 
leads to weak cell membrane integrity and accumulation 
of these cholesterols increases inflammation and oxidative 
stress. Specific lipid species including 27-hydroxycholesterol 
and 7-ketocholesterol have been discussed as primary drivers 
of ER stress, activating UPR signaling in retinal cells. 
Ultimately, this would continue to drive the cell towards 
dysfunction and damage, perpetuating the cycle of damage.  

MAMs play a critical role in apoptotic intracellular 
signaling as it mediates a cycle of oxidative stress between 
the mitochondria and the ER The methods discussed above 
of calcium signaling, UPR signaling, and lipid biosynthesis 
dysregulation are all collective contributing to driving 
increased ROS and a damaging environment for these 
organelles. In AMD patients, it has been shown that their 
RPE cells produce more ROS than normal donors, confirming 
this theory as a possible pathway for disease [38]. High ROS 
production cannot be cleared by cellular machinery due 
to inability to increase superoxide dismutase (SOD) [39]. 
The overwhelming ROS produced promotes production of 
hydrogen peroxide, inflammatory responses, and triggers 
mitochondrial mediated apoptotic signaling. In specific, the 
recruitment of macrophages, complement activation, and 
microglial activation have been documented [40-42]. Thus, 
MAMs are a central interface where the effects of these 
dysregulations compound and lead to cellular degeneration.  

Clinical Implications 
Understanding the connection between the ER and 

mitochondria provides us with a better understanding of 
how AMD progresses and opens possibilities for therapeutic 
strategies. The understanding of multiple compound 
effects rather than simply mitochondrial damage suggests 

that targeting a single pathway through treatment may 
be insufficient. However, the research suggests that the 
accumulation of damaging effects must compound before 
resulting in cell death and thus, poses an opportunity for early 
intervention. Additionally, the various pathways to cellular 
degeneration may explain the heterogeneity amongst AMD 
patient presentations and could potentially direct us towards 
more personalized treatment plans.  

Potential Biomarkers for ER-Mitochondrial 
Dysfunction Diagnosis 

The role of MAMs and the ER-Mitochondrial connected 
dysfunction allow us to better understand the types of damage 
within the body and how it may present as measurable 
biomarkers. In specific, Biomarkers reflecting oxidative 
stress, lipid dysregulation, mitochondrial injury, and ER 
stress signaling may provide significant clues to the presence 
and progression of AMD.  

Oxidative stress is the predominant biomarker in AMD, 
especially due to the high RO species produced from cell 
dysfunction. Excessive ROS leads to DNA damage, lipid 
peroxisomes, and protein oxidation. Superoxide dismutase, 
oxidized lipids, and superoxide levels are correlated to 
imbalance within cellular systems. Biomarkers of ER level 
stress include UPR signaling response components, CHOP, 
and GRP78 (BiP) [43]. These signaling molecules amounts 
can provide clear knowledge of possible apoptotic signaling 
and increased oxidative stress. From the contribution of 
mitochondria to AMD pathogenesis, mitochondrial DNA 
damage and mitochondrial-derived peptides (MDPs) are 
novel biomarkers for overall mitochondrial health. MDPs 
are particularly important to note as their decreased levels 
and dysfunction are reflective of impaired mitochondrial 
signaling and possible degeneration. Humanin is noted to be 
a MDP with a cytoprotective role for RPE cells and promotes 
anti-apoptotic signaling [44,45]. Measurement of these MDPs 
reflect the stress status of the mitochondria, making it a strong 
candidate as a biomarker for AMD [46].  

Lack of lipid homeostasis is another pathway in which 
biomarkers may be identified. Accumulation of oxidized 
lipids, cholesterol, and lipoproteins within the retina are 
often recognized as indicators of disease [47,48]. One study 
mentions ApoE as being a potential biomarker as the protein 
is essential for lipid transport and abnormal levels in addition 
to oxidized products may be indicative of retinal diseases. 
The accumulation of dysregulated lipids in AMD may 
present as lipid deposits (known as drusen) behind the RPE, 
contributing to chronic inflammation, inhibition of nutrient 
and oxygen exchange, and increased oxidative stress. Drusen 
are early signs of AMD and contain ApoE, allowing for a 
better understanding of disease progression and presence 
[49].  
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MAM-related biomarkers have been investigated in 
association to type 2 diabetes mellitus, However, this 
finding can be useful for AMD diagnosis due to overlapping 
pathophysiology in the retina. It was noted that MAM 
dysfunction can trigger systemic responses detectable in 
peripheral blood transcriptomics. Researchers discovered 
three genes upregulated in type 2 diabetes mellitus diseased 
individuals and identified their mRNA within red blood cells 
as possible biomarkers. A similar procedure can be applied 
to AMD, leaving room for a novel biomarker and method of 
collection.  

Possible Treatments for AMD along the ER-
Mitochondrial Axis 

Currently, treatments focus upon decreasing oxidative 
stress, cellular damage, and mitigating symptoms. MAMs, 
the ER, and the mitochondria have not been used as targeted 
therapies but have been identified as possibilities for future 
drug developments. 

Antioxidant therapies have been under investigation 
in hopes of decreasing the amount of ROS produced and 
to ultimately prevent damage to RPE cells. A randomized 
clinical trial found that combinations of Vitamin C, Vitamin 
E, beta carotene, and zinc oxide delay the progression of 
AMD. It was noted that this combination may be a beneficial 
secondary prevention in managing patients’ symptoms and 
progression [50].  

Inhibiting the complement system and preventing 
further exacerbation of cellular inflammation and apoptosis 
is another pathway utilized to slow AMD progression. In 
particular, FDA approved drugs like Izervay (avacincaptad 
pegol) and Pegcetacoplan (SYFOVRE) which are intravitreal 
injections. The inhibition along the complement cascade 
prevents further damage to RPE cells and ultimately slows 
disease progression [51,52].  

Tissue engineering and RPE cell transplantation have 
also been considered as treatment options but are limited by 
ethical, financial, and immunological issues [53,54].  

The limited therapeutic options for AMD stems from 
the complexity and multifactorial nature of the disease. 
However, the discovery of MAMs and understanding of 
the pathophysiology of AMD opens the door for future 
breakthroughs.  

Key Points
• Aging, smoking, light exposure, and other epigenetic

factors are chronic oxidative stressors.

• Mitochondrial associated membranes (MAMs) are the
physical and functional bridge between the mitochondria
and endoplasmic reticulum (ER) andt critically regulate
essential cellular functions including calcium signaling,

mitochondrial dynamics, and apoptosis. 

• Chronic oxidative stressors cause early mitochondrial
DNA (mtDNA) damage and electron transport chain
breakdown in the Retinal Pigment Epithelium (RPE),
resulting in the failure of MAM communication triggering
ATP crisis and progressive tissue deterioration.

• Dysfunction in the mitochondria-ER interaction may
cease functional protein folding in the ER, prompting
to maladaptive ER stress, leading to progressive retinal
degeneration through the production of reactive oxygen
species (ROS), calcium overload, and inflammasome
activation in RPE cells.

• Calcium overload due to dysregulated transfer from ER to
mitochondria results in the hyperactivation of the NLRP3
inflammasomes, mitochondrial matrix swelling, and
cytochrome c leakage.

• Unfolded protein response (UPR) due to high reactive
oxygen species (ROS) disrupts redox balance in the ER
lumen and activates ER stress transducers leading to the
activation of apoptotic cascade.

• Dysregulated lipid and cholesterol transport due to
blockade or aberrant lipid transfer between the ER and
mitochondrial membranes results in the accumulation of
cholesterol in mitochondria driving electron leakage and
lipid peroxidation (ferroptosis).

• Stabilization of mitochondrial associated membranes
(MAMs) architecture or inhibiting downstream effectors
could be an effective strategy to treat dry age-related
macular degeneration (AMD).

• Use of the targeted antioxidants and mitochondrial
protective agents, inhibitors of complement system, and
the strategy to activate master transcriptional regulators,
such as Nrf2 and PGC-1α pathways, could be promising
therapy to restore antioxidant defenses and to improve
ER proteostasis and mitochondrial biogenesis and thus
preventing RPE disintegration.
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