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Aging induces several stress response pathways to counterbalance detrimental changes associated with this process.

These pathways include nutrient signaling, proteostasis, mitochondrial quality control and DNA damage response. At the

cellular level, these pathways are controlled by evolutionarily conserved signaling molecules, such as 5'AMP-activated

protein kinase (AMPK), mechanistic target of rapamycin (mTOR), insulin/insulin-like growth factor 1 (IGF-1) and sirtuins,

including SIRT1. Peroxisome proliferation-activated receptor coactivator 1 alpha (PGC-1α), encoded by the PPARGC1A
gene, playing an important role in antioxidant defense and mitochondrial biogenesis, may interact with these molecules

influencing lifespan and general fitness. Perturbation in the aging stress response may lead to aging-related disorders,

including age-related macular degeneration (AMD), the main reason for vision loss in the elderly. This is supported by

studies showing an important role of disturbances in mitochondrial metabolism, DDR and autophagy in AMD

pathogenesis. In addition, disturbed expression of PGC-1α was shown to associate with AMD. Therefore, the aging stress

response may be critical for AMD pathogenesis, and further studies are needed to precisely determine mechanisms

underlying its role in AMD.

Keywords: the aging stress response ; aging ; age-related macular degeneration ; AMD

1. Introduction

The biological fitness of the human organism is supported by the phylogenetically conserved stress response,

maintenance and repair pathways. They include nutrients and energy signaling, proteostasis, DNA damage response

(DDR), mitochondrial quality control (mtQC) and enzymes metabolizing toxic species . The efficacy of these pathways

declines with aging, but the process of aging is also associated with diverse stresses that impose signals coming from the

environment (reviewed in ). Therefore, an aging organism faces increased stress, which should be counterbalanced by

the aging stress response with signaling pathways to maintain cellular and organismal homeostasis (reviewed in ). The

impairment of the aging stress response may contribute to syndromes associated with premature aging, age-related

diseases and cancer.

Age-related macular degeneration (AMD) is the primary cause of legal blindness in the elderly in developed countries. Its

estimated prevalence in the world is 196 million in 2020 and is projected to increase to 288 million by 2040. Despite these

numbers, no effective treatment is available, except for some specific cases of the neovascular (wet) form of AMD

(reviewed in ). However, the treatment in those cases is mainly aimed at vision loss prevention. This limitation of

effective therapeutic options is likely due to highly incomplete knowledge of mechanism(s) involved in AMD pathogenesis.

It is commonly accepted that aging is the most serious risk factor in AMD. Therefore, aging-related stress and response to

this stress may contribute to AMD pathogenesis. Oxidative stress is often considered a major risk factor in AMD . It is

associated with increased levels of reactive oxygen and nitrogen species (ROS and RNS) that may damage cellular

structures and macromolecules, including proteins and DNA. This may result in misfolded and dysfunctional proteins and

consequently dysfunctional subcellular structures and organelles. These proteins should be removed and recycled by

proteostasis, which dynamically regulates the proteome to keep it balanced and functional and is an essential pathway of

the stress response . Damage to DNA induces DDR, another stress response component . However, oxidative stress

and increased ROS/RNS levels are associated with several other AMD risk factors, including improper diet, tobacco

smoking, blue light exposure and others . Moreover, oxidative stress is common in the retina as it is the tissue of high

consumption of oxygen, contains a high proportion of polyunsaturated fatty acids and is exposed to visible light.

Therefore, oxidative stress is also present in young retinas that are generally not susceptible to AMD, and there must be

an additional factor(s) associated with age that superimposes the stress in older individuals. There are substantial

differences in everyday life between young and older adults, such as nutrient intake and physical activity that may

influence AMD susceptibility . The aging stress response seems to be a prime candidate to distinguish AMD

susceptibility of younger and older adults as it combats many AMD risk factors and is declined with aging.
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2. The Aging Stress Response

Aging is frequently understood as the process resulting from the accumulation of detrimental biological changes over time,

which increase an organism's susceptibility to disease and make it more likely to die. However, the causal relationship

between the biological changes that occur with time (biological aging) and metrical (chronological) aging is far from

understanding .

Aging may be considered as a regulated process controlled by some conserved signaling pathways, including the

insulin/IGF-1 (insulin-like growth factor 1), mTOR (mechanistic target of rapamycin), AMPK (5'AMP-activated protein

kinase) and sirtuins . These pathways detect stress-related events and activate proteins of adaptive cellular responses

that reduce the consequences of environmental insults and aging-related stress . These adaptive responses include

DNA repair, proteostasis with autophagy and mitochondrial quality control—all of them have been reported impaired in

AMD patients and AMD cellular and animal models .

2.1. Nutrient-Signaling Pathways in Aging

Nutrient signaling plays an important role in the control of aging and age-related disorders, and it was the first pathway to

be demonstrated to do so in model organisms . Caloric restriction, one of the best-known way of lifespan extension,

acts through multiple signaling pathways, including the insulin/IGF-1, mTOR and AMPK pathways and sirtuins .

In an aging organism, the level of active IGF-1 decreases, which has been associated with human frailty and cognitive

decline . Mutations in the genes of the insulin/IGF-1 pathway are reported to prolong the life of model organisms .

This pathway is a molecular connection between dietary intake and the cellular stress response pathway, so it can be

modulated by a dietary intervention. Aging and age-related pathologies relate to the metabolic status of sirtuins, a family

of highly conserved proteins . They display NAD  (nicotinamide adenine dinucleotide)-dependent protein

deacetylase activity, and this is NAD -sensing that determines their association with metabolic status . Among seven

mammalian sirtuins, SIRT1 is regulated by nutrient status in the cell, triggers stress response pathways and induces

changes in energy metabolism . The expression and activity of SIRT1 decrease with age and a diet rich in fat . On

the other hand, its activity increases in nutrients deficiency, including caloric restriction . Active SIRT1 deacetylases

several substrates that are involved in aging and stress response, including peroxisome proliferation-activated receptor

coactivator 1 alpha (PGC-1α) . Numerous studies suggest that SIRT1 may be involved in the extension of lifespan in

stress conditions and can do so through the regulation of stress–response processes, including DNA repair, mitochondria

and protein quality control as well as cell survival  (Figure 1). It is still an open question whether it can also do so in

normal conditions.

Figure 1. Nutrition signaling includes proteins and signaling pathways important in aging. Dietary restriction activates

5'AMP-activated protein kinase (AMPK) and sirtuin 1 (SIRT1) but inhibits the insulin growth factor 1 (insulin/IGF-1) and

mechanistic target of rapamycin (mTOR) that stimulate genome maintenance by improving DNA damage response (DDR)

and mitochondrial functions and eliminate damaged mitochondria through mitochondrial quality control (mtQC). Both
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mTOR decrease and SIRT1 increase may contribute to improved proteostasis, and AMPK supports the change from fatty

acid synthesis to oxidation. Altogether these actions may result in an increase of biological fitness and extension of the

lifespan of an organism.

A low status of cellular energy, which can be reflected by a low ATP/AMP ratio, may activate AMPK that is not only a

sensor of such status but also becomes an energy reservoir . The stress of a low-energy state evokes an increase in

catabolic pathways promoted by signaling pathways transcriptionally and post-transcriptionally activated by AMPK .

AMPK promotes the switch from fatty acid synthesis to oxidation during nutritional stress resulting in low ATP level .

Another nutrient sensor, mTOR, integrates environmental signals, including those coming from nutrients, to control growth

and metabolism in eukaryotic cells . Nutrient limitation decreases mTOR, and its activity is suppressed in models of

longevity (reviewed in ). Moreover, its inhibition extended lifespan in various model organisms . In mammals, mTOR

acts in two separate signaling complexes, mTORC1 and mTORC2 and their age-related effects are mainly underlined by

modulation of protein synthesis and autophagy .

2.2. Mitochondria in Aging

Although the mitochondrial theory of aging, originating from Harman's "free radical theory of aging", is no longer a

paradigm, mitochondria are still a central element in the process of aging . Such a prominent role is supported by

research with overexpression of human catalase targeted to mouse mitochondria and extending lifespan of transgenic

animals by about five months as compared with three months or one month for the enzyme targeted the peroxisome or

the nucleus, respectively . The signs of aging: cardiac pathology and cataract development were delayed in animals

with catalase targeted to mitochondria. Moreover, the most pronounced antioxidant effect was observed for mtDNA,

suggesting that aging may be linked with the production of ROS in mitochondria . Mice with human catalase targeted to

mitochondria were also exploited in models of various diseases, including metabolic syndrome and atherosclerosis,

cardiac aging, heart failure, skeletal muscle pathology, sensory defect, neurodegenerative diseases and cancer,

suggesting that mitochondrial production of ROS and damage to mitochondria may play an essential role in the process of

aging and aging-related pathologies .

Studies on other mouse models, including animals with mutations in the gene encoding polymerase gamma, the

mitochondrial replicase, showed that the association between aging and mitochondrial ROS production and mitochondrial

homeostasis was complex . These studies also pointed to the role of apoptosis in aging. Mutations in mtDNA may

either extend or reduce the lifespan of model organisms, but the lack of mtDNA in yeast ("the petit mutation") is linked with

lifespan extension . As was later shown, this effect was attributed to the lack of mtDNA per se and not to changes in

respiration and reduced ROS production .

Mitochondrial quality control is accomplished by the coordination of mitochondrial biogenesis, dynamics and mitophagy, a

specialized pathway of autophagy  (Figure 2). Mitochondrial transcription factors, including mitochondrial transcription

factor A (TFAM), are encoded by nuclear genes and transported to mitochondria to target mtDNA. TFAM upregulates

genes encoding the mitochondrial electron transport chain (mtETC), resulting in an elevated oxygen intake, ATP

production and mitochondrial content. Mitochondrial turnover is mainly controlled by fusion (mitofusin 1 (MFN1), MFN2

and mitochondrial dynamin-like 120 kDa protein (OPA1)) and fission (dynamin 1-like protein (DNM1L) and mitochondrial

fission 1 protein (FIS1)) proteins . Damaged mitochondrial components can be degraded and recycled by mitophagy

.
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Figure 2. Mitochondrial quality control (mtQC) pathways repair and eliminate impaired mitochondria. Misfolded or

unfolded proteins in mitochondria can be refolded by unfolded protein response (UPR). Dysfunctional mitochondria can be

sequestered by fission and structurally damaged mitochondria eliminated by mitophagy, a specialized form of autophagy.

Mitochondrial biogenesis, an important element of mtQC, is not presented in this figure.

Several pathways and proteins control mitochondrial response to stress associated with low energy allowing mitochondria

to adjust their energy usage and the number of organelles . These include PGC-1α, sirtuins, mTOR and AMPK.

Therefore, mitochondrial response to age-related stress crosstalk with nutrition signaling. PGC-1α is a key regulator of

mitochondrial biogenesis and an important factor in other aspects of mtQC . Moreover, emerging evidence suggests

that PGC-1α is a major regulator of lifespan and its interaction with SIRT1, AMPK, and mTOR is important for this function

.

A mild mitochondrial impairment may activate a stress response pathway, which promotes a protective milieu

counterbalancing a potentially shorter lifespan associated with the mitochondrial impairment . Whether it is a classical

hormesis response or results from the interaction of PGC-1α with SIRT1, AMPK and mTOR, remains to be established,

although mTOR seems to be a prime candidate to link mitochondrial biogenesis and cellular metabolism with lifespan .

2.3. DDR in Aging

Increasing DNA damage resulting from the aging process is predicted by all theories of aging . Moreover, not only DNA

but other cellular macromolecules undergo damage in aging . Unrepaired DNA damage may be changed into mutation

(Figure 3). Therefore, aging is associated with accumulating damage to cellular molecules that may become non-

functional. This may contribute to age-related degenerative diseases, and increased levels of DNA damage and mutations

lead to genomic instability, associated with almost all, if not all, cancers . In addition, the epigenetic profile

changes with aging, which reflects a complex relationship between aging and epigenetics (reviewed in ). Many aspects

of the nutritional signaling in aging, including longevity-related interactions of AMPK, mTOR, SIRT1 and PGC-1α, are

underlined by changes in the epigenetic profile .
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Figure 3. Aging is associated with increased levels of DNA damage, which can be changed into mutations contributing to

increased genomic instability, a prerequisite in cancer and many other serious diseases. In normal conditions, DNA

damage induces DNA damage response (DDR), which activates cellular pathways to repair the damage, tolerate it or

induce programmed cell death. However, aging also affects these pathways lowering the efficacy and accuracy of DDR,

increasing the extent of non-repaired and/or misrepaired DNA damage. In fact, faulty DDR may accelerate aging leading

to premature aging and progeria syndromes.

Aging-related DNA damage induces DDR, which may be impaired from the very start as potentially each of its proteins

can be damaged in aging. In fact, many reports suggest that the capacity of DNA repair, the main component of DDR,

declines with age, which contributes to both increased DNA damage and genomic instability .

Although we are far from the generally accepted definition of aging, premature aging is likely commonly understood. In

humans, premature aging and early death are associated with defects in DNA repair or, more generally—in DDR 

. However, several studies report not only an association but also a causal relationship between DNA repair defects

and premature aging . Werner syndrome is likely the most characterized human premature aging disorder,

which is closely associated with defects in DNA repair as this syndrome is caused by recessive mutations in the RecQ
gene, encoding a DNA helicase involved in DNA repair .

Studies of Werner syndrome and other human progeroid disorders suggest an association between DDR and signaling

pathways involved in the aging process . Mutations in the essential DNA repair genes XPF-ERCC1 (ERCC4 excision

repair 4, endonuclease catalytic subunit) and TP53 (tumor protein p53) resulted in downregulation of the insulin/IGF

pathway in cells from progeroid syndrome patients and mice .

Another example of the association of DDR with aging is ataxia–telangiectasia (AT), underlined by mutations in the ATM
(ATM serine/threonine kinase, ataxia telangiectasia mutated) gene . The ATM protein, along with ATR (ATR

serine/threonine kinase, ataxia telangiectasia and Rad3-related protein), is the central regulator of DDR, responsible for

the transduction of the signal coming from DDR sensors, recognizing damaged DNA or disturbed DNA replication and

activating DDR effectors, controlling cellular processes aimed at restoring the DNA structure or resuming DNA replication

. In general, ATM and ATR have a broad spectrum of substrates, including proteins playing an important role in

signaling pathways regulating aging .

DNA damage response may not only restore the integrity and fidelity of DNA, but it may induce senescence or

programmed cell death, which may contribute to aging phenotype . Moreover, some DNA damages may be tolerated,

depending on the cellular context. In general, when DNA damage does not exceed the cell repair capacity, it is repaired,

but when the extent of the damage is above such capacity, the cell cycle is arrested for giving the cell additional time for

repair. If this fails, the cell becomes senescent or is directed to a programmable death pathway, usually apoptosis.

Therefore, DDR may differ in mitotic and postmitotic cells, and this is likely responsible for different AT phenotypes in
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different tissues: loss of ATM-mediated signaling in mitotic cells results in cancer(s), but in postmitotic neurons—in

degeneration . In addition, in mitotic cells, DDR may tolerate or misrepair some DNA damages to preserve the

process of replication. Therefore, genotoxic stress induces a response with many pathways that may be affected by aging,

leading to enhancing aging-related phenotypes, including aging-related disease and death.

DNA damage response in mitochondria (mtDDR), although not fully known, is likely poorer than its nuclear counterpart.

mtDDR does not directly induce apoptosis but may lead to the degradation of highly damaged mtDNA. Several aspects of

aging-related mtDNA are directly or indirectly associated with mechanisms of mtQC, described in the previous section.

2.4. Autophagy and Aging

Proteostasis, a process ensuring proper protein folding, sequestering of misfolded proteins, degradation of damaged or no

longer needed proteins, is performed by the collective action of a set of molecular chaperones, transcription factors and

cofactors.

Proper protein folding is ensured by UPR, improperly folded proteins are sequestered in inclusion bodies, and degradation

occurs in the proteasome and in autophagy (Figure 4). Proteostasis is declined with age, which may result in the escape

of misfolded proteins from sequestration and non-functional/damaged proteins from degradation . Both misfolded and

damaged proteins may be dysfunctional, further contributing to deleterious changes, increasing susceptibility of the

organism to disease, and making it more likely to die.

Figure 4. Proteostasis ensures protein homeostasis and is regulated by proteins and signaling pathways playing a role in

aging, including (insulin-like growth factor 1 (insulin/IGF-1), mechanistic target of rapamycin (mTOR) and sirtuin 1

(SIRT1). Unfolded or misfolded proteins can be targeted by unfolded protein response (UPR), and damaged proteins can

be designated to degradation in the proteasome or autophagy or sequestered in inclusion bodies. All these processes

may be assisted by chaperones.

Autophagy declines with aging, contributing to the accumulation of dysfunctional organelles and proteins as well as their

aggregation . Conversely, efficient autophagy may contribute to lifespan extension, as it was shown in research on

model organisms (reviewed in ). However, few studies show that autophagy alone is sufficient to extend lifespan—

instead, it is required for life extension induced by caloric restriction or reduced insulin signaling . It seems that

autophagy may take a special position in proteostasis as it may be involved in many effects, phenomena and systems,

including oxidative stress defense, DDR and perform the pro-death and pro-survival functions . Therefore, autophagy

may contribute to the regulation of lifespan on many distinct pathways.
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Mammalian studies on autophagy confirm research on lower organisms and demonstrate an essential role of autophagy

in aging and age-related neurodegeneration . Moreover, autophagy, due to its multifaceted nature, may play a role in

many aspects of age-related stress responses. Autophagy activation is closely associated with nutrient status and various

other stimuli, such as energy stress, endoplasmic reticulum (ER) stress, pathogen- and danger-associated molecular

patterns, hypoxia, redox stress and mitochondrial damage . During starvation, autophagy provides cell recycled amino

acids for protein synthesis.

Osteoarthritis is the most common form of arthritis and can be considered as a sign of aging because aging is its primary

risk factor . It was shown that SIRT1 was decreased in human normal aged and osteoarthritis cartilage compared with

young cartilage . Moreover, activation of SIRT1 increased autophagy in chondrocytes by the deacetylation of essential

autophagy proteins, including Beclin1, ATG5 (autophagy-related 5), ATG7, LC3 (MAP1LC3A, microtubule-associated

protein 1 light chain 3 alpha) in an mTOR/ULK1 (Unc-51-like autophagy activating kinase 1)-independent manner. These

results confirm an important role of SIRT1 in aging-related stress response through the involvement in the autophagic

pathway.

Mitochondria-specific autophagy, or mitophagy, also declines with age, and its dysfunction may further potentiate an age-

related phenotype . In line with this statement is the observation that old mice fed with a mitophagy inducer showed an

improvement in age-related cardiac functions and increased levels of mtQC proteins, including PARKIN, BNIP3 (BCL2

interacting protein 3), SIRT3 and PGC-1α .

3. Age-Related Macular Degeneration—A Disease of Aging Stress
Response

AMD affects the macula, a small structure in the center of the retina, responsible for sharp and color vision.

Clinically, advanced AMD may be divided into two forms: dry (atrophic) and wet (neovascular) AMD (Figure 5). Dry AMD is

characterized by the presence of drusen, small white or yellowish objects that are made of protein and lipids. Dry AMD

may lead to vision loss as the development of this disease to geographic atrophy (GA) may impair the functionality of

photoreceptors and eventually cause their death along with underlying retinal pigment epithelium (RPE) cells atrophy 

. In wet AMD, the RPE induces the synthesis of angiogenic factors that stimulate the production of new blood vessels

from supporting choriocapillaris (choroidal neovascularization, CNV). These vessels penetrate the Bruch's membrane-

RPE complex leading to photoreceptor death. In some cases, large hemorrhages develop in the subretinal area.

Figure 5. Fundus photograph of healthy macula (A) and macula of age-related macular degeneration (AMD) in its early

form with several drusen deposits (white arrow) (B), geographic atrophy (GA) with typical GA lesions (yellow arrow) (C)

and wet form with subretinal pigment epithelium (RPE) and subretinal and intraretinal fluids and hemorrhage (red arrow)

(D). Lower panel—corresponding images of optical coherence tomography. Blue arrows point at the RPE layer.

Although AMD pathogenesis is not fully known, many factors, both genetic/epigenetic and environmental/lifestyle, may be

involved . Mechanisms and factors of AMD pathogenesis are described in many excellent reviews (for example, 

). In this review, we focus on the elements of AMD pathophysiology directly related to aging and the aging stress

response: autophagy as a pathway of proteostasis, DDR and mtQC.

As mentioned, aging is likely the most serious risk factor for AMD, and it induces disturbances in signaling pathways,

which are important in AMD. These changes can be potentiated by other environmental/lifestyle factors. For instance,

aging evokes detrimental changes in mitochondria that may lead to ROS overproduction, damage to mtDNA and

synthesis of faulty proteins of mtETC complex . Damaged mtETC produces more ROS than in normal conditions.

However, a similar effect can be obtained by environmental factors damaging mtDNA. This strong dependence of AMD

pathogenesis on aging is supported by the presence of increased levels of amyloid in AMD retinas, suggesting that AMD
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may be a kind of dementia of the eye . Many studies report an enhanced release of the brain amyloid beta 1–42

(Aβ) in stress conditions . Moreover, the production and clearance of Aβ are reported to depend on stress .

Therefore, the deposition of Aβ may result from a decline of the stress response with aging. In summary, amyloid beta

deposits observed in AMD retinas may be associated with a declined aging stress response.

To date, more than half of the AMD genomic heritability can be explained by both common and rare genetic variants in 34

genetic loci, which are mostly involved in the complement system, extracellular matrix remodeling and lipid metabolism

. A common variant (rs1061170) in the complement factor H (CFH) has been identified by several research groups to

strongly influence AMD risk . The age-related maculopathy susceptibility 2 and high-temperature requirement A serine

peptidase 1 (ARMS2/HTRA1) is another locus reported to be strongly involved in AMD pathogenesis .

References

1. Carmona, J.J.; Michan, S. Biology of Healthy Aging and Longevity. Rev. Investig. Clin. Organo Hosp. Enferm. Nutr.
2016, 68, 7–16.

2. López-Otín, C.; Blasco, M.A.; Partridge, L.; Serrano, M.; Kroemer, G. The hallmarks of aging. Cell 2013, 153, 1194–
1217, doi:10.1016/j.cell.2013.05.039.

3. Haigis, M.C.; Yankner, B.A. The aging stress response. Mol. Cell 2010, 40, 333–344, doi:10.1016/j.molcel.2010.10.002.

4. Wong, W.L.; Su, X.; Li, X.; Cheung, C.M.G.; Klein, R.; Cheng, C.-Y.; Wong, T.Y. Global prevalence of age-related
macular degeneration and disease burden projection for 2020 and 2040: a systematic review and meta-analysis.
Lancet Glob. Heal 2014, 2, e106–e116, doi:10.1016/s2214-109x(13)70145-1.

5. Beatty, S.; Koh, H.; Phil, M.; Henson, D.; Boulton, M. The role of oxidative stress in the pathogenesis of age-related
macular degeneration. Surv. Ophthalmol. 2000, 45, 115–134, doi:10.1016/s0039-6257(00)00140-5.

6. Vilchez, D.; Saez, I.; Dillin, A. The role of protein clearance mechanisms in organismal ageing and age-related
diseases. Nat. Commun. 2014, 5, 5659, doi:10.1038/ncomms6659.

7. Gorgoulis, V.G.; Pefani, D.-E.; Pateras, I.S.; Trougakos, I.P. Integrating the DNA damage and protein stress responses
during cancer development and treatment. J. Pathol. 2018, 246, 12–40, doi:10.1002/path.5097.

8. Jarrett, S.G.; Boulton, M.E. Consequences of oxidative stress in age-related macular degeneration. Mol. Asp. Med.
2012, 33, 399–417, doi:10.1016/j.mam.2012.03.009.

9. Carneiro, Â.; Andrade, J.P. Nutritional and Lifestyle Interventions for Age-Related Macular Degeneration: A Review.
Oxidative Med. Cell. Longev. 2017, 2017, 6469138–6469138, doi:10.1155/2017/6469138.

10. Ferrucci, L.; Gonzalez-Freire, M.; Fabbri, E.; Simonsick, E.; Tanaka, T.; Moore, Z.; Salimi, S.; Sierra, F.; de Cabo, R.
Measuring biological aging in humans: A quest. Aging Cell 2020, 19, e13080, doi:10.1111/acel.13080.

11. Pan, H.; Finkel, T. Key proteins and pathways that regulate lifespan. J. Biol. Chem. 2017, 292, 6452–6460,
doi:10.1074/jbc.R116.771915.

12. Blasiak, J.; Glowacki, S.; Kauppinen, A.; Kaarniranta, K. Mitochondrial and nuclear DNA damage and repair in age-
related macular degeneration. Int. J. Mol. Sci. 2013, 14, 2996–3010, doi:10.3390/ijms14022996.

13. Blasiak, J.; Pawlowska, E.; Szczepanska, J.; Kaarniranta, K. Interplay between Autophagy and the Ubiquitin-
Proteasome System and Its Role in the Pathogenesis of Age-Related Macular Degeneration. Int. J. Mol. Sci. 2019, 20,
210, doi:10.3390/ijms20010210.

14. Hyttinen, J.M.T.; Błasiak, J.; Niittykoski, M.; Kinnunen, K.; Kauppinen, A.; Salminen, A.; Kaarniranta, K. DNA damage
response and autophagy in the degeneration of retinal pigment epithelial cells-Implications for age-related macular
degeneration (AMD). Ageing Res. Rev. 2017, 36, 64–77, doi:10.1016/j.arr.2017.03.006.

15. Kaarniranta, K.; Kajdanek, J.; Morawiec, J.; Pawlowska, E.; Blasiak, J. PGC-1α Protects RPE Cells of the Aging Retina
against Oxidative Stress-Induced Degeneration through the Regulation of Senescence and Mitochondrial Quality
Control. The Significance for AMD Pathogenesis. Int. J. Mol. Sci. 2018, 19, 2317, doi:10.3390/ijms19082317.

16. Kaarniranta, K.; Uusitalo, H.; Blasiak, J.; Felszeghy, S.; Kannan, R.; Kauppinen, A.; Salminen, A.; Sinha, D.; Ferrington,
D. Mechanisms of mitochondrial dysfunction and their impact on age-related macular degeneration. Prog. Retin. Eye
Res. 2020, 100858, doi:10.1016/j.preteyeres.2020.100858.

17. Johnson, S.C. Nutrient Sensing, Signaling and Ageing: The Role of IGF-1 and mTOR in Ageing and Age-Related
Disease. Sub-Cell. Biochem. 2018, 90, 49–97, doi:10.1007/978-981-13-2835-0_3.

18. Blagosklonny, M.V. Calorie restriction: Decelerating mTOR-driven aging from cells to organisms (including humans).
Cell Cycle 2010, 9, 683–688, doi:10.4161/cc.9.4.10766.

[101][102]

[103] [104]

[105]

[106]

[107]



19. Vestergaard, P.F.; Hansen, M.; Frystyk, J.; Espelund, U.; Christiansen, J.S.; Jørgensen, J.O.; Fisker, S. Serum levels of
bioactive IGF1 and physiological markers of ageing in healthy adults. Eur. J. Endocrinol. 2014, 170, 229–236,
doi:10.1530/eje-13-0661.

20. Kenyon, C. The plasticity of aging: Insights from long-lived mutants. Cell 2005, 120, 449–460,
doi:10.1016/j.cell.2005.02.002.

21. Haigis, M.C.; Sinclair, D.A. Mammalian sirtuins: Biological insights and disease relevance. Annu. Rev. Pathol. 2010, 5,
253–295, doi:10.1146/annurev.pathol.4.110807.092250.

22. Zhao, L.; Cao, J.; Hu, K.; He, X.; Yun, D.; Tong, T.; Han, L. Sirtuins and their Biological Relevance in Aging and Age-
Related Diseases. Aging Dis. 2020, 11, 927–945, doi:10.14336/ad.2019.0820.

23. Anderson, K.A.; Madsen, A.S.; Olsen, C.A.; Hirschey, M.D. Metabolic control by sirtuins and other enzymes that sense
NAD(+), NADH, or their ratio. Biochim. Biophys. Acta Bioenerg. 2017, 1858, 991–998,
doi:10.1016/j.bbabio.2017.09.005.

24. Lee, I.H. Mechanisms and disease implications of sirtuin-mediated autophagic regulation. Exp. Mol. Med. 2019, 51, 1–
11, doi:10.1038/s12276-019-0302-7.

25. Poulose, N.; Raju, R. Sirtuin regulation in aging and injury. Biochim. Biophys. Acta Mol. Basis Dis. 2015, 1852, 2442–
2455, doi:10.1016/j.bbadis.2015.08.017.

26. Fusco, S.; Maulucci, G.; Pani, G. Sirt1: Def-eating senescence? Cell Cycle 2012, 11, 4135–4146,
doi:10.4161/cc.22074.

27. Gurd, B.J. Deacetylation of PGC-1α by SIRT1: Importance for skeletal muscle function and exercise-induced
mitochondrial biogenesis. Appl. Physiol. Nutr. Metab. 2011, 36, 589–597, doi:10.1139/h11-070.

28. Garcia, D.; Shaw, R.J. AMPK: Mechanisms of Cellular Energy Sensing and Restoration of Metabolic Balance. Mol. Cell
2017, 66, 789–800, doi:10.1016/j.molcel.2017.05.032.

29. Kjøbsted, R.; Hingst, J.R.; Fentz, J.; Foretz, M.; Sanz, M.; Pehmøller, C.; Shum, M.; Marette, A.; Mounier, R.; Treebak,
J.T.; et al. AMPK in skeletal muscle function and metabolism. FASEB J. 2018, 32, 1741–1777,
doi:10.1096/fj.201700442R.

30. Salminen, A.; Kaarniranta, K.; Kauppinen, A. Age-related changes in AMPK activation: Role for AMPK phosphatases
and inhibitory phosphorylation by upstream signaling pathways. Ageing Res. Rev. 2016, 28, 15–26,
doi:10.1016/j.arr.2016.04.003.

31. Saxton, R.A.; Sabatini, D.M. mTOR Signaling in Growth, Metabolism, and Disease. Cell 2017, 168, 960–976,
doi:10.1016/j.cell.2017.02.004.

32. Weichhart, T. mTOR as Regulator of Lifespan, Aging, and Cellular Senescence: A Mini-Review. Gerontology 2018, 64,
127–134, doi:10.1159/000484629.

33. López-Otín, C.; Galluzzi, L.; Freije, J.M.P.; Madeo, F.; Kroemer, G. Metabolic Control of Longevity. Cell 2016, 166, 802–
821, doi:10.1016/j.cell.2016.07.031.

34. Rabanal-Ruiz, Y.; Otten, E.G.; Korolchuk, V.I. mTORC1 as the main gateway to autophagy. Essays Biochem. 2017, 61,
565–584, doi:10.1042/ebc20170027.

35. Theurey, P.; Pizzo, P. The Aging Mitochondria. Genes 2018, 9, 22, doi:10.3390/genes9010022.

36. Schriner, S.E.; Linford, N.J.; Martin, G.M.; Treuting, P.; Ogburn, C.E.; Emond, M.; Coskun, P.E.; Ladiges, W.; Wolf, N.;
Van Remmen, H.; et al. Extension of murine life span by overexpression of catalase targeted to mitochondria. Science
2005, 308, 1909–1911, doi:10.1126/science.1106653.

37. Giorgi, C.; Marchi, S.; Simoes, I.C.M.; Ren, Z.; Morciano, G.; Perrone, M.; Patalas-Krawczyk, P.; Borchard, S.; Jędrak,
P.; Pierzynowska, K.; et al. Mitochondria and Reactive Oxygen Species in Aging and Age-Related Diseases. Int. Rev.
Cell Mol. Biol. 2018, 340, 209–344, doi:10.1016/bs.ircmb.2018.05.006.

38. Dai, D.F.; Chiao, Y.A.; Martin, G.M.; Marcinek, D.J.; Basisty, N.; Quarles, E.K.; Rabinovitch, P.S. Mitochondrial-Targeted
Catalase: Extended Longevity and the Roles in Various Disease Models. Prog. Mol. Biol. Transl. Sci. 2017, 146, 203–
241, doi:10.1016/bs.pmbts.2016.12.015.

39. Kujoth, G.C.; Hiona, A.; Pugh, T.D.; Someya, S.; Panzer, K.; Wohlgemuth, S.E.; Hofer, T.; Seo, A.Y.; Sullivan, R.;
Jobling, W.A.; et al. Mitochondrial DNA mutations, oxidative stress, and apoptosis in mammalian aging. Science 2005,
309, 481–484, doi:10.1126/science.1112125.

40. Lee, H.C.; Wei, Y.H. Oxidative stress, mitochondrial DNA mutation, and apoptosis in aging. Exp. Biol. Med. 2007, 232,
592–606.



41. Trifunovic, A.; Wredenberg, A.; Falkenberg, M.; Spelbrink, J.N.; Rovio, A.T.; Bruder, C.E.; Bohlooly, Y.M.; Gidlöf, S.;
Oldfors, A.; Wibom, R.; et al. Premature ageing in mice expressing defective mitochondrial DNA polymerase. Nature
2004, 429, 417–423, doi:10.1038/nature02517.

42. Powell, C.D.; Quain, D.E.; Smart, K.A. The impact of media composition and petite mutation on the longevity of a
polyploid brewing yeast strain. Lett. Appl. Microbiol. 2000, 31, 46–51, doi:10.1046/j.1472-765x.2000.00766.x.

43. Woo, D.K.; Poyton, R.O. The absence of a mitochondrial genome in rho0 yeast cells extends lifespan independently of
retrograde regulation. Exp. Gerontol. 2009, 44, 390–397, doi:10.1016/j.exger.2009.03.001.

44. Picca, A.; Mankowski, R.T.; Burman, J.L.; Donisi, L.; Kim, J.-S.; Marzetti, E.; Leeuwenburgh, C. Mitochondrial quality
control mechanisms as molecular targets in cardiac ageing. Nat. Rev. Cardiol. 2018, 15, 543–554, doi:10.1038/s41569-
018-0059-z.

45. Rambold, A.S.; Kostelecky, B.; Elia, N.; Lippincott-Schwartz, J. Tubular network formation protects mitochondria from
autophagosomal degradation during nutrient starvation. Proc. Natl. Acad. Sci. USA 2011, 108, 10190–10195,
doi:10.1073/pnas.1107402108.

46. Rambold, A.S.; Kostelecky, B.; Lippincott-Schwartz, J. Together we are stronger: Fusion protects mitochondria from
autophagosomal degradation. Autophagy 2011, 7, 1568–1569, doi:10.4161/auto.7.12.17992.

47. Zuo, Z.; Jing, K.; Wu, H.; Wang, S.; Ye, L.; Li, Z.; Yang, C.; Pan, Q.; Liu, W.J.; Liu, H.F. Mechanisms and Functions of
Mitophagy and Potential Roles in Renal Disease. Front. Physiol. 2020, 11, 935, doi:10.3389/fphys.2020.00935.

48. Gureev, A.P.; Shaforostova, E.A.; Popov, V.N. Regulation of Mitochondrial Biogenesis as a Way for Active Longevity:
Interaction Between the Nrf2 and PGC-1α Signaling Pathways. Front. Genet. 2019, 10, 435,
doi:10.3389/fgene.2019.00435.

49. Purushotham, A.; Schug, T.T.; Li, X. SIRT1 performs a balancing act on the tight-rope toward longevity. Aging 2009, 1,
669–673, doi:10.18632/aging.100076.

50. Valero, T. Mitochondrial biogenesis: Pharmacological approaches. Curr. Pharm. Des. 2014, 20, 5507–5509,
doi:10.2174/138161282035140911142118.

51. Xiong, S.; Salazar, G.; Patrushev, N.; Ma, M.; Forouzandeh, F.; Hilenski, L.; Alexander, R.W. Peroxisome Proliferator-
Activated Receptor γ Coactivator-1α Is a Central Negative Regulator of Vascular Senescence. Arter. Thromb. Vasc.
Biol. 2013, 33, 988–998, doi:10.1161/atvbaha.112.301019.

52. Maynard, S.; Fang, E.F.; Scheibye-Knudsen, M.; Croteau, D.L.; Bohr, V.A. DNA Damage, DNA Repair, Aging, and
Neurodegeneration. Cold Spring Harb. Perspect. Med. 2015, 5, a025130, doi:10.1101/cshperspect.a025130.

53. Campisi, J.; Vijg, J. Does Damage to DNA and Other Macromolecules Play a Role in Aging? If So, How? J. Gerontol.
Ser. A Biol. Sci. Med. Sci. 2009, 64A, 175–178, doi:10.1093/gerona/gln065.

54. Ben-David, U.; Beroukhim, R.; Golub, T.R. Genomic evolution of cancer models: Perils and opportunities. Nature
reviews. Cancer 2019, 19, 97–109, doi:10.1038/s41568-018-0095-3.

55. Boulianne, B.; Feldhahn, N. Transcribing malignancy: Transcription-associated genomic instability in cancer. Oncogene
2018, 37, 971–981, doi:10.1038/onc.2017.402.

56. Duijf, P.H.G.; Nanayakkara, D.; Nones, K.; Srihari, S.; Kalimutho, M.; Khanna, K.K. Mechanisms of Genomic Instability
in Breast Cancer. Trends Mol. Med. 2019, 25, 595–611, doi:10.1016/j.molmed.2019.04.004.

57. Sen, P.; Shah, P.P.; Nativio, R.; Berger, S.L. Epigenetic Mechanisms of Longevity and Aging. Cell 2016, 166, 822–839,
doi:10.1016/j.cell.2016.07.050.

58. Evangelakou, Z.; Manola, M.; Gumeni, S.; Trougakos, I.P. Nutrigenomics as a tool to study the impact of diet on aging
and age-related diseases: The Drosophila approach. Genes Nutr. 2019, 14, 12, doi:10.1186/s12263-019-0638-6.

59. Gorbunova, V.; Seluanov, A.; Mao, Z.; Hine, C. Changes in DNA repair during aging. Nucleic Acids Res. 2007, 35,
7466–7474, doi:10.1093/nar/gkm756.

60. Niedernhofer, L.J.; Gurkar, A.U.; Wang, Y.; Vijg, J.; Hoeijmakers, J.H.J.; Robbins, P.D. Nuclear Genomic Instability and
Aging. Annu. Rev. Biochem. 2018, 87, 295–322, doi:10.1146/annurev-biochem-062917-012239.

61. Vijg, J.; Suh, Y. Genome instability and aging. Annu. Rev. Physiol. 2013, 75, 645–668, doi:10.1146/annurev-physiol-
030212-183715.

62. Kovalchuk, I.P.; Golubov, A.; Koturbash, I.V.; Kutanzi, K.; Martin, O.A.; Kovalchuk, O. Age-dependent changes in DNA
repair in radiation-exposed mice. Radiat. Res. 2014, 182, 683–694, doi:10.1667/rr13697.1.

63. Ahmed, M.S.; Ikram, S.; Bibi, N.; Mir, A. Hutchinson-Gilford Progeria Syndrome: A Premature Aging Disease. Mol.
Neurobiol. 2018, 55, 4417–4427, doi:10.1007/s12035-017-0610-7.



64. Coppedè, F.; Migliore, L. DNA repair in premature aging disorders and neurodegeneration. Curr. Aging Sci. 2010, 3, 3–
19, doi:10.2174/1874609811003010003.

65. Kubben, N.; Misteli, T. Shared molecular and cellular mechanisms of premature ageing and ageing-associated
diseases. Nature reviews. Mol. Cell Biol. 2017, 18, 595–609, doi:10.1038/nrm.2017.68.

66. Oshima, J.; Sidorova, J.M.; Monnat, R.J., Jr. Werner syndrome: Clinical features, pathogenesis and potential
therapeutic interventions. Ageing Res. Rev. 2017, 33, 105–114, doi:10.1016/j.arr.2016.03.002.

67. Tiwari, V.; Wilson, D.M., 3rd. DNA Damage and Associated DNA Repair Defects in Disease and Premature Aging. Am.
J. Hum. Genet. 2019, 105, 237–257, doi:10.1016/j.ajhg.2019.06.005.

68. Andressoo, J.O.; Hoeijmakers, J.H.; Mitchell, J.R. Nucleotide excision repair disorders and the balance between cancer
and aging. Cell Cycle 2006, 5, 2886–2888, doi:10.4161/cc.5.24.3565.

69. de Boer, J.; Andressoo, J.O.; de Wit, J.; Huijmans, J.; Beems, R.B.; van Steeg, H.; Weeda, G.; van der Horst, G.T.; van
Leeuwen, W.; Themmen, A.P.; et al. Premature aging in mice deficient in DNA repair and transcription. Science 2002,
296, 1276–1279, doi:10.1126/science.1070174.

70. Garinis, G.A.; van der Horst, G.T.; Vijg, J.; Hoeijmakers, J.H. DNA damage and ageing: New-age ideas for an age-old
problem. Nat. Cell Biol. 2008, 10, 1241–1247, doi:10.1038/ncb1108-1241.

71. Gredilla, R.; Garm, C.; Stevnsner, T. Nuclear and mitochondrial DNA repair in selected eukaryotic aging model
systems. Oxidative Med. Cell. Longev. 2012, 2012, 282438, doi:10.1155/2012/282438.

72. Schumacher, B.; van der Pluijm, I.; Moorhouse, M.J.; Kosteas, T.; Robinson, A.R.; Suh, Y.; Breit, T.M.; van Steeg, H.;
Niedernhofer, L.J.; van IJcken, W.; et al. Delayed and Accelerated Aging Share Common Longevity Assurance
Mechanisms. PLoS Genet. 2008, 4, e1000161, doi:10.1371/journal.pgen.1000161.

73. Rossi, M.L.; Ghosh, A.K.; Bohr, V.A. Roles of Werner syndrome protein in protection of genome integrity. Dna Repair
2010, 9, 331–344, doi:10.1016/j.dnarep.2009.12.011.

74. Maier, B.; Gluba, W.; Bernier, B.; Turner, T.; Mohammad, K.; Guise, T.; Sutherland, A.; Thorner, M.; Scrable, H.
Modulation of mammalian life span by the short isoform of p53. Genes Dev. 2004, 18, 306–319,
doi:10.1101/gad.1162404.

75. Niedernhofer, L.J.; Garinis, G.A.; Raams, A.; Lalai, A.S.; Robinson, A.R.; Appeldoorn, E.; Odijk, H.; Oostendorp, R.;
Ahmad, A.; van Leeuwen, W.; et al. A new progeroid syndrome reveals that genotoxic stress suppresses the
somatotroph axis. Nature 2006, 444, 1038–1043, doi:10.1038/nature05456.

76. Palazzo, R.P.; Jardim, L.B.; Bacellar, A.; de Oliveira, F.R.; Maraslis, F.T.; Pereira, C.H.J.; da Silva, J.; Maluf, S.W. DNA
damage and repair in individuals with ataxia-telangiectasia and their parents. Mutat. Res. Genet. Toxicol. Environ.
Mutagenesis 2018, 836, 122–126, doi:10.1016/j.mrgentox.2018.06.007.

77. Marechal, A.; Zou, L. DNA Damage Sensing by the ATM and ATR Kinases. Cold Spring Harb. Perspect. Biol. 2013, 5,
a012716, doi:10.1101/cshperspect.a012716.

78. Matsuoka, S.; Ballif, B.A.; Smogorzewska, A.; McDonald, E.R., 3rd; Hurov, K.E.; Luo, J.; Bakalarski, C.E.; Zhao, Z.;
Solimini, N.; Lerenthal, Y.; et al. ATM and ATR substrate analysis reveals extensive protein networks responsive to DNA
damage. Science 2007, 316, 1160–1166, doi:10.1126/science.1140321.

79. Zhong, H.-H.; Hu, S.-J.; Yu, B.; Jiang, S.-S.; Zhang, J.; Luo, D.; Yang, M.-W.; Su, W.-Y.; Shao, Y.-L.; Deng, H.-L.; et al.
Apoptosis in the aging liver. Oncotarget 2017, 8, 102640–102652, doi:10.18632/oncotarget.21123.

80. 81. 1. Choy, K.R.; Watters, D.J. Neurodegeneration in ataxia-telangiectasia: Multiple roles of ATM kinase in cellular
homeostasis. Dev. Dyn. 2018, 247, 33–46, doi:10.1002/dvdy.24522.

81. Pizzamiglio, L.; Focchi, E.; Antonucci, F. ATM Protein Kinase: Old and New Implications in Neuronal Pathways and
Brain Circuitry. Cells 2020, 9, 1969, doi:10.3390/cells9091969.

82. Moreno, D.F.; Jenkins, K.; Morlot, S.; Charvin, G.; Csikasz-Nagy, A.; Aldea, M. Proteostasis collapse, a hallmark of
aging, hinders the chaperone-Start network and arrests cells in G1. eLife 2019, 8, e48240, doi:10.7554/eLife.48240.

83. Barbosa, M.C.; Grosso, R.A.; Fader, C.M. Hallmarks of Aging: An Autophagic Perspective. Front. Endocrinol. 2019, 9,
790–790, doi:10.3389/fendo.2018.00790.

84. Hansen, M.; Rubinsztein, D.C.; Walker, D.W. Autophagy as a promoter of longevity: Insights from model organisms.
Nature reviews. Mol. Cell Biol. 2018, 19, 579–593, doi:10.1038/s41580-018-0033-y.

85. Nakamura, S.; Yoshimori, T. Autophagy and Longevity. Mol. Cells 2018, 41, 65–72, doi:10.14348/molcells.2018.2333.

86. Klionsky, D.J. Autophagy participates in, well, just about everything. Cell Death Differ. 2020, 27, 831–832,
doi:10.1038/s41418-020-0511-6.



87. Metaxakis, A.; Ploumi, C.; Tavernarakis, N. Autophagy in Age-Associated Neurodegeneration. Cells 2018, 7, 37,
doi:10.3390/cells7050037.

88. Kroemer, G.; Mariño, G.; Levine, B. Autophagy and the integrated stress response. Mol. Cell 2010, 40, 280–293,
doi:10.1016/j.molcel.2010.09.023.

89. Shane Anderson, A.; Loeser, R.F. Why is osteoarthritis an age-related disease? Best Pr. Res. Clin. Rheumatol. 2010,
24, 15–26, doi:10.1016/j.berh.2009.08.006.

90. Sacitharan, P.K.; Bou-Gharios, G.; Edwards, J.R. SIRT1 directly activates autophagy in human chondrocytes. Cell
Death Discov. 2020, 6, 41, doi:10.1038/s41420-020-0277-0.

91. Diot, A.; Morten, K.; Poulton, J. Mitophagy plays a central role in mitochondrial ageing. Mamm. Genome 2016, 27, 381–
395, doi:10.1007/s00335-016-9651-x.

92. LaRocca, T.J.; Hearon, C.M., Jr.; Henson, G.D.; Seals, D.R. Mitochondrial quality control and age-associated arterial
stiffening. Exp. Gerontol. 2014, 58, 78–82, doi:10.1016/j.exger.2014.07.008.

93. Bhutto, I.; Lutty, G. Understanding age-related macular degeneration (AMD): Relationships between the
photoreceptor/retinal pigment epithelium/Bruch’s membrane/choriocapillaris complex. Mol. Asp. Med. 2012, 33, 295–
317, doi:10.1016/j.mam.2012.04.005.

94. Fisher, C.R.; Ferrington, D.A. Perspective on AMD Pathobiology: A Bioenergetic Crisis in the RPE. Investig.
Opthalmology Vis. Sci. 2018, 59, AMD41, doi:10.1167/iovs.18-24289.

95. Handa, J.T.; Bowes Rickman, C.; Dick, A.D.; Gorin, M.B.; Miller, J.W.; Toth, C.A.; Ueffing, M.; Zarbin, M.; Farrer, L.A. A
systems biology approach towards understanding and treating non-neovascular age-related macular degeneration.
Nat. Commun. 2019, 10, 3347, doi:10.1038/s41467-019-11262-1.

96. Ao, J.; Wood, J.P.; Chidlow, G.; Gillies, M.C.; Casson, R.J. Retinal pigment epithelium in the pathogenesis of age-
related macular degeneration and photobiomodulation as a potential therapy? Clin. Exp. Ophthalmol. 2018, 46, 670–
686, doi:10.1111/ceo.13121.

97. Desmettre, T.J. Epigenetics in Age-related Macular Degeneration (AMD). J. Fr. Ophtalmol. 2018, 41, e407–e415,
doi:10.1016/j.jfo.2018.09.001.

98. Mansoor, N.; Wahid, F.; Azam, M.; Shah, K.; den Hollander, A.I.; Qamar, R.; Ayub, H. Molecular Mechanisms of
Complement System Proteins and Matrix Metalloproteinases in the Pathogenesis of Age-Related Macular
Degeneration. Curr. Mol. Med. 2019, 19, 705–718, doi:10.2174/1566524019666190828150625.

99. Wang, S.; Wang, X.; Cheng, Y.; Ouyang, W.; Sang, X.; Liu, J.; Su, Y.; Liu, Y.; Li, C.; Yang, L.; et al. Autophagy
Dysfunction, Cellular Senescence, and Abnormal Immune-Inflammatory Responses in AMD: From Mechanisms to
Therapeutic Potential. Oxidative Med. Cell. Longev. 2019, 2019, 3632169, doi:10.1155/2019/3632169.

100. Kudryavtseva, A.V.; Krasnov, G.S.; Dmitriev, A.A.; Alekseev, B.Y.; Kardymon, O.L.; Sadritdinova, A.F.; Fedorova, M.S.;
Pokrovsky, A.V.; Melnikova, N.V.; Kaprin, A.D.; et al. Mitochondrial dysfunction and oxidative stress in aging and
cancer. Oncotarget 2016, 7, 44879–44905, doi:10.18632/oncotarget.9821.

101. Kaarniranta, K.; Salminen, A.; Haapasalo, A.; Soininen, H.; Hiltunen, M. Age-Related Macular Degeneration (AMD):
Alzheimer’s Disease in the Eye? J. Alzheimer’s Dis. 2011, 24, 615–631, doi:10.3233/jad-2011-101908.

102. Ratnayaka, J.A.; Serpell, L.C.; Lotery, A.J. Dementia of the eye: The role of amyloid beta in retinal degeneration. Eye
2015, 29, 1013–1026, doi:10.1038/eye.2015.100.

103. Morgese, M.G.; Schiavone, S.; Trabace, L. Emerging role of amyloid beta in stress response: Implication for
depression and diabetes. Eur. J. Pharmacol. 2017, 817, 22–29, doi:10.1016/j.ejphar.2017.08.031.

104. Butterfield, D.A.; Boyd-Kimball, D. Oxidative Stress, Amyloid-β Peptide, and Altered Key Molecular Pathways in the
Pathogenesis and Progression of Alzheimer’s Disease. J. Alzheimer’s Dis. 2018, 62, 1345–1367, doi:10.3233/JAD-
170543.

105. Fritsche, L.G.; Igl, W.; Bailey, J.N.; Grassmann, F.; Sengupta, S.; Bragg-Gresham, J.L.; Burdon, K.P.; Hebbring, S.J.;
Wen, C.; Gorski, M.; et al. A large genome-wide association study of age-related macular degeneration highlights
contributions of rare and common variants. Nat. Genet. 2016, 48, 134–143, doi:10.1038/ng.3448.

106. Park, D.H.; Connor, K.M.; Lambris, J.D. The Challenges and Promise of Complement Therapeutics for Ocular
Diseases. Front. Immunol. 2019, 10, 1007, doi:10.3389/fimmu.2019.01007.

107. Grassmann, F.; Heid, I.M.; Weber, B.H.F.; International, A.M.D.G.C. Recombinant Haplotypes Narrow the
ARMS2/HTRA1 Association Signal for Age-Related Macular Degeneration. Genetics 2017, 205, 919–924,
doi:10.1534/genetics.116.195966.



Retrieved from https://encyclopedia.pub/entry/history/show/34587


