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Increased cellular senescence burden contributes in part to age-related organ dysfunction
and pathologies. In our study, using mouse models of natural aging, we observed struc-
tural and functional decline in the aged retina, which was accompanied by the accumula-
tion of senescent cells and senescence-associated secretory phenotype factors. We further
validated the senolytic and senomorphic properties of procyanidin C1 (PCC1) both
in vitro and in vivo, the long-term treatment of which ameliorated age-related retinal
impairment. Through high-throughput single-cell RNA sequencing (scRNA-seq), we
comprehensively characterized the retinal landscape after PCC1 administration and deci-
phered the molecular basis underlying the senescence burden increment and elimination.
By exploring the scRNA-seq database of age-related retinal disorders, we revealed the
role of cellular senescence and the therapeutic potential of PCCI in these pathologies.
Opverall, these results indicate the therapeutic effects of PCC1 on the aged retina and
its potential use for treating age-related retinal disorders.
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Aging affects various systems in the body, leading to chronic degenerative and age-related
illnesses (1-3). The retina, an essential part of the visual system, is not spared by aging.
The retina is primarily composed of delicate interconnected layers of specialized neurons.
Natural aging leads to a gradual decline in both the functional and structural aspects of
the retina (4). As individuals age, the accumulation of harmful stressors can result in
pathological changes such as neuronal dendritic sprouting and glial cell activation (3, 5),
which can ultimately lead to retinal degeneration and an increased risk of visual impair-
ment. Age-related retinal disorders, including age-related macular degeneration (AMD),
diabetic retinopathy (DR), and glaucoma, are the main pathologies encountered alongside
cataract (6). Since retinal damage is associated with irreversible blindness and visual impair-
ment, the long-term costs of treatment and eye care for the elderly can be substantial.
Therefore, gaining a better understanding of natural retinal aging may help identify optimal
targets for mitigating or reversing the aging process. Nevertheless, there are still knowledge
gaps in this area.

Cellular senescence is a state where cells undergo permanent cell cycle arrest while
remaining viable (7). It is initiated by various sources of stress and strongly linked to aging
(8). Early senescent cells (SnC) exhibit increased oxidative metabolism, chromatin remod-
eling, and resistance to apoptosis, which may eventually lead to chronic inflammation in
advanced stages of senescence (9). SnC secrete bioactive chemokines, cytokines, proteases,
and growth factors, collectively known as the senescence-associated secretory phenotype
(SASP). SASP factors have diverse effects, such as attracting innate immune cells, pro-
moting chronic inflammation, inducing paracrine cellular senescence, and remodeling
the tissue microenvironment. These processes can have a detrimental impact on both the
SnC themselves and neighboring structures (10). When the threshold of SnC accumulation
is exceeded, it ultimately leads to tissue destruction and age-related pathologies (11).

Efforts have been focused on addressing the pathogenic role of cellular senescence,
aiming to make it a potentially treatable process (12). The key players involved are SnC
and the senescence-associated secretory phenotype (SASP), which can be targeted through
two main strategies: selective elimination of SnC using senolytics and inhibition of SASP
using senomorphics (13). These approaches have been widely employed in degenerative
conditions like diabetes (14), age-related cognitive impairment (1), and frailty (15) and
are currently being explored in the visual system. Promising results have been observed
in preclinical studies using senolytics for age-related retinal disorders (3), advancing
early-phase clinical trials for conditions such as age-related macular degeneration (AMD)
and diabetic macular edema (DME) (16, 17).
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Significance

Cellular senescence burden,
accumulated during natural aging,
contributes to age-related
dysfunction and disorders in
various tissues. In this study, we
validated the senescent pattern of
the aged retina, both
physiologically and pathologically,
with high-throughput single-cell
RNA sequencing. Elevation of
senescent cells and senescence-
associated secretory phenotype,
which led to structural and
functional decline of the retina,
was attenuated with the
application of procyanidin C1
(PCC1), a polyphenolic component
of grape seed extract flavonoids.
By depicting a comprehensive
retinal landscape, we
demonstrated the combined effect
of the senolytic and senomorphic
profile of PCC1. These findings
unveiled the senotherapeutic
potential of PCC1, which also held
great promise in treating age-
related retinal diseases.
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Nevertheless, most drugs involve only a single target, which
blunts their therapeutic effects. To overcome this limitation, pro-
cyanidin C1 (PCC1), a polyphenolic compound found in grape
seed extract flavonoids, shows promise. PCC1 is reportedly a neu-
roprotective (18) and antiproliferative agent (19), and was recently
confirmed to possess both senomorphic and senolytic effects,
indicating its potential to reverse retinal aging and further mitigate
age-related diseases (20). However, it is still unknown whether
systemic administration of PCC1 exerts a promising therapeutic
effect on the aged retina. Furthermore, the therapeutic potential
of selectively eliminating the cellular senescence burden in
age-related retinal disorders remains to be explored.

By establishing naturally aged mouse models in the current
study, we confirmed structural and functional decline in the aged
retina, which was accompanied by the accumulation of SnC and
SASP factors. We further validated the senolytic and senomorphic
properties of PCC1 both in vitro and in vivo, which simultane-
ously ameliorated age-related retinal impairment. With the advent
of high-throughput single-cell RNA sequencing (scRNA-seq)
technology, an in-depth understanding of cellular taxonomy and
intricate cellular interactions has been realized (21). In this study,
we characterized a comprehensive retinal landscape after the
administration of PCC1 and deciphered the molecular basis
underlying senescence burden increment and elimination. We
explored the scRNA-seq database for age-related retinal disorders
and revealed the role of cellular senescence in these pathological
conditions. Together, these results highlighted the therapeutic
effect of PCCI on the aged retina and its potential for treating
age-related retinal disorders.

Results

The Age-Related Decline in the Retina Accompanied by Senescence
Burden Accumulation. During natural aging, cells undergo
degenerative changes, resulting in a decline in the physiological
functions of tissues and organs. First, to explore the effects of aging
on retinal function, we recorded the electroretinogram (ERG) of
young (6- to 8-wk-old) and aged (18- to 20-mo-old) mice. We
found that normal ERG responses decreased with age (Fig. 1
A and B and SI Appendix, Fig. S14), indicating a reduction in
electrophysiological responses of photoreceptors and downstream
neurons, which compromised visual perception in the aged retina.

Next, we investigated how aging affects retinal structure. In the
young retina, rod bipolar cells (RBCs) and horizontal cells (HCs)
form synapses with photoreceptors within the outer plexiform
layer (OPL). However, in aged mice, the dendrites of RBCs and
HC:s extended from the OPL to the outer nuclear layer (ONL)
(Fig. 1 Cand D). Additionally, retinal glia also exhibit age-related
alterations. Aging induced astrocyte and Miiller glial activation,
characterized by increased glial fibrillary acidic protein (GFAP)
immunoreactivity, thickened cell layers, and extended cell pro-
cesses (Fig. 1E). Moreover, the number of microglia increased
(Fig. 1F).

The accumulation of SnC and their secretome, SASP is impli-
cated in physical functional decline and diseases in various tissues
during aging. p16+ SnC, although scarce, could be identified on
the aged retina section (Fig. 1G). We then examined the mRNA
expression, which revealed that Cdkn2a (encoding p16) and
Cdknla (encoding p21) were increased, accompanied by the
upregulation of several SASP factors including IL1B, CCL3,
ERN1, CSF2, MMP3, and SERPINEI in the aged retina
(Fig. 1H). To further quantify cellular senescence in the retina, we
performed senescence-associated [-galactosidase (SA-B-GAL)
staining using flow cytometry (FC). We observed a notable
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increase in SA-B-GAL-positive cells in the retina of aged mice
(Fig. 11). Accordingly, the frequency of p16+ and p21+ cells were
also increased in the aged group (Fig. 1 Jand K and SI Appendix,
Fig. S1B). Moreover, we examined whether there was an elevated
SASP burden in the aged retina. FC analysis revealed varying
degrees of upregulation in the expression of SASP cytokines IL-6,
IL-1B, and TNF-a in the aged retina compared to their younger
counterparts (Fig. 1 L—NV). These cytokines play important roles
in mediating inflammatory responses that contributes to senescence-
associated dysfunction.

In summary, natural retinal aging was accompanied by the
accumulation of SnC and SASP factors, which may lead to mor-
phological changes and functional impairment.

Long-Term PCC1 Treatment Relieved Functional and Structural
Impairment in the Aged Retina by Both Senolytic and
Senomorphic Effects. Given the noxious role of cellular senescence
in tissue degeneration, we next explored whether depleting SnC
could attenuate these age-dependent alterations. We chose the
novel compound PCCI1 and first tested its efficacy in vitro using
various retinal cell lines including 661 W (a photoreceptor cell line
used as a model for retinal neurons), BV2 (a microglia cell line)
and ARPE-19 (an RPE cell line). After induction of senescence
(see Materials and Methods for details) and PCC1 treatment, we
quantified the senescence burden, and the results revealed that
PCCI significantly decreased cellular senescence across all cell
lineages (Fig. 2 A-C and ST Appendix, Fig. S2 A-I).

After confirming the senotherapeutic effect of PCC1 in vitro,
we proceeded to investigate its potential in relieving senescence
burden in vivo. We treated 14- to 16-mo-old mice with or without
PCC1 mixed in a standard diet for 4 mo. We first used ultraper-
formance liquid chromatography (UPLC) to validate that PCC1
indeed entered the retina parenchyma (S7 Appendix, Fig. S2)).
Subsequent FC results revealed that PCC1 partially eliminated
cells expressing SA-B-GAL, p16, and p21 in the total retina cell
population compared with the control group (Fig. 2 D—F), sug-
gesting the depletion of retinal SnC in vivo. In addition, the levels
of the SASP cytokines IL-6, IL-1B, and TNF-a were decreased by
PCCI treatment (Fig. 2 G—I). RT-qRCR results further confirmed
the significant reduction of senescence markers and SASP-associated
signatures upon PCC1 treatment (S/ Appendix, Fig. S2K).

We further examined whether a decrease in cellular senescence
could translate to the rejuvenation of age-related retinal dysfunc-
tion. To assess this, we performed ERG and IF staining on both
aged and PCCl-treated retina. The ERG recordings showed
increased amplitudes of the scotopic a- and b-waves and photopic
b-wave (Fig. 2 Jand Kand SI Appendix, Fig. S2L), indicating that
impaired visual perception was restored by PCC1 treatment.
Moreover, we evaluated the effects of PCC1 on synaptic aging and
glial activation in the retina. PCCI treatment ameliorated the
aberrantly elongated processes of RBCs and HCs in aged mice
compared to the control group (Fig. 2 L and M). In addition,
PCC1 therapy reduced GFAP immunoreactivity of macroglia
(Fig. 2N) and the number of microglia in aged mice (Fig. 20).

In summary, by reducing the senescence burden, PCC1 treat-
ment could reverse age-related degenerative structural remodeling
and functional impairment in the aged retina.

The Seotherapeutic Effects of PCC1 Treatment on the Aged Retina
Evaluated by Single-Cell Analysis. Unbiased high-throughput
single-cell RNA sequencing (scRNA-seq) is a cutting-edge tool
for dissecting tissue heterogeneity and uncovering molecular
mechanisms. To elucidate the molecular dynamics underlying the
antiaging effects of PCC1, we conducted scRNA-seq analysis on
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Fig. 1. The age-related decline in the retina accompanied by senescence burden accumulation. (A) Representative scotopic ERG of young and aged mice at a
light density of 3 cd*s/m? (B) Bar charts showing the quantification of scotopic ERG amplitudes (n = 6/group). (C-G) Representative confocal images of retinal
frozen sections of young (Left) and aged (Middle) mice and bar charts of quantification (Right, n = 6/group). Frozen sections are labeled with PKCax (C), Calbindin
(D), GFAP (E), IBA1 (F), and p16 (G). Arrows indicate the abnormal sprouting dendrites of RBCs (C) and HCs (D) which extend beyond OPL into the ONL. The arrow
in (G) indicates the p16+ cell in the retina. (Scale bar, 50 pm.) (H) The mRNA levels of several SASP-related genes were detected by RT-qPCR between young and
old groups (n = 3/group). (/-N) The FC histograms (Left) and column charts (Right) showing the level of 8-GAL (/), p16 (J), p21 (K), IL-6 (L), IL-18 (M), and TNF-a (N)
in retinal cells between young and aged groups (n = 5/group). Data are shown as mean + SD. P values were analyzed using unpaired two-tailed Student's ¢ test

(B-E and H-N) or two-tailed Mann-Whitney U test (F and G); *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 2. Long-term PCC1 treatment relieved functional and structural impairment in the aged retina by both senolytic and senomorphic effects. (A-C) Representative
FC histograms (Left) and quantification (Right) of MFI of B-GAL in 661 W (A), BV2 (B), and ARPE-19 (C) cells among three groups (n = 5/group). (D-/) The FC histograms
(Left) and column charts (Right) showing the level of B-GAL (D), p16 (E), p21 (F), IL-6 (G), IL-1p (H), and TNF-a (/) in retinal cells between control and PCC1-treated
aged mice (n = 5/group). (/) Representative scotopic ERG waveform of aged and PCC1-treated aged mice at a light density of 3 cd*s/m?. (K) Bar charts showing
the quantification of scotopic ERG amplitudes (n = 6/group). (L-O) Representative confocal images of retinal frozen sections of aged (Upper) and PCC1-treated
(Middle) mice and bar charts of quantification (Right, n = 6/group). Frozen sections are labeled with PKCa (L), Calbindin (M), GFAP (N), and IBA1 (0). Arrows indicate
the abnormal sprouting dendrites of RBCs (L) and HCs (M) which extend beyond OPL into the ONL. (Scale bar, 50 pm.) Data are shown as mean + SD. P values
were analyzed using one-way ANOVA with Bonferroni post hoc test (A-C) or two-tailed unpaired Student's t test (D-/ and K-N) or two-tailed Mann-Whitney U
test (O); ns, nonsignificant, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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retinal cells obtained from young (6- to 8-wk-old), aged (18- to
20-mo-old), and PCCl1-treated aged mice (18- to 20-mo-old).
Eleven major cell lineages were determined based on marker
genes (Fig. 34 and SI Appendix, Fig. S3A4). We then identified
differentially expressed genes (DEGs) between aged and young
mice (Aged-DEGs), and between PCCl-treated aged mice and
aged mice (PCC1-DEGs). Genes down-regulated in Aged-DEGs
and then up-regulated in PCC1-DEGs were named up-regulated
Rescue-DEGs, while those up-regulated in Aged-DEGs and
down-regulated in PCC1-DEGs were named down-regulated
Rescue-DEGs (Fig. 3B).

To dissect the effects of PCCI in a cell-type-specific manner,
we performed gene ontology (GO) analysis based on the Rescue-
DEGs of each subpopulation. The up-regulated Rescue-DEGs
were enriched in GO terms associated with neural retinal home-
ostasis and signaling transmission (Fig. 3C), suggesting that
PCCL1 treatment reversed aging-induced retinal dysfunction.
Notably, PCC1 also enhanced mitochondrial function indicated
by increased NADH regeneration, an important coenzyme
involved in antiaging and antioxidant activity in mitochondria
(Fig. 3C). Moreover, PCC1 treatment attenuated neural cell
death, oxidative stress, and inflammatory MAPK signaling in
retinal neurons (Fig. 3C).

Furthermore, we utilized the CellChat to analyze the intricate
communication networks among different cell types. In terms of
cell—cell contact interactions, CADM signaling, which modulates
the plasticity of classical excitatory synapses (22), showed a
decrease among neurons and glia during aging and remained rel-
atively unchanged after PCC1 treatment (S Appendix, Fig. S3 B
and C). Interestingly, in paracrine interactions, we found that NT
signaling, mediated by the Bdnf_Ntrk2 ligand—receptor pair, was
down-regulated during aging but rescued by PCC1 (Fig. 3 D and
E). Brain-derived neurotrophic factor (BDNF) is crucial for neu-
ronal survival and has been used to ameliorate cell death in retinal
diseases (23). These findings further supported the neuroprotective
role of PCC1, highlighting its anti-inflammatory and tissue regen-
erative properties.

Subsequently, we explored the effects of PCC1 on RPE
(Fig. 3F). Similarly, the up-regulated Rescue-DEGs in the RPE
were enriched in NADH regeneration, cell growth, cell polarity
maintenance, and endocytosis. Moreover, PCCI1 mitigated
biological processes related to inflammation, cell death, and
elevated external stress in the RPE. To validate these findings,
we further performed RT-qRCR on several Rescue-DEGs with
relatively high fold changes in ARPE-19 cells (87 Appendix,
Fig. S3 D and E).

Microglia are key mediators of the inflammatory response and
pathological disorders in the retina. Single-cell data revealed a
higher proportion of microglia in the aged group compared to the
young, which was reversed by PCC1 treatment (Fig. 3G and
SI Appendix, Fig. S3F). We further validated these findings using
FC (Fig. 3H and SI Appendix, Fig. S3G). Furthermore, PCCI
treatment down-regulated several genes related to disease-associated
microglia (DAM), including Apoe, Ctsd, Ctsd, Gpnmb, Sppl,
Tyrobp, Cd63, and Trem?2 (Fig. 3/). DAM represents a subset of
microglia characterized by up-regulated expression of genes
involved in lysosomal, phagocytic, and lipid metabolism pathways
compared to their normal counterparts (24, 25). The downregu-
lation of key DAM-related pathological signatures following
PCC1 treatment indicated its potential in relieving age-related
neurodegenerative transcriptome of microglia.

To conclude, PCCI reversed age-related dysregulation of genes
and rejuvenated various cell types in the retina.

PNAS 2024 Vol.121 No.18 2311028121

Clearance of Inferred SnC and Amelioration of SASP Signatures
by PCC1in scRNA-Seq Data. SenMayo is a novel senescence gene
set primarily composed of SASP factors. It demonstrates superior
accuracy in identifying SnC in scRNA-seq datasets compared to
other existing gene sets (26). Therefore, by applying SenMayo
to our sequencing data, we aimed to reveal the transcriptional
dynamics of senescent retinal cells following PCC1 treatment.
We first compared the cell-type-specific expression of SenMayo
features and found that most SenMayo genes were highly expressed
in the microglia, VEC, pericytes, macroglia, and RPE (Fig. 44),
suggesting their potential susceptibility to cellular senescence
and involvement in SASP production. Furthermore, a marked
alleviation of the SASP burden was observed in the PCC1 group
compared to the aged one (87 Appendix, Fig. S4A), which was
further validated by the RNAscope assay (S/ Appendix, Fig. S4B).

To further dissect the effect of PCC1 at the single-cell level, we
identified SnC in scRNA-seq data based on the method of the
previous study (26). Simply put, using the SenMayo gene set, we
calculated enrichment scores (ES) for each cell in the three groups.
SnC were identified as those ranking in the top 10% of ES
(Fig. 4B, see Materials and Methods for details).

We first investigated the functional aspects of this cluster of
SnC. Compared to non-SnC, the up-regulated DEGs in SnC were
implicated in diverse biological processes (Fig. 4C). Notably,
NF-kB-mediated signaling, known for governing the inflamma-
tory networks of the SASP secretome (27), was among these GO
terms. Wnt, Notch, and HIF-1 signaling may drive and maintain
cellular senescence (28-30). Moreover, several pathways are related
to the inflammatory response, cytokine production, and cellular
response to multiple stimuli, indicating their role in mediating
chronic retinal inflammation. Senescent retinal cells also aggres-
sively participate in remodeling local microenvironments, includ-
ing angiogenesis and extracellular matrix reorganization,
potentially through secreting VEGF and its proteases (11).

We then used t-SNE plots to visualize the distribution of SnC
across the three groups (Fig. 4D and SI Appendix, Fig. S4C), which
showed that SnC accumulated in the aged retina and this increase
was substantially reversed after PCC1 treatment (SI Appendix,
Table S1), further underscoring the effectiveness of PCC1 in elim-
inating SnC. When analyzing the source of SnC, we found that
they were predominantly composed of non-neurons including
RPE, microglia, VEC, pericytes, and macroglia (Fig. 4£). To fur-
ther validate this, we colabeled f-GAL with commercially available
FC antibodies targeting specific surface markers for retinal cells.
CD11B targets microglia, CD73 is expressed in mature rod pho-
toreceptor (31) and CD90.2 (Thyl.2) targets mainly ganglion
cells plus a small population of amacrine cells (32). FC suggested
that microglia exhibited the highest expression of $-gal, followed
by CD90.2 + cells and rods (Fig. 4F), which was in line with
single-cell predictions (Fig. 4E). The p-gal activity in these cell
clusters across the three groups (SI Appendix, Fig. S4D) also cor-
responded to the expression trend in the whole retina.

We further investigated the molecular basis underlying the
senolytic and senomorphic role of PCC1. The up-regulated
PCCI1-DEGs in SnC were enriched in pathways related to apop-
tosis signaling, programmed cell death, and the cellular response
to increased ROS in several cell types, particularly RPE and micro-
glia (Fig. 4G), which aligned with the senolytic mechanism pre-
viously reported (20). Moreover, among the up-regulated pathways
in SnC, p38MAPK has also been identified as a critical SASP
regulator (33) aside from NF-xB signaling. We calculated gene
set scores for these two pathways in SnC from the two groups and
found that PCCI elicited an inhibitory effect on these SASP
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modulators (Fig. 4H), suggesting that PCC1 might act as a seno-
morphic at least by targeting NF-kB and p38MAPK signaling.

InVivo and In Vitro Experimental Validation of the Senolytic Effect
by PCC1. As uncovered by bioinformatic analysis that cell death was
enriched in SnC from the PCCI group across various cell types, we
aimed to provide direct evidence of senolysis induced by PCC1. We
first identified apoptotic cells in situ via the TUNEL assay which
exhibited a substantial increase in apoptosis activity after PCC1
treatment (Fig. 54). Remarkably, the RPE layer showed a relatively
high ratio of apoptotic cells indicating that RPE could be a great source
of SnC, which was consistent with our single-cell prediction (Fig. 4E).

We then investigated the in vitro effect of PCC1. The CCK-8
assay revealed that PCC1 had no significant impact on the viability
of control cells at concentrations up to 200 pM. While for SnC,
PCCI demonstrated cytotoxicity starting at 50 pM and its senolytic
effect became more pronounced as the concentration increased across
all three cell lines (Fig. 5B and ST Appendix, Fig. S5 A and B), which
aligned with previous reports that PCC1 is a broad-spectrum seno-
lytic (20). Moreover, we performed annexin V and propidium iodide
(PI) staining on multiple retinal cell lines for the quantifiable apop-
tosis assay using FC (Fig. 5C and SI Appendix, Fig. S5 C and D),

which supported cell viability experiments.

PCC1Treatment Ameliorated Age-Related Chronic Inflammation
Both Locally and Systemically. Aging is characterized by systemic
chronic inflammation (SCI), a state of persistent and low-grade
inflammation in various tissues and organs, which ultimately
causes cumulative systemic damage including organ dysfunction
and age-related pathologies. The SCI state in older individuals
is thought to be driven largely by cellular senescence and SASP
(34). In such context, we next explored the effects of systemic
administration of PCC1 on systemic and retinal inflammation.

We measured the plasma levels of proinflammatory molecules
such as IL-6, IL-1p, and TNF-a by the enzyme-linked immuno-
sorbent assay. As shown in Fig. 5D, these cytokines were signifi-
cantly elevated in the aged circulation but exhibited a general
decrease following long-term PCCI1 treatment. In addition to reduc-
tion of several inflammatory factors in the whole retina by PCCl
(Fig. 2 G-I and SI Appendix, Fig. S2K), we further calculated the
SASP gene set score for each cell type in the aged and PCC1 group
using single-cell data. Among them, microglia, the predominant
inflammation mediator in the retina, displayed the most notable
suppression of SASP features (SI Appendix, Fig. S5 E and F).
Moreover, FC of retinal samples (Fig. 5 £~G) and the BV2 cell line
(SI Appendix, Fig. S5 G-I) validated that PCC1 mitigated the
inflammatory phenotype of microglia induced by aging.

Altogether, long-term PCCI1 treatment alleviated age-related
chronic inflammation both locally and systemically.

The Therapeutic Potential of PCC1 As a Senolytic and Senomorphic
Agent in Treating Age-Related Retinal Disorders. As cellular
senescence exerts a deleterious effect during retinal aging, we
explored whether it is implicated in age-related retinal disorders by
analyzing two published scRNA-seq datasets derived from choroid
and RPE tissue of patients with neovascular AMD (nAMD) (35)
and retinal tissue from a mouse model of experimental DR (36),
respectively.

We first investigated the nAMD data (GSE135922) and clus-
tered the cells into 11 populations as the original study did (Fig. 64
and SI Appendix, Fig. S4A). We then assessed the SenMayo signa-
tures of these cells from both normal and diseased groups, with
the latter showing higher score (Fig. 6B). To further elucidate the
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role of SnC in nAMD progression, we identified SnC as previously
described and found that they were primarily composed of fibro-
blasts and were notably increased in patients with nAMD com-
pared to healthy controls (S/ Appendix, Fig. S4 B-D).

Next, we employed CellChat to characterize how SnC influence
their neighbors and orchestrate the signaling network involved in
age-related disorders. Globally, SnC exhibited a relatively high
communication strength and engaged in numerous interactions
with other cell types, both as senders and receivers (Fig. 6 C and
D and SI Appendix, Fig. S6E). Focusing on SnC as the source, we
depicted the inferred signaling pathways exerted on endothelial
cells and pericytes (8] Appendix, Fig. S6F), both of which play key
roles in choroidal neovascularization in nAMD. SnC participated
in diverse pathways with these cell types, many of which have been
associated with pathological angiogenesis and local inflammation.
For example, SnC unexpectedly exhibited high expression of lig-
ands VEGF and ANGPTL4, which engages in vascular permea-
bility regulation and angiogenesis (37, 38) (SI Appendix, Fig. S6
G and H). Moreover, JAG1 was also up-regulated in SnC, a ligand
known to activate the NOTCH signaling pathway and promote
neovascularization while the expression of DLL4, another ligand
with contrasting effects (39), was not increased (SI Appendix,
Fig. S7A). Additionally, SnC were involved in the IL-6 signaling
pathway (SI Appendix, Fig. S7B), which has dual proinflammatory
and proangiogenic effects in nAMD.

We then analyzed the DR dataset (GSE178121), which included
samples from normal and STZ-induced diabetic retina. The cells
were annotated into 10 clusters (Fig. 6E and ST Appendix, Fig. S7C)
and the SASP burden was up-regulated in neurons (rods, cones,
RBCs), Microglia, and VEC in the DR group (Fig. 6F). SnC were
predominantly derived from microglia, VEC, and RPE, with a
notable increase in the DR group (Fig. 6 G'and H and S7 Appendix,
Fig. S7 D and E). Next, we focused on the biological functions of
SnC in DR and found that up-regulated DEGs in SnC were
enriched in angiogenesis, epithelial cell migration, growth factor
pathways, and neuroinflammatory responses (Fig. 6/), suggesting
that SnC may exacerbate DR by mediating pathological responses.
We further interrogated intercellular communication between SnC
and other cells using CellChat. SnC were identified as the primary
source for the MIE PSAP, PTN, and TGFb signaling pathways
(SI Appendix, Fig. S7 F-I). These signalings have been implicated
in the migration and proliferation of endothelial cells (40, 41) and
promote angiogenesis in DR. These proangiogenic signaling path-
ways induced by SnC further highlighted their potential role in
choroidal neovascularization during DR progression.

To further verify the therapeutic effect of PCC1 on DR via
senolysis, we exposed human retinal microvascular endothelial
cells (HRMEC) to high concentrations of glucose to establish the
in vitro DR model. FC analysis revealed an increase in cellular
senescence in the DR model which was subsequently reduced after
PCCI treatment (Fig. 6 /~L). Furthermore, PCC1 remarkably
reduced the secretion of IL-6 and VEGF-A (Fig. 6 M-0), indi-
cating its ability to mitigate the proinflammatory and proangio-
genic properties of glucose-induced HRMEC.

Overall, SnC contributed to pathological responses in age-
related retinal disorders, and PCC1 displayed great promise in
slowing the progression of these diseases.

Discussion

This study revealed a significant elevation in cellular senescence
burden during aging, accompanied by a comprehensive decline
in visual function and retinal structure. Long-term PCCI

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311028121#supplementary-materials

TUNEL/DAPI

Cell survival (%)
a ~

N

Young Aged PCC1
GCL
c .
=5
INL g [
E . .
ONL x
2 ns
a
4
w
z
=]
RPE =
Choroid Young  Aged  PCC1
ARPE-19 cells pmso pect ARPE-19 cells
ns ns ns  ns ok whwx ek o Q2 Q1 Q2 Viable cells (Q4)
0 2 e e e 270 Apoptotic cells (Q2 + Q3)
=4 o
3} x ns
= ] ] o
° ns
5 z 100 *xkx
u a3 %]
' 1.37' 1»87' 80
0 =< 604
Ja1 Q2 Ja1 Q2 % 60
4.09 479 088 148 =
4 P ] ,' O 4049
z
5 o |1 ] 20
Q3 0 T T T T
0 20.9 PCC1 - + - +
0 5 10 25 50 100 200 T
PCC1 concentration (uM) FITC-Annexin V CTRL SEN
. Young Aged PCC1 -
Hkkk » 30
] 5.94 1 20.2 ] 6.68 @ e
30 < +
= p p . p oo 20
£ . 2z
220 50O 10
a X T .
T £
=10 © 3
= . -
e . B ey B " Young Aged PCCA
CD11B
Young Aged PCC1 F
e Young Aged PCC1
i i i o 30
75 1 6.94 1 229 1 9.21 . ]
? 1 1 1 ‘&_-é 20
£ =
500 1 1 1 °° 59 0
© E E G R E RE °
= 250 @ b
e 3 3 [
0 = " I . Young Aged PCC1
Young Aged PCC1 G CD11B
o — Young Aged PCC1
15 2 30
o]
— 1 9.07 1 1 9.39 :_’
€ S o
310 1 1 1 L - 2
£ [=ia)
u?. 1 1 3 5 % 10 .
E 5 R c
i ©
g a a
- " R R Young Aged PCC1
Young Aged PCC1 CD11B
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treatment successfully reduced the accumulation of SnC and secre-
tion of SASDP, resulting in functional and morphological rejuve-
nation of the degenerative aging process in the retina. Using a
high-throughput sequencing tool, we constructed a detailed tran-
scriptome atlas of PCCl1-treated retina, uncovering the molecular
mechanisms of PCC1 as a senolytic and senomorphic. PCC1
exerted neuroprotective and anti-inflammatory effects that reverse
retinal aging. By further mining the scRNA-seq databases of
nAMD and DR, we investigated the senescence burden and its
implications in age-related retinal diseases and confirmed the ther-
apeutic potential of PCCL in these disorders in vitro.

Cellular senescence is the fundamental driver of aging and
age-related diseases. Although senescence refers to a permanent
cell cycle arrest, postmitotic retinal cells undergo age-related stress-
ors similar to those of proliferating cells, generating senescence-like
signatures (42). Stress-induced senescence also occurs in terminally
differentiated cells such as neurons (43) and adipocytes (44). This
state is likely triggered by oxidative stress regulation and the
response to DNA damage (45).

The senolytic activity of PCCI lies in its selective proapoptotic
properties in SnC, which is mediated by modulating the expression
pattern of the BCL-2 superfamily and aggravating mitochondrial
dysfunction during cellular senescence (20). The upregulation of the
apoptotic signaling pathway and the response to oxidative stress by
PCCI1 were substantiated by our data. Compared to other canonical
senolytics including dasatinib, quercetin, and ABT-263, which have
reported side effects and low oral availability, PCC1, as a natural
compound, stands out for its promising safety and in vivo efficacy
profile. Apart from indirect reduction of SASP through senolysis,
PCCI directly suppresses those inflammatory mediators by blocking
the upstream signaling which greatly potentiates the senotherapeutic
effect of PCC1 in comparison to other senolytics.

Although the molecular weight of PCC1 (866.77) exceeds the
limits of the BRB, PCCI indeed permeated the blood-retinal
barrier (BRB) and exerted in situ senolytic effect, which could be
explained by defects in both inner and outer BRB in aged rodent
retina. Remarkable breakdown of inner BRB indicated by tracer
horseradish peroxidase (molecular weight: 44,000) and decreased
occludin expression, was detected (46). An irregular pattern of
tight junction of RPE was also reported in aged mice, including
splitting, separation, and fragmentation of the cytoskeleton (47).
Additionally, PCC1 likely rejuvenates the retina indirectly by
modulating the systemic inflammatory status.

The rejuvenating capacity of PCC1 in the aged retina has
expanded its therapeutic effects in age-related retinal diseases. To
mimic DR in vitro, we induced senescence in HRMEC and con-
firmed the efficacy of PCCL1 in reducing senescence burden.
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cellular senescence in age-related retinopathy and elimination of
senescence burden contributed to the alleviation of these disorders,
which has been validated in cell models, animal models, and
patients with AMD (48, 49), diabetic retinopathy (42, 50, 51),
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for expanding the therapeutic potential PCC1 in the treatment
of senescence-related retinopathy.
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nating effect of PCC1 on the aged retina. Through the selective
depletion of SnC and inhibition of the SASP, PCC1 reversed the
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Materials and Methods
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