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Abstract
Age-related macular degeneration (AMD) is a major cause of
irreversible vision loss in the elderly. Although new therapies
have recently emerged, there are currently no ways of
preventing the development of the disease. Changes in intra-
cellular recycling processes. Changes in intracellular recycling
processes, called autophagy, lead to debris accumulation and
cellular dysfunction in AMD models and AMD patients. Drugs
that enhance autophagy hold promise as therapies for slowing
AMD progression in preclinical models; however, more studies
in humans are required. While a definitive cure for AMD will
likely hinge on a personalized medicine approach, treatments
that enhance autophagy hold promise for slowing vision loss.
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Introduction
Age-related macular degeneration (AMD) is a leading
cause of irreversible blindness among individuals aged
over 50 years, impacting nearly 30% of those over 80
years [1e4]. Advanced disease is characterized by cen-
tral vision loss, hindering reading, driving, and facial
recognition and in severe cases, it can lead to complete
legal blindness, significantly impacting independence
and quality of life [2,3]. AMD is characterized by the
progressive degeneration of the photoreceptors, which

are the light-sensitive neurons of the retina, as well as
www.sciencedirect.com
their supporting cells, known as the retinal pigment
epithelium (RPE) [3,5]. Diagnosis is based on the
presence and size of extracellular deposits called drusen,
which accumulate between the RPE and the choroidal
blood supply [3,5]. Additionally, pigmentary abnormal-

ities and the presence of abnormal waste deposits
known as lipofuscin within RPE cells are also indicators.
Late-stage AMD is typically classified into two groups:
dry or geographic atrophy (GA) and wet or neovascular
AMD (nAMD) [4e6]. The majority of late-stage AMD
cases are of the atrophic (GA) form and are character-
ized by loss of the patches of RPE and overlying pho-
toreceptors, while the remaining late-stage cases of
nAMD exhibit the growth of abnormal vessels beneath
the RPE or within the retina [6]. While vision loss
occurs over time in the atrophic form, it is accelerated in

nAMD due to the leakage and bleeding of the abnormal
vessels into the macula, resulting in macular edema,
direct photoreceptor damage, and eventually scarring
[6,7]. Currently, there are no medical treatments for
early or intermediate AMD and there are no treatments
that completely arrest late-stage AMD progression, but
there are some therapies that show some benefit in
slowing late-stage disease. In this review, we will
consider the current treatment options that are
approved for slowing the progression of late-stage AMD
and focus on how novel treatments targeting meta-

bolism and the intracellular recycling pathway, auto-
phagy, may have additional therapeutic potential.
Current treatments for late-stage age-
related macular degeneration
Neovascular age-related macular degeneration : Anti-
vascular endothelial growth factor agents
Over recent years, one of the great success stories in the
treatment of late-stage AMD has been the use of anti-
VEGF agents to treat nAMD [8]. Anti-VEGF thera-
pies, such as ranibizumab (Lucentis), aflibercept
(Eylea), faricimab (Beovu), and bevacizumab (Avastin),
have demonstrated remarkable efficacy in inhibiting the
progression of nAMD [8e10]. By blocking VEGFA,
these treatments reduce abnormal blood vessel growth,
leakage, and subsequent retinal damage [8]. Clinical

trials have consistently shown that anti-VEGF treat-
ments can improve visual acuity and quality of life for
most patients with nAMD over the short term, up to five
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years [8]. Recent evidence indicates that some of the
newer anti-VEGF drugs may display superior properties,
e.g. brolucizumab may require fewer injections and may
provide improved visual gains [9]. Faricimab targets
VEGF and also angiopoietin 2, (Ang2) a potent neovas-
cular signaling molecule [10]. Faricimab is relatively
recently approved, and so a head-to-head comparison of
the advantages of anti-VEGF/Ang2 relative to stand-

alone anti-VEGF molecules is yet to be completely
determined [10].

However, despite this success, some challenges are
associated with anti-VEGF therapies. Patients with
nAMD often require life-long monthly or bimonthly
intravitreal injections, which can be burdensome for
both patients and healthcare providers. Compliance
with this treatment regimen can be challenging and
expensive, leading to suboptimal outcomes. Addition-
ally, there have not been many follow-up studies

showing efficacy over the longer term (>5 years treat-
ment). One study has carefully considered the effects of
ranibizumab over 7 years [11]. It was found that,
compared with baseline measurements, almost half of
those treated with anti-VEGF therapies retained stable
vision, but unfortunately, around thirty percent experi-
enced visual acuity decline [11]. Notably, nearly 40% of
the eyes in the study did not develop fibrotic lesions,
indicating a deviation from the typical disease course
characterized by retinal destruction and the formation of
disciform scars [11]. These findings imply that anti-

VEGF therapy may play a role in preventing or delay-
ing the end stages of AMD, where the disease progres-
sion slows down or reaches a plateau. However, while
anti-VEGF therapy is a success story for some, more
than half of patients go on to lose vision and develop
fibrosis at the seven-year time point. Other studies also
suggest that many of these patients develop retinal
scarring and GA two to five years after initiating treat-
ment [12e14]. Thus, additional novel therapies
targeting fibrosis and modes of treatment that do not
involve regular intraocular injections are greatly needed
to improve outcomes for patients with nAMD.

Geographic atrophy: Anti-complement 3 (C3) and
anti-C5 agents
In a recent and exciting event for the field, the Federal
Drug Administration (FDA) in the Unites States
approved SYFOVRE� (pegcetacoplan injection) as the
first treatment for GA in 2023 [15,16]. This drug, like
those targeting VEGF, requires an intraocular injection

monthly or every two months. The therapy is an anti-C3
agent that blocks the innate immune system comple-
ment cascade product C3, with the aim to inhibit in-
flammatory-driven damage in the eye [15]. Positive
results were reported from a phase 2 clinical study,
which showed at 12 months of monthly or every other
month (EOM) treatment, the growth of the atrophy
lesion area was reduced by 33e45% relative to sham-
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injected eyes [15]. However, despite this, reduction in
lesion area, there were no improvements in visual acuity,
nor the low-light visual acuity deficit [15]. Furthermore,
two recent phase three clinical trials have also found a
modest but significant reduction in atrophic lesion
growth relative to control groups: OAKs study, 24%
(monthly) and 25% (EOM); Derby study, 36%
(monthly) to 29% (EOM) [16e18]. While pegcetaco-

plan treatment shows promise, the long-term effects are
yet to be determined. As a source of some concern,
pegcetacoplan seems to be associated with increased
rates of nAMD; 12% when administered monthly, 7%
when administered EOM and 3% in the control group by
2 years, suggesting careful patient selection and moni-
toring is required to avoid adverse conse-
quences [16,18].

In the same year, September 2023, a therapy targeting
the next stage of the complement cascade, C5, avacin-

captad pegol (called IZERVAY), was also approved for
use by the FDA [19e21]. Like pegcetacoplan, avacin-
captad pegol showed reduced growth of the area of at-
rophy relative to sham injected eyes following 12
months of monthly treatment [20]. While the drug was
well tolerated with no serious adverse events, more work
is required to confirm the safety and efficacy of this
treatment in slowing vision loss [20]. Other clinical
trials targeting inflammation in the eye were also
released recently in the Lancet in 2024 [22]. Results
from a phase 2 clinical trial, blocking microglial action

using oral minocycline showed initial promise, however,
at the end failed to slow GA lesion enlargement over 2
years and showed no improvement in vision [22].

Heading forward, like the anti-VEGF therapies for
nAMD, pegcetacoplan, and avacincaptad pegol require
regular intraocular injection, and so will pose challenges
for both patients and healthcare providers. Ensuring
patient compliance with this demanding schedule will
be difficult and costly, potentially resulting in subopti-
mal treatment outcomes. Overall, it is exciting that
novel drugs for GA treatment have FDA approval for the

first time, however it is still unknown how widely
accepted they will be in clinical practice and how effi-
cacious they will be in the broader population over time.

Despite these promising advances in therapies, there
are no drugs that slow the progression of vision loss in
early to late-stage disease, nor is there a treatment that
completely arrests late-stage disease. Consequently,
there is still an urgent need for new effective treat-
ments. This is reflected in the number of potential
treatments currently undergoing clinical assessment

with around 2250 registered clinical trials for AMD
(ClinicalTrials.gov) as of April 2024. Thus, the hope for a
new treatment for late-stage AMD is high. One pathway
that is currently under investigation is the intracellular
recycling pathway of autophagy. The remainder of this
www.sciencedirect.com
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review will focus on the role of autophagy in AMD
development and treatments targeting this pathway in
the treatment of AMD.

Autophagy: A cellular process for self-rejuvenation
Autophagy, derived from the Greek words, “auto”
meaning self and “phagy” meaning eating, is a highly
conserved cellular process that allows cells to recycle
and degrade their own components [23,24 for compre-
hensive reviews]. It is an essential mechanism for
maintaining cellular homeostasis, adapting to cellular

stress, and promoting cell survival. Autophagy is an
umbrella term that encompasses three main specific
Figure 1

Schematic of the molecular pathways that initiate and direct autophagy.
nutrient pathways are indicated in yellow; reactive oxygen species pathways ar
treatments that modify autophagy initiation that are considered in this review
pathway upregulation; red T-line arrows indicate pathway down-regulation. Af
enveloped in a double-membraned autophagosome. (Step 3) This fuses with a
4–5) The contents are degraded and returned to the cytoplasm for re-use. A
AuTophaGy-related, ATG; 50 adenosine monophosphate-activated protein kin
mechanistic target of rapamycin kinase, mTOR; ukelele, UKL; tuberous sclero
This illustration was started from a Biorender Template and content and stylis
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forms: macroautophagy, microautophagy, and
chaperone-mediated autophagy [23]. Each type of
autophagy involves distinct mechanisms and
contribute to different cellular functions; however, this
review will focus solely on macroautophagy, hereafter
called autophagy, which is the most extensively studied
and well-understood form of autophagy (Figure 1).

The process of cellular waste management via auto-
phagy involves several stages [23,24]. First, a membrane
structure called the phagophore forms in the cytoplasm,
which elongates and engulfs portions of the cytoplasm,
including damaged organelles, misfolded proteins, and
Autophagy initiators: growth factor pathways are indicated in green; low-
e indicated in purple and intersecting pathways are indicated in blue. Drug
are circled in black with a white background. The green arrows indicate
ter autophagy is initiated, contents for degradation are (steps 1–2)
lysosome, which contains degradation enzymes and lowers the pH. (Step
cronyms: microtubule-associated protein 1A/1B-light chain 3, LC3;
ase, AMPK; ataxia telangiectasia mutated, ATM; protein kinase B, AKT;
sis complex subunit, TSC; sequestosome 1 SQSTM1, P62; ubiquitin, Ub.
tic modifications were made.
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intracellular pathogens targeted for degradation. This
elongated membrane then seals to form a double-
membraned autophagosome, which encapsulates the
waste within its inner compartment. Subsequently, the
autophagosome fuses with a lysosome, forming a struc-
ture known as an autophagolysosome. Lysosomes are
acidic and contain hydrolytic enzymes, such as proteases
and lipases, which degrade the contents of the auto-

phagosome, releasing breakdown products that can be
reused by the cell. The degradation products, such as
amino acids, fatty acids, and nucleotides are then
released into the cytoplasm and made available for
cellular processes, including energy production and
biosynthesis [23,24]. This self-renewal process serves as
a cellular survival mechanism in times of nutrient scar-
city and stress conditions, allowing cells to survive in
unfavorable conditions, and promoting their adaptation
to environmental changes. Moreover, autophagy plays a
vital role in cellular quality control by eliminating

damaged organelles, misfolded proteins, and toxic ag-
gregates, thereby maintaining cellular homeostasis.

Autophagy is regulated by a complex network of
signaling proteins, driven by growth factor signaling, low
nutrient levels, and reactive oxygen species ([24,25];
Figure 1). A couple of the major regulators of autophagy
are mammalian target of rapamycin (mTOR), and 5’
adenosine monophosphate-activated protein kinase
(AMPK), which act as negative and positive regulators of
autophagy, respectively [24,25]. When nutrients and

growth factors are abundant, mTOR is active and in-
hibits autophagy. However, during nutrient deprivation
or in response to cellular stress, AMPK is stimulated and
mTOR is inhibited, triggering autophagy initiation
[24,25]. Additionally, autophagy is dependent on the
microtubule-associated protein 1A/1B-light chain 3
(LC3). During autophagy, the cytosolic form of LC3,
LC3-I, is converted to LC3-II through a two-step pro-
cess [26] involving cleavage of LC3-I and exposure to a
phosphatidylethanolamine lipid, resulting in the for-
mation of LC3-II. This lipidation step allows LC3-II to
associate with the autophagosome membrane, where it

plays a critical role in cargo sequestration and autopha-
gosome formation. Other autophagy-related proteins
ATG12 complex (ATG5, ATG7, ATG10, ATG12,
ATG16L1) ensures the proper formation [26] and
maturation of autophagosomes, and help in preventing
the premature fusion of the autophagosome with lyso-
somes [27]. Monitoring the conversion of LC3-I to LC3-
II and the subcellular localization of these autophagy
proteins provides insights into autophagic activity [26].

The importance of autophagy in health and disease has

garnered significant attention in recent years.
Dysfunctional autophagy has been implicated in various
human diseases, including neurodegenerative disorders,
cancer, and metabolic disorders [28,29], as well as AMD
[30]. Defects in the autophagy pathway can lead to the
Current Opinion in Pharmacology 2024, 76:102463
accumulation of toxic protein aggregates, impaired
organelle turnover, and altered cellular metabolism,
contributing to disease pathogenesis [28,30]. Modu-
lating autophagic activity through lifestyle in-
terventions, such as calorie restriction and exercise, or
through pharmacological interventions has shown
beneficial effects for the treatment of various diseases,
including cancer, metabolic disorders, and neurodegen-

erative conditions [31], and holds promise for the
treatment of AMD.

Noncanonical autophagy in the retinal pigment
epithelium
The RPE plays an important role in maintaining the
health of the retina and its death and dysfunction is a
critical driver of AMD. The RPE enlists an unusual,
noncanonical form of autophagy, which may contribute
to intracellular recycling dysfunction and disease pro-
gression in AMD [32,33]. The RPE is a monolayer of
terminally differentiated epithelial cells that lies be-
tween the neural retina and choroidal blood supply [
[34,35] for comprehensive reviews of RPE function]. In

addition to providing nutrients and oxygen from the
choroidal blood supply to the neural retina, removing
waste products from the retina, and generating the outer
blood retinal barrier; RPE cells are one of the most
phagocytic postmitotic cells found in the body. One
RPE cell is in contact with 30e50 photoreceptors and
carries out diurnal phagocytosis of shed photoreceptor
outer segments, allowing recycling of vitamin A and fatty
acids through the visual cycle and lipid cycling [36].
One molecular pathway that is used to ensure active
engulfment and processing of outer segments involves

LC3-associated phagocytosis (LAP), which is a nonca-
nonical form of autophagy [32,33]. LAP can be assessed
by detecting the close association of LC3 immunore-
activity with rhodopsin-positive phagosomes, and this
process competes with the traditional autophagy-
lysosomal pathway [32]. This may render the RPE
particularly sensitive to dysfunction in autophagy
processing pathways.

Autophagy is impaired in the retinal pigment
epithelium in aging and age-related macular
degeneration
With age, RPE cells upregulate autophagy to enhance
the renewal of cellular components. Age-related in-
creases in autophagosome numbers and expression of

autophagy proteins have been observed in the RPE of
mice and human donor specimens [37,38]. Despite
upregulation of autophagy, in the mouse eye, RPE cells
are lost with age, and while the number of LC3-positive
autophagosomes increase, the number of lysosomes
available for processing does not increase, suggesting
that autophagy-lysosomal function is diminished in the
RPE with age [37]. Further assessment of protein
expression important for autophagy processes indicates
that AMPKa, the energy and stress sensor, is
www.sciencedirect.com
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upregulated in the aged mouse RPE [37]. In the RPE,
AMPKa has been found to play a crucial role in main-
taining a balance between autophagy and photoreceptor
outer segment phagosome processing. Increased
expression of AMPKa upregulates autophagy and
downregulates phagocytosis to prioritize resources for
the more vital autophagy pathway [33]. This suggests
there is a slowing of photoreceptor outer segment

processing with age [37]. Finally, intracellular waste
proteins tagged by Protein 62, a 62 kDa protein, also
known as sequestosome-1 (P62), accumulates when
autophagy-lysosomal processes are impaired in the RPE
and retina [39] and is increased in the RPE of aged mice
[37]. Together, these data suggest that processing of
intracellular waste is reduced in the aging RPE, poten-
tially contributing to cell failure with age.

In AMD, autophagy flux is significantly reduced in the
RPE of human donors [40]. There is an accumulation of

cytoplasmic debris, lipids, and undigested protein ag-
gregates that are tagged for autophagic degradation,
indicating that autophagy is dysregulated in the RPE of
patients with AMD [38,40]. There is also evidence that
failure to degrade mitochondria via the autophagy
pathway, reduced mitophagy, mitochondrial dysfunc-
tion, and RPE death in AMD in humans [41]. Studies
using mouse models with conditional deletions of
autophagy pathway genes, ATG5 and ATG7 in the RPE
indicate the importance of autophagy in RPE function
and AMD pathogenesis. These mice show age-

dependent degeneration of the RPE, characterized by
pigmentation defects and RPE atrophy, which are hall-
marks of late-stage AMD [42]. Additionally, rodent
models of AMD, such as apolipoprotein E4 (ApoE4)
mice fed a high-fat diet and apolipoprotein E (ApoE)
null animals exhibit impaired autophagy in aged animals
and RPE changes consistent with early AMD [38,43].
Failure in autophagy pathways results in the accumula-
tion of intracellular waste and contributes directly to
RPE cell dysfunction and loss in mouse models of AMD
and humans with AMD.

Impaired autophagy in the RPE has also been associated
with the promotion of inflammation, which may further
contribute to RPE cell dysfunction and death. In
coculture experiments with bone marrow-derived mac-
rophages, RPE cells with dysfunctional autophagy in-
crease the secretion of inflammatory caspase-1, a marker
for NLRP3 inflammasome activation, and proin-
flammatory cytokine, interleukin-1-beta (IL-1b) [44].
This suggests that defective autophagy in the RPE can
activate the inflammasome cascade, driving macrophage
activation, potentially contributing to RPE cell death in

AMD [44]. In summary, impaired autophagy leads to the
accumulation of cellular waste RPE degeneration, and
inflammation, all of which contribute to the develop-
ment and progression of AMD. Understanding the role
of autophagy in RPE function and AMD pathogenesis
www.sciencedirect.com
may provide insights into potential therapeutic strate-
gies for this sight-threatening disease.

Treatments targeting autophagy as a therapy for age-
related macular degeneration
Treatments targeting enhanced autophagy have been
investigated in animal models and humans as a therapy
for AMD and as antiaging drugs more generally [45].
While caloric restriction has long been known to increase
longevity [46,47], finding drugs to target these pathways
to enhance autophagy without modifying diet has been a

holy grail of anti-aging research. Drugs that stimulate
the AMPK pathway and those that directly inhibit the
mTOR pathway have been the subject of the most
research for longevity and slowing pathology associated
with AMD. These treatments will be reviewed
below (Figure 1).

mTOR inhibitor, rapamycin/sirolimus
Rapamycin, also known as sirolimus, is an autophagy
enhancer [48,49]. It is a macrolide antibiotic that was
originally developed as an antifungal agent and is a
potent inhibitor of mTORC1; it is also well known for its
anti-inflammatory effects [49]. In cell culture and
animal models, rapamycin has been found to be bene-
ficial in increasing longevity [50], but also in slowing

pathological manifestations of AMD. With regards to
AMD specifically, in RPE cell culture studies, rapamycin
was found to attenuate induced premature senescence
and cell death caused by glutathione [51]. In a light-
damage model of AMD in mice, rapamycin was found to
improve rod photoreceptor survival and function by
enhancing autophagy and partially by inhibiting
inflammation [52]. As a potential treatment for nAMD,
rapamycin has also been found to inhibit angiogenesis by
decreasing VEGF production and attenuating the
endothelial cell response to VEGF [53,54]. One mech-

anism determined from the RPE-endothelial coculture
model, is that rapamycin reduces VEGF production by
the RPE, which in turn reduces endothelial cell
sprouting and angiogenesis [55]. In a rodent model of
pathological retinal neovascularization, rapamycin
treatment was found to reduce new vessel growth
[56,57]. Similarly, in the laser-induced rodent model of
nAMD, rapamycin was found to inhibit retinal and
choroidal neovascularization, suggesting a protective
effect [56]. These animal studies suggest rapamycin
may show therapeutic potential in the treatment of

AMD, both GA and nAMD.

In contrast to these preclinical studies, however, in
humans, there is currently little persuasive data indi-
cating the efficacy of rapamycin for the treatment of
AMD. Rapamycin’s utility in human studies has been
limited by its low solubility and the need for intravitreal
injections. For the treatment of GA, in a phase 2 clinical
trial, monthly administration of rapamycin did not result
in altered rates of GA progression [58]. Patients were
Current Opinion in Pharmacology 2024, 76:102463
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treated for two years and no improvement in GA lesion
size or best corrected visual acuity was observed. How-
ever, issues with the drug formulation may have
contributed to this, as patients were averse to the
treatment due to a “drug depot” effect, and additionally,
there was an increase in sterile endophthalmitis, above
that expected from other drug intravitreal injections,
e.g. anti-VEGFs, which caused the early termination of

the study [58]. With respect to the treatment of nAMD,
rapamycin has also been used in conjunction with anti-
VEGF therapy, aflibercept [59]. However, in a small
clinical trial, intravitreal rapamycin with adjunct afli-
bercept administered every 2 months over 36 months
(n = 10 control vs n = 10 treated) did not improve
either central subfield thickness or best corrected visual
acuity. The authors did note that the treatment
appeared to have potential anatomical benefits as a
treatment for persistent, exudative AMD; however, this
requires further investigation with a larger cohort to

better understand the potential risks and benefits [59].
However, overall, there is currently limited evidence for
the use of rapamycin in the treatment of AMD in
the clinic.

AMP-activated protein kinase stimulators: Metformin
and 5-amino-4-imidazolecarboxamide ribonucleoside
AMPK regulators such as metformin and 5-amino-4-
imidazolecarboxamide ribonucleoside (AICAR) can
modulate autophagy via inhibition of mTOR; however,
the AMPK pathway can also initiate autophagy inde-
pendently of mTOR via the ukelele (ULK) pathway
(Figure 1, [60]). Thus, treatments targeting this energy-
sensing regulator have alternate molecular pathways to

enhance autophagy, which may be of value in enhancing
longevity and in the treatment of AMD. Like rapamycin,
AMPK enhancers have been found to increase longevity
in a range of preclinical models [61e63]) and for
metformin in humans too [64].

Metformin
Metformin was initially extracted from the plant Galega
officinalis (French lilac) [65]. Unlike rapamycin, it is
water-soluble and orally bioavailable. Metformin has
been used as a glucose-lowering medication in humans
for more than 60 years. Of all the antidiabetic medica-
tions, metformin is now the recommended first-line

treatment for type 2 diabetes according to the Amer-
ican Diabetes Association (ADA) guidelines. However,
the uses of this drug are constantly being expanded to
include cancer, obesity, nonalcoholic fatty liver disease,
and metabolic syndrome [65]. In the treatment of AMD,
in a range of RPE cell culture models, including RPE
derived from inducible pluripotent stem cells (iPSCs)
from AMD patients, metformin treatment has been
found to aid metabolism and slow RPE damage and
death, suggesting the potential for slowing AMD
Current Opinion in Pharmacology 2024, 76:102463
progression [66e69]. Consistent with these cell culture
findings, in mice lacking ApoE, which display an early
AMD phenotype of reduced retinal function and
thickening of Bruch’s membrane with age, metformin
was found to enhance retinal function and reduce
Bruch’s membrane thickening ([43]; Figure 2). In these
animals, metformin was found to enhance autophagy in
the retina and RPE by targeting AMPK, but the effects

on autophagy were generally independent of the regu-
lation of the mTOR complex [43].

Recent evidence from humans also suggests that met-
formin may have therapeutic potential in reducing the
chance of development of AMD [70e72] and maybe in
slowing AMD progression. Following a quantitative
meta-analysis of a range of retrospective analyses, from 9
suitable studies including 1,427,074 individuals with
diabetes, metformin was found to be associated with a
decreased odds ratio of developing AMD (OR 0.63; 95%

CI: 0.46e0.86; p = 0.004) independent of other
predisposing variables [71]. Despite this, at the present
time there are no published clinical trials; however,
“Metformin for the Minimization of Geographic Atrophy
Progression in Patients with AMD (METforMIN)” is
listed on the clinical trials registry as of June 2023. The
results to date for this phase 2 clinical trial have been
presented in abstract summary form at the Association
for Research in Vision and Ophthalmology (ARVO)
conference in 2023 [73]. Briefly, this trial was a single-
blind, randomized, evaluation of the safety and effi-

cacy of metformin use to decrease GA progression in
nondiabetic patients with dry AMD. While 66 patients
were recruited, only 21 metformin-treated and 23
monitored control patients remained at study end. Pa-
tients were treated from recruitment to 18 months and
assessed at 24 months, and no serious adverse events
related to metformin use were reported [73]. At this
time point metformin did not alter GA area or best
corrected visual acuity compared to monitored controls.
However, for low luminance best corrected visual acuity,
and the metformin group showed mild to no loss of
vision �1.6 � (2.0 SD) versus �5.8 � (1.9 SD) for the

monitored control; however, these changes were not
significant (p = 0.13) [73]. While not statistically sig-
nificant, these results show some promise, as low-
luminance vision is a critical indicator of AMD pro-
gression; however, due to the low number of partici-
pants, the treatment paradigm (ceasing of treatment at
18 months and assessment at 24 months), further
studies are warranted, especially on early-intermediate
AMD patients.

5-amino-4-imidazolecarboxamide ribonucleoside
5-amino-4-imidazolecarboxamide ribonucleoside
(AICAR) was first proposed in 1995 to be a cell-

permeable AMP analog or mimetic, where it was found
www.sciencedirect.com
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Figure 2

Thirteen-month-old mice lacking ApoE have reduced retinal function, increased Bruch’s membrane thickness, and reduced autophagy, which
is ameliorated by treatment for eight months with either trehalose or metformin in the drinking water. C57blk6J control and ApoEnull mice were
given standard drinking water (sham), trehalose (3 g/kg/day) or metformin (0.4 g/kg/day) from 5 months to 13 months of age. (a) Rod photoreceptor
response was evaluated using the electroretinogram to assess retinal function. In ApoEnull mice, photoreceptor function was reduced, and this was
restored to control levels by 8 months of treatment with either trehalose or metformin. (b) Bruch’s membrane thickness was evaluated using ultrathin resin
sections and transmission electron microscopy. Bruch’s membrane thickening was observed in ApoEnull, consistent with an AMD phenotype, and this
was ameliorated by treatment with either trehalose or metformin. (c) LC3-I and LC3-II levels were evaluated from retinal samples using western blot. In
ApoEnull mice, there was a relative increase in the LC3-II/I ratio compared to controls suggesting a slowing of autophagy. Both trehalose and metformin
restored the LC3-II/I ratio in ApoEnull retina to control levels. The original methods and data are presented in Ref. [43]. For the purposes of this review, the
ApoEnull sham and treatment group data have been reanalyzed and regraphed for presentation as a percentage of the C57blk6J control sham group
(100%, dotted line). Individual data points are presented, along with the mean and standard error of the mean. One way ANOVA with post-hoc signifi-
cance of * p < 0.05 is shown.
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to activate AMPK energy pathways in intact hepatic
cells [74]. While AICAR is water-soluble, it is not orally
bioavailable and requires administration via intraperi-
toneal or intravitreal injection in animal studies. Since it
was initially proposed, AICAR has been used in a variety
of studies, ranging from metabolism and exercise phys-
iology to cancer [75]. In RPE cell culture, AICAR has
been found to enhance the autophagy clearance of P62-
tagged intracellular waste and promote cell survival
[76]. Furthermore, in RPE derived from iPSCs of GA

AMD patients, AICAR was found to generally improve
metabolism and mitochondrial function [67,77]. In mice
lacking ApoE and fed a high-fat diet, which a preclinical
model of AMD and AICAR was found to upregulate RPE
expression of the ATP-binding cassette (ABC) trans-
porters, ABCA1 and ABCG1, which are essential for the
formation of high-density lipoprotein (HDL) and lipid
transport; it was also found to reduce Bruch’s membrane
lipid deposits and thickness [78]. These findings sug-
gest that the use of AICAR in the treatment of slowing
AMD progression may be beneficial; however, to date,

there are no clinical trials reported in the literature or
registered, and so the potential efficacy of this treat-
ment in humans is unknown.

Autophagy enhancer: Trehalose
Trehalose (a,a-trehalose) is a disaccharide formed by a
1,1 linkage of two D-glucose molecules. It is water-sol-
uble, bioavailable, very stable, and not easily hydrolyzed
by acid or cleaved by a-glucosidase [79]. It is found
www.sciencedirect.com
primarily as an energy source in a variety of species,
including plants, algae, fungi, yeasts, bacteria, and in-
sects. In higher vertebrates, such as mammals, trehalose
is not produced and is only obtained from the diet [79].
The sources in the modern human diet are limited, but
for example, a high source is commercially grown
mushrooms that can contain 8e17% (w/w) of trehalose.
In mammals, trehalose is broken down into two glucose
molecules in the small intestine by the enzyme and
trehalase; however, due to this relatively late step in the

digestive processing of trehalose, consumption results in
a reduced absorption rate and consequently reduced
glycemia, insulinemia, and oxidation rate in energy
metabolism at rest and during exercise [80,81]. In
cultured human RPE, trehalose has been shown to
enhance basal autophagy and lysosomal clearance
increasing the expression of cathepsin D; it also pro-
motes cell survival after oxidative stress insult [82]. In
cultured RPE derived from iPSCs of AMD patients with
GA, trehalose was found to enhance autophagy in a
mechanism that was independent of AMPK modulation

and to ultimately improve metabolism and mitochon-
drial function [67,77]. Consistent with these cell cul-
ture findings in mice lacking ApoE, trehalose provided
in the drinking water was found to enhance autophagy in
the retina and RPE (Figure 2). However, unlike the
previous culture-based study, this in vivo study showed
trehalose enhanced autophagy by targeting pMAPK-14
and AMPK, acting independently of regulating the
mTOR complex [43]. Overall, trehalose was found to
Current Opinion in Pharmacology 2024, 76:102463
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enhance retinal function and reduce Bruch’s membrane
thickening in aged mice lacking ApoE mice relative to
untreated controls [43]. These findings suggest that the
use of trehalose in the diet may be useful in slowing
AMD progression; however, like AICAR, to date there
are no clinical trials reported in the literature or regis-
tered, and so the potential efficacy of this treatment for
humans is unknown.
Conclusions
AMD is a leading cause of irreversible vision loss among
individuals aged over 50 years. Currently, there are no

medical treatments for early or intermediate AMD, and
there are no treatments that completely arrest late-stage
AMD progression. While the currently approved anti-
VEGF and anti-C3 treatment options show some ca-
pacity for slowing the progression of late-stage AMD,
the need for intravitreal injections, poor patient
compliance, and limited efficacy means that more
treatments are greatly needed. Novel therapies target-
ing metabolism and autophagy may have additional
therapeutic potential. In particular, repurposing of the
antidiabetic drug metformin shows great promise as a

general therapy to slow vision loss in AMD. However, a
true cure for AMD is still many years away and will likely
rely on individualized medicine. In the meantime, drugs
targeting autophagy may slow vision loss, if only for a
short duration, could be important steppingstones to
improving patient quality of life.
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