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Research progress in 7-ketocholesterol and age-related macular
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[Abstract] Age-related macular degeneration (AMD) is the leading cause of irreversible vision loss in older
adults, with early-stage features including subretinal lipid deposits and progressing to retinal geographic atrophy and
choroidal neovascularization in advanced stages. The dysregulation of ocular lipid metabolism, oxidative stress, and
inflammation are critical risk factors for AMD pathogenesis. 7-ketocholesterol (7-KC), a hallmark of ocular lipid
metabolism disorders, is a significant component of subretinal lipid deposits in AMD patients, exhibiting toxicity to
retinal cells and exacerbating lipotoxic aging. This review elaborates on the biosynthesis and metabolism of 7-KC in
the retina, investigates its detoxification mechanisms by examining its binding proteins, and summarizes recent
progress on kinase signaling pathways induced by 7-KC through inflammatory cytokines and intracellular effectors.
The aim is to pinpoint potential pharmacological targets, nutritional compounds, and synthetic molecules to explore
the potential of targeting 7-KC for AMD treatment.
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Cholesterol is one of the most abundant molecules in
mammalian tissues and cells. Its precise regulation is essential for
maintaining cellular homeostasis and viability. Cellular cholesterol
homeostasis is maintained through a sophisticated balance between
three key pathways: de novo biosynthesis, receptor-mediated uptake

. . 1-2
and active efflux mechanisms!' ™.

from exogenous sources,
Dysregulation of cholesterol levels has been strongly linked to age-
related diseases, including atherosclerosis and age-related macular
degeneration (AMD)"! and Alzheimer disease'*'. AMD is the
leading cause of irreversible blindness in the elderly population.
Early stages are characterized by elevated levels of 7-ketocholesterol
(7-KC) within retinal lipid deposits known as drusen, which
constitute significant risk factors for progression to late-stage AMD,
which  manifests as two distinct phenotypes:  exudative
(neovascular) AMD and geographic atrophy. Exudative AMD is
characterized by choroidal neovascularization ( CNV ), a
pathological process driven by angiogenic factors such as vascular
endothelial growth factor (VEGFE). This results in extravasation of
fluid, lipids, and blood into retinal tissues, representing a leading
global cause of irreversible visual impairment'®™®'. In the healthy
retina, cholesterol is mainly derived from local de novo synthesis,
with a smaller portion obtained from extra-retinal uptake through
low-density lipoproteins ( LDL)"”"*'. The highly pro-oxidative
microenvironment of the retina renders cholesterol particularly
susceptible to oxidation, resulting in the formation of oxysterols'!,
which exhibit greater biological activity than cholesterol and
significantly influence cholesterol metabolism, synthesis, and
reverse cholesterol transport'™'.  However, specific oxysterols,
particularly 7-KC, exhibit pronounced cytotoxicity in retinal cell
populations. Age-dependent accumulation of 7-KC in the subretinal
underlying  retinal

space may drive pathogenic processes

degeneration, including AMD!"""?!. 7-KC exhibits pro-oxidant,

pro-inflammatory, and  pro-angiogenic  properties, while
demonstrating potent cytotoxicity through programmed cell death
induction'”’.  These  pathogenic effects likely  contribute
significantly to retinal pigment epithelium (RPE) injury in AMD.
Retinal 7-KC formation primarily occurs through autoxidation

. . NER
processes analogous to those observed in atherosclerotic lesions'™*®!.

1 Biosynthesis and Metabolism of 7-KC in the Retina

1.1 Biosynthesis of 7-ketocholesterol in the retina

The retina, a highly specialized neural tissue organized into
ten distinct layers, contains abundant cholesterol distributed
throughout its cellular structure. Photoreceptors, the light-sensing
neurons of the retina, play indispensable roles in phototransduction
and require continuous cholesterol provision to maintain the
dynamic cycle of outer segment shedding, phagocytosis by RPE,

and subsequent regeneration. Consequently, retinal cholesterol

homeostasis represents a sophisticated regulatory system involving
three interdependent processes: de novo biosynthesis, receptor-
mediated uptake from systemic circulation, and intricate intraretinal

U4 Early experiments in rats, which

transport mechanisms
involved the intravitreal injection of *H-acetate followed by
monitoring its incorporation into cholesterol,  demonstrated
cholesterol formation in the neural retina within six hours,
confirming the existence of a local cholesterol synthesis pathway.
However, the absolute rates of cholesterol synthesis were not
measured. Using deuterated water ([*H| water) and subsequent
mass spectrometry analysis of cholesterol isotopomer distribution,
researchers found that more than 70% of retinal cholesterol arises
from local synthesis. Mice fed cholesterol-enriched diets for two
weeks exhibited similar cholesterol uptake proportions. However,
following the administration of simvastatin, a local cholesterol
biosynthesis inhibitor, retinal cholesterol levels decreased'”'.
Recent studies have identified cholesterol biosynthetic genes such
as 3-hydroxy-3-methyl glutaryl coenzyme A reductase (HMGCR) in
RPE cells, with the expression showing circadian variation,

1 .
11 Besides de novo

confirming cholesterol synthesis in these cells
synthesis, the neural retina can absorb cholesterol from blood-borne
lipoproteins by crossing the blood-retina barrier. Research has
demonstrated that after intravenous injection of human low-density
lipoprotein  ( LDL ) particles "doped" with cholestatrienol,
cholesterol fluorescence was observed in the choroid, RPE, and
distal outer neural retina within 2 hours after injection, and in 6
hours, cholesterol was present in the entire neural retina,
suggesting that cholesterol carried by LDL can be absorbed by the
retina and distributed extensively!”’. Experiments showed that LDL
is absorbed by ARPE-19 cells through the LDL receptor (LDLR).
In LDLR-knockout mice, lipid accumulation was observed in Bruch
membrane. It is confirmed that systemic abnormal lipid metabolism
can affect the eye''’".

Interestingly, recent single-cell sequencing of human retinas
derived from human embryonic stem cells revealed that enzymes in

the cholesterol mevalonate pathway are not enriched in

photoreceptors'"®!.  Computational models of retinal sterol

homeostasis indicate that photoreceptor cholesterol is predominantly
obtained from external sources rather than synthesized locally'"’.
Synthesized cholesterol predominantly exists in two forms: esterified
cholesterol and unesterified cholesterol, which are interconvertible.
Esterified cholesterol is the preferred form for transport and energy
storage, while unesterified cholesterol is essential for maintaining
cell membrane integrity and serves as a precursor for bile acid,
vitamin D, and steroid synthesis.

Retinal cholesterol undergoes oxidation via both enzymatic (e.
g., cytochrome P450) and non-enzymatic ( reactive oxygen

species) pathways. In AMD, histochemical analyses of subretinal
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deposits demonstrate substantial accumulation of unesterified
cholesterol and cholesteryl esters—lipid species recognized as
molecular markers of retinal aging and pathological dysfunction''.
7-KC, a prominent form of unesterified cholesterol, is primarily
formed through non-enzymatic pathways in the retina. Two primary
mechanisms mediate the formation of 7-KC: the singlet oxygen

. . . 21
mechanism and free radical mechanisms'*"

The singlet oxygen
mechanism leads to the production of 6-hydroperoxides, which
rearrange to form 7-hydroperoxides. This compound then oxidizes
other molecules and is further rearranged into 7-hydroxycholesterol
and 7-KC. This process is light-dependent and requires appropriate
photosensitizers to mediate cholesterol oxidation.  Although
hematoporphyrin is an effective photosensitizer for cholesterol
oxidation, studies using retinal extracts from monkeys and light-
damaged aging rats have failed to identify intermediates related to

. . 22
this mechanism'*!

Research has shown that in photo-damaged
regions of albino rats, particularly in mitochondria-rich areas, 7-KC
levels  significantly  increase.  Liquid  chromatography-mass
spectrometry (LC-MS) analyses of oxidative intermediates revealed
that 7-KC is generated through free radical-mediated pathways
involving reactive oxygen species (ROS) and reactive nitrogen
species, which are byproducts of cellular metabolism'™'. In the
retinal microenvironment, labile iron catalyzes lipid peroxidation in
photoreceptor outer segments, particularly under bright light
exposure. Cytochrome ¢, while primarily a mitochondrial electron
transport protein, can serve as a source of redox-active iron.
Through Fenton chemistry, hydrogen peroxide oxidation facilitates
iron release from cytochrome c¢. Another significant source of retinal
7-KC is circulating lipoproteins, when retinal LDL metabolism is
impaired, LDL particles undergo oxidative modification to form ox-
LDL. Notably, 7-KC constitutes the predominant oxysterol species
in ox-LDL, representing approximately 30% of total oxysterol

contentm]

. Emerging evidence indicates that 7-KC may also derive
from gut microbiota-mediated cholesterol metabolism, where
microbial oxidation products are absorbed via enterohepatic
circulation and contribute  to

subsequently systemic  pro-

inflammatory states'™'. Dietary intake, particularly from poorly
stored animal-derived foods, is another potential source of 7-KC,
significantly increasing the body “s oxysterol load, while the liver
typically metabolizes most dietary 7-KC, impaired liver function

). While direct evidence

may result in incomplete metabolism'?
connecting dietary 7-KC to ocular accumulation remains lacking,
excessive intake may potentially contribute to elevated intraocular 7-
KC levels through systemic circulation.

As a developmental extension of the central nervous system,
the retina exhibits unique cholesterol uptake mechanisms that differ

significantly from those in the brain. While the brain relies almost

exclusively on endogenous cholesterol synthesis due to the

impermeability of the blood-brain barrier ( BBB) to circulating
lipoproteins, oxidized sterols demonstrate notable BBB penetrance
and can progressively accumulate in neural tissue'”’'. 7-KC has
been identified in  the neuropathology of age-related
neurodegenerative disorders, including Alzheimer disease. While
its exact origin remains uncertain, potentially deriving from either
peripheral circulation (via BBB transgression) or local oxidation of
brain cholesterol presence in neural tissue demonstrates significant
neurotoxic potential. Similarly, large accumulations of 7-KC have
been observed in subretinal deposits in AMD, but whether 7-KC
can cross the blood-retinal barrier has not been reported. This
raises the hypothesis that 7-KC may similarly compromise the
blood-retinal barrier. Experimental evidence demonstrates that
oxidized sterols can disrupt BBB integrity, particularly under

8 . . .
!, Such oxidative damage increases

pathological mechanical stress!™
vascular permeability, permitting toxic compounds to infiltrate the
normally protected neural parenchyma. This process may establish
a self-perpetuating cycle wherein: initial barrier dysfunction
facilitates 7-KC influx, accumulated 7-KC exacerbates oxidative
damage, and progressive barrier deterioration accelerates neuronal
degeneration.
1.2 Metabolism of 7-KC in the retina

7-KC undergoes metabolism through three principal pathways:
two distinct hydroxylation routes and one sulfonation pathway.
Notably, the eye appears to be uniquely capable of executing all
three metabolic transformations. In retinal tissue, the cytochrome
P450 enzymes CYP27A1 and CYP46A1 mediate the hydroxylation
of 7-KC"™'. CYP27Al, a mitochondrial protein, is found in the
inner segment of photoreceptors, RPE, Miiller cells, and choroidal
capillary endothelial cells. In humans, the expression of CYP27A1
in the RPE is 2-4 times higher than that in the neural retina,
where it converts 7-KC into 27-hydroxycholesterol ™. Deficiency of
CYP27A1 leads to cerebrotendinous xanthomatosis, which is
associated with ocular abnormalities such as cataracts™', retinal
degeneration, optic disc pallor, and retinal atrophy”'". In
contrast, CYP46A1 is primarily expressed in the neural retina,
with lower expression levels in the RPE. The expression of
CYP46A1 in the retinas of both humans and monkeys is severalfold
lower than that of CYP27A1, making CYP27A1 the primary
enzyme responsible for 7-KC metabolism. The sulfonation pathway
represents an alternative metabolic route for 7-KC detoxification.
Through the action of SULT2B1b, an enzyme notably overexpressed
in 293T cell models, 7-KC wundergoes conversion to 7-
ketocholesterol-3-sulfate, resulting in partial attenuation of its
cytotoxic effects. Notably, SULT2B1b has not been detected in the
human neural retina despite comprehensive profiling. Although three
metabolic pathways for 7-KC have been identified in retinal tissue,

conventional oxysterol metabolites , including 24- hydroxycholesterol
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and 27-hydroxycholesterol, remain undetectable. Instead, 7-KC pathological neovascularization, and fibrotic remodeling. These
accumulates progressively with aging and demonstrates strong diverse actions underscore the critical influence of oxysterol
pathological associations with major ocular disorders, particularly imbalance on AMD pathogenesis'**™*'
AMD, glaucoma, and cataract formation. 2.1 Accumulation of 7-KC in retina

Studies in rodent models have revealed age-

dependent accumulation of 7-KC in retinal tissues.

Immunohistochemical analyses of sclerochoroidal flat-
mount preparations demonstrate significantly greater
7-KC  deposition in  aged ( 24-month-old )
CX3CR1IGFP/+ mice compared to young (2-month-

old) controls, with particularly prominent localization

TROS/RNS/Fenton reaction..
Ta, B-Hydroxycholesterol

| |

in the outer retina and choroidal layers'*'.

- — = - Complementary LC-MS/MS analyses in non-human

" 7-Ketocholesterol

primates have demonstrated progressive age-related

( l l ) accumulation of 7-KC  across critical ocular
compartments, with  particularly  pronounced
24-0H-TKC 27-0OH-TKC 7-KChs 7-KFAEs
- e e, i, deposition in  RPE,  choroid, and  Bruch
o o D . G. o A o' G 3 °. ey membrane'”!. In humans, 7-KC accumulates in the

RPE/choroid region as a consequence of aging and is

Figure 1 Schematic representation of 7-ketocholesterol synthesis and metabolism . M. . . .
- ) ) ) found at significantly higher levels in drusen deposits
This representation was from pubchem. ncbi. nlm. nih. gov. 7-ketocholesterol can be

synthesized through enzymatic reactions, where 7-dehydrocholesterol is converted into 7- compared to healthy adults, with concentrations
ketocholesterol via cytochrome P450 reactions, which can be metabolized by the liver. Tt ranging from 200 to 17, 000 pmol/nmol in the RPE/
can also be produced through cholesterol autoxidation and oxidized low-density lipoprotein choroid™! . In some elderly individuals, the levels of
oxidation. Part of 7-ketocholesterol may arise from diet and gut microbiota imbalance. 7-

ketocholesterol metabolism also occurs via hydroxylation and sulfation. The primary 7-KC in the RPE/choroid tissues are similar to those
hydroxylating enzyme, CYP27A1, converts 7KC to 27-OH-7KC'**). CYP46A1 converts 7- found in atherosclerotic plaques, and the 7-KC level
ketocholesterol to 24-OH-7KC'?”'; sulfation by the enzyme SULT2B1b converts 7- in serum also increased 1.8 times in AMD

ketocholesterol into 7KChs'*!. 7-ketocholesterol can also be converted into 7KC-fatty acid
[42]

patients'®!,  suggesting that it may be a potential

esters in cells via cytosolic phospholipase A2« and sterol O-acyltransferase biomarker.

2.2 Potential binding proteins for 7-KC
2 Pathophysiological Properties of 7-KC in AMD Targeted binding proteins of 7-KC are critical area of

research, particularly for understanding its clearance and
AMD represents the predominant cause of irreversible vision ) )
detoxification mechanisms. Identifying potential binding proteins for
loss in aging populations. Accumulating evidence demonstrates that
7-KC may provide insight into its intracellular pathological effects
dysregulated ocular cholesterol homeostasis plays a central role in
and be essential for its elimination. Several potential binding
AMD pathogenesis. Early disease stages are pathologically
. . . . ) proteins have been identified, including caveolin-1 ( Cav-1),
characterized by subretinal drusen deposits, which contain a
oxysterol-binding proteins, and liver X receptors (LXRs).
complex mixture of lipids (including cholesterol and oxysterols) and Y &p ’ P (LXRs)
. . 32-33) . . Cav-1 has been found in various cell types, which is
proteinaceous material . 7-KC, a major constituent of
pathological lipid deposits, emerges as an active mediator of AMD associated with lipid rafts on the cellsurface and cholesterol-rich

Golgi membranes'*’. Cav-1 serves a critical role in cholesterol

progression. This oxysterol exhibits dual pro-oxidant and cytotoxic

. S . . binding and membrane organization, facilitating both cholesterol
properties, functioning as a potent inducer of oxiapoptophagy, a

combined oxidative stress-induced cell death pathway involving aggregation and membrane interactions through its scaffolding

oxidation, apoptosis, and autophagy*™"'. 7-KC is now emerging domain. Within ocular tissues, Cav-1 dysregulation has been

as a fine-tuning regulator involved in various aging-related mechanistically linked to disrupted lipid homeostasis and aberrant

biological processes. In AMD, 7-KC contributes to disease activation of inflammatory signaling pathways, particularly in retinal
progression  through  multifaceted ~ mechanisms: metabolic degenerative diseases'”’). Increased Cav-1 expression is observed in
dysregulation, inflammatory ~ activation, oxidative  stress the serum of smokers, enhancing the phagocytic capacity of RPE
amplification, mitochondrial and peroxisomal dysfunction, cellular cells in smokers™'. Transgenic mice with elevated Cav-1

senescence  induction,  programmed cell death initiation, expression exhibit significantly attenuated choroidal vascular



SO IR B L s 2026 4F 1 HES 44 4555 1 ] Chin ] Exp Ophthalmol , January 2026, Vol. 44 No. 1 . 80.

) . 149
fibrosis'**!.

in RPE cells results in cytoplasmic VEGF-VEGFR binding,
triggering activation of both the MAPK/ERK1/2 and PLC~y/Akt

Mechanistically, impaired Cav-1/VEGFR2 interaction

signaling cascades. This aberrant signaling promotes pathological

1051 Biochemical studies demonstrate

retinal neovascularization
that VEGFR2 localizes to Cav-1-enriched membrane microdomains,
where it forms functional complexes with endothelial nitric oxide
synthase. Importantly, 7-KC disrupts this spatial organization,
significantly reducing Cav-1/endothelial nitric oxide synthase co-
localization in endothelial cells””'. 7-KC has been found to
accumulate in Cav-1-enriched regions when smooth muscle cells are
exposed to oxidized low-density lipoprotein'™'. This 7-KC-induced
dissociation suggests a potential mechanism for impaired NO
signaling in vascular pathologies and Cav-1 is the potential protein.

Oxysterol-binding proteins are a family of proteins involved in
lipid metabolism, vesicular trafficking, and signal transduction by

‘. oxysterol-binding

binding phosphoinositides'® During aging,
protein 2 ( OSBP2) exhibits predominant and nearly exclusive
expression within the macular region. Emerging evidence suggests
that OSBP2 and its oxysterol ligands play a significant role in the
pathogenesis of age-related retinal disorders'™ . Research has
shown that OSBP2 has a strong binding affinity for 7-KC, forming a
complex that recruits and activates JAK2. This interaction triggers
signal transducer and activator of transcription 3-phosphorylation,
endothelial  dysfunction  through  pro-

ultimately  promoting

inflammatory cytokine production and vascular permeability
alterations"™’

LXRs are ligand-activated transcription factors that play a key
role in cholesterol homeostasis. They heterodimerize with retinoid X
receptors to regulate the expression of genes involved in sterol and
fatty acid homeostasis. There are two isoforms of LXRs: LXRa and
LXRB, which are highly expressed in the neural retina and RPE of
human donors. LXRs promote cholesterol efflux via ABC
transporters (ABCA1 and ABCG1) and regulate the expression of
inflammatory genes in ARPE-19 cells'” . 7-KC induces the
expression of VEGF and ABCA1 through an LXR-dependent
mechanism. LXR activation decreases apoptosis induced by 7-KC
in RPE cells and inhibits CNV"™'. However, further research is
necessary to fully understand the role of 7-KC and LXRs in health
and disease.

Retinoic acid-related orphan receptor « (RORa) is a member
of the nuclear hormone receptor family, including RORa, B, and
v, and is expressed in the choroid and retina of mice. RORa
regulates several homeostatic pathways, including lipid metabolism,
oxidative stress, and inflammatory pathways in the retina. Previous
studies indicated that genetic variations in RORa were associated
with neovascular AMD and RORa transcriptionally regulates

multiple AMD-relevant pathways such as angiogenesis, lipid

metabolism, and inflammatory and complement pathways'®'.

Research observed that the absence of ROR« results in increased
expression of VEGFR2 and TNFa in the choroid/RPE complex. In
a laser-induced CNV mouse model, RORa expression significantly
increases in the choroid/RPE complex following laser treatment'®'’,
correlating with increased 7-KC expression around the laser-induced
CNV. In HEK293T cells, 7-KC acts as an inverse agonist of ROR«
and v, leading to reduced gene transcription. Although there is no
direct evidence of their interaction in the retina, 7-KC may play a
role in inhibiting RORa’s angiogenic function, leading to increased
VEGF expression and promoting neovascularization'®'.

Another potential binding protein of 7-KC is the aryl
hydrocarbon receptor ( AHR ), a ligand-activated transcription
factor involved in multiple cellular responses. AHR is expressed in
the retina and ocular veins, playing a crucial role in regulating the
function of photoreceptors and RPE cells. It has been confirmed
that AHR directly regulates the accumulation of subretinal deposits
and plays a role in their removal'®. A decrease in AHR activity is
related to the aging of RPE cells, when AHR expression decreases,
it promotes the expression of VEGF and CCL2, exacerbating tissue

[63-64]

inflammation, CNV, and fibrosis Research has shown that

AHR activation can prevent RPE cell death induced by lipid
peroxidation products'®™*!

The transporter protein (TSPO) plays an important role in
cholesterol efflux from RPE cells and regulates mitochondrial
oxidative stress. TSPO expression decreases with aging, which may
lead to intracellular cholesterol accumulation and potentially
promote AMD progression'””®!. Knockout of the TSPO gene in the
retina leads to a significant increase in pro-inflammatory cytokines

and ROS, and activates microglia'®’.

It is consistent with our
observation that increased 7-KC accumulation promotes microglial
activation. The TSPO activator etifoxine improves functional
abnormalities in RPE cells, reduces lipid accumulation, and
enhances the expression of cholesterol metabolism and transport
enzymes. It also decreases ROS levels in RPE cells and reduces

[70] In

inflammatory cytokine levels in both RPE cells and serum
contrast to the effects of 7-KC, TSPO may play a significant role in
the metabolism of 7-KC and act as a potential effector in inhibiting
7-KC’s pathological effects.

Recent studies demonstrate that cytosolic phospholipase A2«
and sterol O-acyltransferase 1 mediate the esterification of 7-KC
into 7-KC-fatty acid esters in ARPE-19 cells, and high-density
lipoprotein ( HDL ) -facilitated efflux promotes the extracellular
clearance of these 7-KC-fatty acid esters'’'’. Although other
proteins related to lipid metabolism, such as SREBP, NPCI,
FXR, ChEH, and EBI2, have been identified as potential sterol-
binding partners, their specific roles in 7-KC metabolism remain

uncharacterized and thus are excluded from this analysis due to
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insufficient experimental evidence'”.

The analysis of the interactions between 7-KC and its potential
binding proteins, along with studies on their mechanisms, provides
an essential foundation for understanding its pathophysiological
effects. 7-KC likely plays a significant role in inducing cellular
inflammation, oxidative stress, cell aging, and apoptosis.

2.3 7-KC and inflammation

Inflammation is the body “s protective response to harmful
stimuli, but excessive or chronic inflammation can contribute to the
development and progression of various diseases with aging'™'. 7-
KC is a potent oxysterol in pro-inflammatory response on retinal
cells, like RPE cells, macrophages, vascular endothelial cells,
and Miiller cells, inducing the release of inflammatory cytokines
such as VEGF, IL-1B, 1L-6, and IL-8. Experimental studies
demonstrate that intravitreal injection of 7-KC in 20-week-old
Sprague-Dawley rats leads to preferential accumulation at the RPE
apical surface, resulting in reduced microvilli, morphological
abnormalities, and impaired phagocytosis of photoreceptor outer
segments (POS)"™ . In vitro, hRPE cells treated with 7-KC
showed the decreased expression of ZO-1, cadherin, B-catenin,
and impedance ( measuring transepithelial resistance ), which
contributes to the damage of the retinal outer barrier and expression
of inflammatory cytokines. This phenomenon is consistent with the
higher levels of apoptosis, autophagy, endoplasmic reticulum (ER)
stress, disruption of tight junctions, impairment of cell polarity,
and cell death observed in RPE cells in AMD patients'™'. The
interaction of 7-KC with TLR-4 activates EGFR-related signaling
pathways that integrate these pathways in ARPE-19 cells, enhances

NLRP3 expression, and upregulates NF-kB, inducing increased

R — i
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Figure 2 Binding patterns and interactions of 7-ketocholesterol with six possible binding
proteins Specific protein-ligand binding patterns and molecular interactions were shown. All

structural data are derived from UniProt. The CAV-1 structure is encoded by AF-Q03135-F1,

release of IL-6, I1L-8, IL-18 and VEGF" ™'  Besides, 7-KC
disturbs RPE cells phagocytosis of the outer segment of
photoreceptor and induced inflammation via the ERK signaling
pathway and the JNK phosphorylation and p38MAPK signaling
pathways activated by 7-KC for promoting the inflammatory

[38,76]

cytokines release In addition to activating the classical

inflammatory ~ signaling pathways, 7-KC can also induce
mitochondrial dysfunction, which represents abnormal cellular
energy expenditure and oxidative stress, accelerating the aging
process.
2.4 7-KC-induced mitochondrial dysfunction and oxidative stress
RPE cell degeneration represents a primary pathogenic event
in AMD. In vitro studies of patient-derived AMD, RPE cultures
demonstrate characteristic ultrastructural and functional alterations:
the accumulation of lipid droplets and glycogen granules, reduced
mitochondrial activity, increased mitochondrial fragmentation, and
heightened sensitivity to oxidative stress. Furthermore, ARPE-19
cells depleted of mitochondrial DNA show increased expression of
genes encoding drusen components, with gene expression patterns
resembling those observed in AMD. Mitochondrial dysfunction in
RPE cells leads to impaired ATP generation, triggering a
compensatory metabolic adaptation wherein photoreceptors increase
glucose supply to fuel RPE glycolysis. Comparative metabolic
profiling of RPE cell lines, including primary human RPE cultures
from AMD donors, demonstrates significant disease-associated
alterations in energy production, and corresponding increases in

"I, Low doses of 7-KC have been shown to alter the

glycolytic flux"’
bioenergetics of RPE cells by increasing mitochondrial fission and
elevating TOM20 and oxidative phosphorylation protein levels,
although mitochondrial activity and membrane
potential remain unchanged. Following 7 days of
in  witro culture, metabolic flux analysis
demonstrated a significant increase in total ATP
production rates, primarily driven by enhanced

8]

glycolysis" Thus, 7-KC may influence early

aging stages by affecting cellular energy

metabolism.  When  mitochondrial  regulatory
balance is disrupted, and mitochondrial DNA
suffers oxidative damage due to high doses of 7-
KC, abnormalities arise in the subunits of

respiratory chain complexes. This leads to

TSPO increased expression of lipid transport and
T .

inflammation related genes, promoting ROS

generation'”! . 7-KC  favors  mitochondrial
dysfunctions  and  induces a  drop  of

transmembrane mitochondrial potential in 158N

the PPAR structure by AF-Q07869, the OSBP2 structure by AF-Q969R2-F1, the Ahr structure

by AF-P35869-F1, the RORa structure by AF-P35398-F1, the TSPO structure by AF-P30536-

F1

cells'”". The mitochondrial free radical aging

theory (MFRTA) proposes that cellular oxidative
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damage, such as DNA damage caused by ROS, is a major driver of

50 . . .
%1 " Research has shown increased ROS and reactive nitrogen

aging
species production in ARPE-19 cells exposed to 7-KC (dissolved in
ethanol ), accompanied by decreased mitochondrial membrane
potential and mitochondrial DNA damage. ROS production is a key
consequence of 7-KC exposure, further exacerbating cellular
deterioration and ultimately leading to cell death ( necrosis,
autophagic cell death, ferroptosis). Peroxisome is a conserved
organelle in eukaryotic cells and an important hub for regulating
redox and lipid homeostasis in mammals. It plays a key role in the
metabolism of cellular lipids and reactive oxygen species, which is
very important for human health and development. Patients with
peroxisomal anomalies have visual impairment. In RPE of AMD
patients, it has been found that mitochondrial changes are related to

811 1n other cells, it has been found

the proliferation of peroxisome
that 7-KC can change the function of cell peroxisomes'*'. The
potential effect of 7-KC on the peroxisomes of ultimate cells (e. g.,
nerve cells, epithelial cells) is not known, but is probabilistically
concerned.
2.5 7-KC and cell death

Cell death is a crucial physiological process that maintains
normal cellular functions by eliminating damaged cells and
preventing abnormal cell proliferation. However, excessive cell
death can lead to tissue dysfunction and accelerate the aging
process. In AMD, dysfunctional and dead cells accumulate

*1. 7-KC is closely associated with cell

significantly in the retina"
death as a toxic substance, contributing to apoptosis induced by ER
stress, autophagy, and cellular senescence.

The ER is a membrane-bound organelle contiguous with the
nuclear membrane. It consists of two regions: the smooth ER,
which participates in detoxification and lipid synthesis. The rough
ER, which is involved in protein synthesis. ER stress can be
triggered by genetic and environmental factors, including ischemia,
hypoxia, oxidative stress, aging, and genetic mutations. This stress
activates the unfolded protein response. Under conditions of
prolonged or intense ER stress, unfolded protein response can
induce apoptosis via the C/EBP homologous protein ( CHOP)

pathway'®!.

Research has shown that 7-KC induces ER stress,
characterized by increased levels of CHOP and 78-kDa glucose-
regulated protein (GRP78). When Miiller cells were treated with
20 pmmol/L 7-KC, elevated levels of CHOP, GRP78, and
phosphorylated elF2a were observed, along with upregulation of
NOX4 and SOD2, Stearic acid has been shown to inhibit the
release of inflammatory cytokines and ER stress induced by 7-KC,
although the exact mechanism remains unclear'™'. Further studies
indicate that 7-KC activates multiple signaling pathways in ARPE-
19 cells, ER stress markers (CHOP and GRP78) are increased

through the TLR4 receptor, with involvement of the NF-kB

pathway; this stress may be partially suppressed by rapamycin'®’.

However, inhibitors of TLR4, such as CLI-095, reduce the
expression of inflammatory factors but do not alleviate ER stress.
Cell cycle arrest represents a hallmark feature of cellular
senescence. Research indicates that treating hRPE cells with
10 pmmol/L 7-KC leads to cell cycle arrest and activation of the
mTOR-SASP  signaling pathway, accompanied by increased
expression of senescence markers, including pl6 and p2l.
Additionally, 7-KC treatment increases histone H3 phosphorylation
and decreases Lamin-B1 levels, suggesting that 7-KC promotes
cellular senescence and the senescence-associated secretory
phenotype (SASP) in hRPE cells'™'. Autophagy and apoptosis are
protective anti-aging mechanisms in cells, but excessive stress can
impair autophagic processes and promote apoptosis, thereby
disrupting the cell “s self-protective mechanisms. Treatment of
ARPE-19 cells with 7-KC increases the level of p62, a selective
autophagy substrate, suggesting potential impairment of autophagic
degradation. However, in hRPE cells, 7-KC treatment did not
promote the levels of caspase-1 or caspase-3 but significantly
increased the expression of anti-apoptotic proteins BCL-2 and BCL-
x, at higher concentrations (3040 pmmol/L), 7-KC activated
caspase-8, caspase-12, and caspase-3 in hRPE cells, but did not
activate caspase-9. These findings suggest that 7-KC induces
apoptosis primarily through the Fas-mediated extrinsic apoptotic
pathway and the ER stress pathway, rather than the mitochondrial

pathway!®!.

Treating R28 cells, a cell line expressing glial and
neural retinal markers, with 20 pmmol/L 7-KC resulted in
significantly increased apoptosis, correlating with increased
activities of caspase-8 and caspase-3. This effect could be partially
mitigated by competitive LDL treatment, suggesting a protective

71 Similarly, 661W cells, a photoreceptor-

role in apoptosis
derived cell line, exhibited increased apoptosis when treated with
20 pmmol/L 7-KC. Additionally, treatment of Miiller cells with
20 pmmol/L 7-KC resulted in increased expression of PARP,
caspase-3, and BAX, further promoting apoptosis'**'.

The biological impact of 7-KC on retinal cells exhibits
concentration-dependent biphasic effects. At subtoxic concentrations
(<10 pmmol/L), 7-KC may stimulate protective mechanisms, such
as compensatory mitochondrial energy metabolism, enabling cells to
adapt to changes in the microenvironment. At intermediate
concentrations (10 =20 pmmol/L), 7-KC promotes inflammation,
ER stress, and mitochondrial dysfunction. Supraphysiological
concentrations (> 20 pmmol/L), 7-KC exerts cytotoxic effects,
promoting apoptosis and necrosis in retinal cells.

2.6 CNV and fibrosis

CNV  and subretinal fibrosis constitute the principal

pathological processes underlying irreversible vision loss in AMD

patients . The pathophysiological progression of CNV is driven by the
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overexpression of vascular endothelial growth

factor ( VEGF) and related pro-angiogenic

factors ( such as PIGF, Ang-2), and
sustained activation of matrix
metalloproteinases, which collectively

promote endothelial cell migration, vascular

permeability,  and  extracellular  matrix

89-90]

remodeling' Pathological angiogenesis,

driven by dysregulated macrophage
polarization, represents a critical mechanism
in age-related diseases, including AMD,

1921 During this

atherosclerosis and cancer
process, macrophages can transition from the
pro-inflammatory M1 phenotype to the anti-
inflammatory M2 phenotype, which promotes
angiogenesis through VEGF and PDGF

secretion, while Ml-derived inflammatory

Senescence

7-Ketocholesterol

Y -

CHOP, GRPTE

VEGF

IL-6, IL-B, VEGF, IL-1b

Apoptosis _ Oxidative Stress Autophage  ER Stress Infi. tion N ular

Figure 3 Schematic diagram of the influence of 7-ketocholesterol exposure on retinal-related

signal pathway The data are mainly described in microglia/macrophages|[ 11, 13, 89], vascular

endothelial cells[15], retinal pigment epithelial cells[55, 64, 80-81] and neuroretinal-related cells.

mediators (e. g., TNF-a) disrupt retinal
barriers, both of which contribute to CNV

[93-94]

formation Researchers observed that

Gray represents apoptosis-related signal pathway. Light blue and dark blue represent the
inflammation and neovascularization-related signal pathways. Blue represents the ROS oxidative

stress-related signal pathway. Light brown represents the apoptosis-related signal pathway. Cyan

represents the changes of aging proteins

melatonin treatment significantly attenuates

CNV by regulating macrophage polarization

through inhibition of the RhoA/ROCK signaling pathway'*'. 7-KC
has been established as a potent modulator of macrophage
polarization, research has indicated that 7-KC induces premature
senescence in immature macrophages through ABCA1 transporter
dysregulation, leading to intracellular lipid accumulation and
polarization into an abnormal, alternatively activated phenotype that

1 Concurrently, 7-KC

promotes  pathological — angiogenesis
accumulates in the retinal pigment epithelium (RPE) and choroidal
regions, co-localizing with microglial cells, and significantly
contributes to pathological angiogenesis in age-related diseases.
Furthermore, 7-KC uptake decreases the expression of neurotrophic
factors in microglial cells, exerts pro-inflammatory effects through
NLRP3 gene expression, and drives the secretion of IL-13, IL-18,
and VEGF. These changes are significantly associated with the
pathobiology of CNV.

In AMD, multimodal histopathology and optical coherence
tomography imaging studies have identified choroidal endothelial
cells (CECs) loss as a pathognomonic early feature. The
subsequent activation and migratory behavior of remaining CECs
characterized by VEGFR2 upregulation and MMP, mediated
basement membrane degradation, represent critical determinants of
neovascular AMD (nAMD ) progression and associated vision

loss'”!

7-KC significantly enhances fibrosis in laser-induced
choroidal lesions without eliciting cytotoxic effects, as demonstrated

by upregulation of fibrotic marker (aSMA and FAP) in the RPE/

choroid regions and downregulation of endothelial markers ( VE-

cadherin and VEGFR2). These findings establish 7-KC as a potent
inducer of choroidal endothelial-mesenchymal transition (EndMT).
Complementary in wvitro studies confirm that 7-KC-treated CECs
undergo TGF-B/SMAD3-mediated EndMT and exhibit enhanced

75,98
!, However,

migratory capacity through Racl GTPase activation'
hRPE cells exposed to 7-KC did not manifest increased

mesenchymal markers.
3 Antagonists of 7-KC

The growing understanding of 7-KC’s pathological role has led
to the development of two primary therapeutic strategies: 7-KC
clearance and pathway modulation. Several compounds have been
reported as antagonists to 7-KC-induced RPE dysfunction.

Stearic acid (SA), a saturated fatty acid, has been shown to
play a role in cell proliferation, inflammation, and cell death in
retinal pigment epithelial (RPE) cells. SA partially mitigates the
inflammatory response and ER stress induced by 7-KC in ARPE-19
cells, offering protective effects against cell death at very low
concentrations in vitro. Moreover, SA has been shown to reduce the
area of 7-KC-induced CNV by up to 67% in vivo, making it one of
the most effective antagonists of 7-KC identified'””’.  Other
molecules known for their plasma lipid-lowering properties, such as
statins (e. g., atorvastatin, simvastatin, and lovastatin), which
inhibit 3-hydroxy-3-methylglutaryl-CoA  reductase, have also been
found to alleviate oxidative stress in various degenerative diseases.

Studies indicate that statins can restore phagocytic activity in
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ARPE-19 cells challenged with oxidized low-density lipoprotein,
while also reducing oxidative stress and VEGF levels in the retina.

Docosahexaenoic acid, a naturally occurring molecule well-
known for its antioxidant properties, has shown protective functions
against 7-KC-induced cytotoxicity in multiple cell types.
Additionally, oleic acid offers slight protection against 7-KC-treated
ARPE-19 cells, although it does not reduce inflammatory
responses. Research suggests that a Mediterranean diet, rich in
omega-3 and omega-9 polyunsaturated fatty acids (including -
linolenic acid, eicosapentaenoic acid, docosahexaenoic acid, and
oleic acid ), may confer protection against 7-KC-induced
cytotoxicity in ARPE-19 cells!"*™'""),

Antioxidants, such as resveratrol, a compound with notable
antioxidant properties, have been observed to prevent 7-KC-induced
cell death in ARPE-19 cells, although the effects of resveratrol may
vary in other cell types'™'.

Furthermore, biodegradation of 7-KC by microorganisms
[102]

presents a promising approach to counteract its cytotoxicity

Research has  demonstrated that enzymes derived from

microorganisms, such as  Nocardia, Rhodococcus, and

Pseudomonas aeruginosa, can degrade 7-KC through the action of
cholesterol oxidase, which plays a central role in this process''”
Further investigation into microbial degradation of 7-KC is ongoing,
which may provide novel methods for its clearance.

At present, the clinical research that directly targets 7-KC is
still in the early stage, but some clinical trials aimed at its
downstream pathways (such as oxidative stress, inflammatory body
activation or LXR receptor regulation) may indirectly affect the
pathological effect of 7-KC. Research observed that vitamin E can
indirectly reduce the level of 7-KC by reducing lipid peroxidation,
but this experiment did not directly detect the change in 7-KC
(unpublished data ). Cyclarity therapeutics developed a new
compound, UDP-003, which can selectively remove 7-KC, restore
the macrophage phenotype of foam cells, rebuild phagocytic
function, reduce the accumulation of reactive oxygen species
(ROS) and lipid droplets, and promote the urine excretion of 7-
KC!'™,

Hydroxypropyl-B-cyclodextrin  has demonstrated significant
efficacy in preclinical models, reducing retinal 7-KC deposition by
60% through enhanced cellular efflux. This compound is currently

[/ a clinical trials ( NCT04839016) to

undergoing phase
evaluate the safety of intravitreal administration in humans!™’.
Pathway inhibition strategies focus on interrupting 7-KC-mediated
damage cascades. NLRP3 inflammasome inhibitors like MCC950
have proven effective in blocking 7-KC-induced IL-1B release by
72% in experimental models, prompting development of optimized
ROCK

ophthalmic  formulations''””'.  Notably, the inhibitor

Netarsudil, already approved for glaucoma treatment, has shown

additional promise in wvitro by effectively suppressing 7-KC driven
EndMT"*". These developments position 7-KC as a compelling
multi-target intervention candidate.

However, the translation to clinical practice faces several
challenges, including the optimization of drug delivery methods and

the development of effective combination therapies with existing

treatment modalities.
4 Conclusions

7-KC is implicated in retinal cellular dysfunction through

multiple mechanisms, including mitochondrial  dysfunction,
oxidative stress, ER stress, and cell death. These effects lead to
the secretion of inflammatory factors by surrounding cells, thereby
promoting neovascularization and fibrosis. In AMD patients, 7-KC
is predominantly found in soft drusen deposits above Bruch s
membrane, where it interacts directly with RPE cells. This
between RPE cells,

Furthermore, 7-KC

interaction  disrupts  tight junctions
compromising the blood-retinal barrier.
activates microglial cells and macrophages, inducing a pro-

inflammatory phenotype that exacerbates choroidal

neovascularization  and promotes endothelial-mesenchymal
transition. Consequently, 7-KC is involved in the pathogenesis of
age-related diseases such as AMD. Although 7-KC is the primary
oxysterol found in drusen, it is relatively stable and difficult to
clear. Several natural molecules have been identified as antagonists
to 7-KC-induced inflammation and cytotoxicity, both in vitro and in
vivo. However, the mechanisms of action and modes of cell death
induced by 7-KC may vary depending on cell type, delivery
methods, or animal models. Resolving these discrepancies is
crucial for a better understanding of the broader effects of 7-KC.
Our research team currently focus on discovering and characterizing
proteins that bind to and interact with 7-KC, which will enhance
our understanding of 7-KC metabolism and potentially lead to new
methods for its degradation.

In conclusion, these studies suggest that7-KC may act as an
"age-related" risk factor in degenerative diseases such as AMD.
However, significant work remains to be done in several areas,
including the development of more efficient delivery systems
targeting 7-KC, identification of binding proteins within cellular
membranes and the cytoplasm, and the discovery of more effective
antagonists with therapeutic potential to counteract 7-KC-induced
cytotoxicity.
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