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pre-existing vessels, mainly driven by increased VEGF lev-
els [3]. With the formation of compensatory retinal angio-
genesis, DR progresses to the stage of proliferative diabetic 
retinopathy (PDR). However, these newly-formed vessels 
subsequent to angiogenesis are tortuous, leaky and mislo-
cated, leading to the disturbance on retinal structure [3]. 
In the end stage of PDR, preretinal fibrosis often occurs 
and exacerbates the disturbance. Throughout the process 
described above, retinal vascular endothelial cells (ECs) 
are continuously exposed to hyperglycemia-mediated meta-
bolic disorders, making them essential target cells for vas-
cular diseases.

Current therapeutic strategies for DR focus on microvas-
cular lesions, with targeting endothelial alterations being the 
most widely utilized therapeutic pathway. In the clinical set-
ting, DR treatment is still dominated by laser therapy and 
antiangiogenic therapies (AATs) in PDR patients. However, 
these therapies still lack broader effectiveness and have 
raised safety concerns [4]: the absence of preventive treat-
ment for patients in the early stage of DR; failure to address 
the underlying causes of retinal ischemia, which leads to 
recurrent neovascularization; and the inhibition of normal 
vascularization and neuron survival. Therefore, developing 

Introduction

Diabetic retinopathy (DR) is the most common ocular com-
plication of diabetes mellitus (DM) and a leading cause 
of blindness among working-age people [1]. Research on 
the pathogenesis of DR aims to reduce the global preva-
lence of this disease. Microvascular disease is the primary 
pathogenic hallmark of DR and can develop into different 
and continuous stages [2]. The process begins with mildly 
increased vascular permeability and proceeds to nonprolif-
erative diabetic retinopathy (NPDR), which is distinguished 
by vascular leakage and occlusion. As focal ischemia and 
hypoxia expand and worsen, new capillary sprouts from 
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Abstract
Diabetic retinopathy (DR) is a diabetic complication that results in visual impairment and relevant retinal diseases. Current 
therapeutic strategies on DR primarily focus on antiangiogenic therapies, which particularly target vascular endothelial 
growth factor and its related signaling transduction. However, these therapies still have limitations due to the intricate 
pathogenesis of DR. Emerging studies have shown that premature senescence of endothelial cells (ECs) in a hypergly-
cemic environment is involved in the disease process of DR and plays multiple roles at different stages. Moreover, these 
surprising discoveries have driven the development of senotherapeutics and strategies targeting senescent endothelial cells 
(SECs), which present challenging but promising prospects in DR treatment. In this review, we focus on the inducers and 
mechanisms of EC senescence in the pathogenesis of DR and summarize the current research advances in the development 
of senotherapeutics and strategies that target SECs for DR treatment. Herein, we highlight the role played by key factors 
at different stages of EC senescence, which will be critical for facilitating the development of future innovative treatment 
strategies that target the different stages of senescence in DR.
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selective therapeutic targets to inhibit pathological neovas-
cularization while promoting normal vessel regeneration is 
urgent.

In recent years, many studies have revealed the existence 
and multiple roles of senescent ECs (SECs) in the progres-
sion of DR, especially in the formation and regression of 
pathological neovascularization. Mechanistically, various 
types of stress damage induced or aggravated by DM drive 
the accumulation of SECs, which are sustained and spread 
via the senescence-associated secretory phenotype (SASP) 
specific to senescent cells (SCs). Simultaneously, therapies 
targeting SECs are booming and show considerable promise 
in DR treatment and prevention. This finding points to an 
additional sustainable path based on existing laser therapy 
and AATs because therapies targeting SECs not only target 
the regression of pathological neovascularization but also 
promote the regeneration of functional vessels [5, 6]. On 
this basis, these therapies tend to remain safer. However, the 
development and application of therapies targeting SECs 
still face many challenges. In conclusion, this review focuses 
on the mechanisms of EC senescence in the pathogenesis of 
DR and summarizes the current research advances in strate-
gies targeting SCs and SECs.

Phenotypic and functional changes in 
endothelial cells in diabetic retinopathy

Damage to vessels and endothelial cells is one of the 
most prominent pathological changes in diabetic 
retinopathy

Although DR is now more accurately defined as a neuro-
vascular disease [7], retinal microangiopathy is still one of 
the major pathological changes in DR. Under normal condi-
tions, EC monolayers line the vascular network and serve 
as a selective barrier and blood flow regulator, supplying 
the neuroretina with enough oxygen and nutrients. How-
ever, when blood glucose levels rise, ECs are critical target 
cells for vascular injury. The breakdown of cell‒cell junc-
tions between adjacent ECs, as well as EC apoptosis, are 
the main forces for acellular capillary formation and inter-
nal blood‒retinal barrier (iBRB) destruction during NPDR. 
Studies have indicated a significant reduction in the expres-
sion of tight junction proteins in the retinas of diabetic rats 
[8]. In the high glucose environment, significantly increased 
inflammatory factors and adhesion molecules, including 
tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), 
intercellular adhesion molecule-1 (ICAM-1), matrix metal-
loproteinase-9 (MMP-9), also reduce and destroy cell-cell 
junctions [8] while promoting EC apoptosis. At the early 
stage of DR, vascular endothelial growth factor (VEGF) 

can act as a pro-inflammatory factor modulating inflamma-
tory responses [2, 9]. Given that VEGF as a growth factor 
directly promotes EC survival and proliferation [10], it is 
important to emphasize that subsequent excessive inflamma-
tion and reactive oxygen species (ROS), rather than VEGF 
itself, directly leads to EC apoptosis. In this process, ROS 
induced by high glucose levels can promote the expression 
of proinflammatory genes while also aggravating EC shed-
ding and apoptosis [11]. In general, EC apoptosis is mainly 
induced by hyperglycemia [12, 13], inflammation [14] and 
ROS [15].

During PDR, retinal vascular ECs undergo continuous 
and excessive proliferation and migration, thus promoting 
pathological neovascularization [4]. With increased reti-
nal ischemia, VEGF levels increase and promote EC sur-
vival, proliferation, permeability, and chemotaxis to VEGF 
sources, leading to excessive proliferation of ECs and the 
formation of new vessels. Furthermore, the chronic inflam-
matory environment induced by high glucose levels also 
provides a driving force for the direct engagement of ECs 
in angiogenesis and the indirect involvement of secreted 
angiogenic mediators in angiogenesis [4].

Endothelial cells participate in the impairment of 
neurovascular unit function in diabetic retinopathy 
through intercellular communication

DR is a neurovascular disorder caused by the destruction of 
the retinal neurovascular unit (NVU) [7, 16]. The structure 
of the NVU is controlled by the communication among neu-
rons, glial cells and vascular cells. ECs are highly sensitive 
to signals from surrounding cells and their environment, 
allowing them to regulate retinal blood flow and vascular 
permeability through various interactions. In a hyperglyce-
mic environment, EC injury progressively aggravates struc-
tural defects and dysfunction in the NVU.

Pericyte-EC interactions are essential to maintain the 
structural and functional integrity of iBRB. Under normal 
conditions, pericytes can maintain EC quiescence and sur-
vival by secreting angiopoietin-1 (ANG1) [17, 18]; in turn, 
ECs secrete platelet-derived growth factor-BB (PDGF-BB) 
to activate PDGFRβ on pericytes, thereby promoting peri-
cyte proliferation, migration, and survival [19]. During the 
NPDR period, pericyte loss is perceived as an early fea-
ture and basis of iBRB disruption [20]. Further, pericytes 
undergo apoptosis and detachment before ECs and with 
greater loss [21]. This impairment causes EC damage by dis-
rupting pericyte-EC interactions. Subsequently, increased 
EC apoptosis and reduced transduction of PDGFRβ signal-
ing in the hyperglycemic environment, in turn exacerbates 
pericyte apoptosis [22]. Eventually, the progressive loss of 
ECs and pericytes leads to acellular capillary formation, 
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basement membrane (BM) thickening [23], and progressive 
disintegration of the iBRB. In addition, the altered protein 
composition in thickened BM reduces the filtering capacity 
of the barrier [24] and hinders communication between ECs 
and other cells within the NVU [23], further deteriorating 
the physiological structure and function of the NVU. When 
the iBRB breaks down, immune privilege is also disrupted; 
thus, circulating immune cells and inflammatory factors 
infiltrate the NVU, and chronic inflammation persists and 
contributes to gliosis and neuronal damage [25].

In the end stage of PDR, preretinal fibrosis often occurs 
for repeated neovascular bleeding and wound healing [26]. 
Myofibroblasts are the dominant cells of fibrosis, which can 
arise from activation of fibroblasts, and intercellular trans-
differentiation of ECs and pericytes [27, 28]. Specifically, 
Abu El-Asrar et al. have demonstrated ECs proliferate and 
undergo endothelial-to-mesenchymal transition (EndoMT) 
in PDR [27]. Similarly, regulated by TGF-β, PDGF, VEGF, 
etc., pericytes are activated, dislocated, and transformed 
into myofibroblasts, which is called pericyte-myofibroblast 
transition (PMT) [28–30]. Ultimately, multiple intercellular 
communications and transformations (including EndoMT, 
PMT, and the activation of fibroblasts) mediate the forma-
tion of extraretinal fibrovascular membranes, leading to reti-
nal neuronal damage and degeneration.

Along these lines, a cascade of responses promoted by 
ECs continue to exacerbate structural disruption and dys-
function of the NVU, including iBRB disruption, gliosis, 
neuronal degeneration, impaired autoregulation of blood 
flow and control of vascular integrity. These pathological 
changes ultimately result in impaired visual function.

Endothelial cell senescence

Cellular senescence

Cellular senescence is considered a cellular state in response 
to specific physiological processes or various stressful 
insults [31]. During tissue development and remodeling, 
cellular senescence often occurs in a physiologically pro-
grammed form. However, pathological cellular senescence 
is triggered by various senescence stressors, including telo-
mere attrition, DNA damage, mitochondrial dysfunction, 
oxidative stress, and oncogenic activation [31]. Owing to 
the persistence of these stressors, cellular senescence can 
occur at any stage of an organism.

Notably, cellular senescence and aging are not synony-
mous but are closely related. Aging refers to a decline in 
an organism’s function during adulthood, often accompa-
nied by a significant accumulation of cellular senescence. 
This is because, with age, there is a general accumulation 

of stressful insults to cells in the organism, making them 
more susceptible to entering the senescent state. Moreover, 
the immune clearance of SCs weakens with age [32]. This 
imbalance between the production and removal of SCs is 
an inevitable trend in the natural aging of organisms. On 
this basis, certain diseases, such as DM, tend to accelerate 
the generation of this imbalance, resulting in premature cel-
lular senescence [33]. Focal accumulation of SCs can cause 
specific tissue dysfunction, whereas systemic accumulation 
of SCs is involved in the overall decline in body function, 
which is indeed associated with aging.

Phenotypes of cellular senescence

Cellular senescence can be subdivided into many subtypes 
depending on the cell type and stressor, but these subtypes 
share several core features. The International Cellular 
Senescence Association (ICSA) agreed that cellular senes-
cence is characterized by four key features: prolonged and 
generally irreversible cell cycle arrest, SASP, macromolecu-
lar damage (especially DNA damage), and altered metabo-
lism [34]. These characteristics do not exist independently, 
but are interdependent. The first two characteristics are 
described here.

Cell cycle arrest

Cell cycle arrest is the most prominent feature of cellular 
senescence, and this cell cycle withdrawal distinguishes it 
from cell quiescence and terminal differentiation [35]. Cell 
cycle arrest can be activated by persistent DNA damage 
triggered by multiple stressors and ultimately converges on 
the upregulation of the p53/p21WAF1/CIP1 and/or p16INK4A/
RB tumor suppressor pathways [31]. However, the severity, 
duration and type of damage determine whether the above 
mechanisms lead to cellular senescence. For example, 
minor damage to DNA triggers the DNA damage response 
(DDR), and the cell cycle restarts when the DDR is com-
plete, whereas more extreme DNA damage often leads 
directly to p53-induced apoptosis [36–38].

Senescence-associated secretory phenotype (SASP)

SCs actively secrete various substances collectively termed 
SASP, including chemokines, cytokines, growth factors, 
and insoluble factors. Coppé et al. reported that when cells 
overexpress only cyclin-dependent kinase inhibitors, in the 
absence of DNA damage, they acquire many senescence phe-
notypes, including cell cycle arrest, but fail to secrete SASP 
components [39]. These findings suggest that the SASP is 
usually activated when cells sense macromolecular damage, 
especially DNA damage. Cytosolic DNA is usually derived 
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local cell density and sites for establishing cell‒cell junc-
tions and decreasing their potential for dynamic remodeling. 
Second, SECs also exhibit stronger adhesion to the substrate 
and greater contractility, which is accompanied by extracel-
lular matrix remodeling. Together, these changes endow 
SECs with a phenotype of enforced stasis and resistance to 
remodeling, attenuating endothelial repair and adaptation to 
local blood flow [57–59].

SECs often express proinflammatory SASP factors, 
including IL-6, IL-8, IL-1β, ICAM-1, VEGF, and MMPs 
[60]. These proinflammatory factors contribute to the dis-
ruption of cellular junctions, increased endothelial perme-
ability, and inflammatory cell infiltration accompanying 
EC senescence. In particular, a unique feature of the endo-
thelial SASP is its reduced nitric oxide (NO) and increased 
ROS levels, which promote vascular dysfunction [61]. In 
addition to its protective effects on the vasculature, NO 
also has anti-cellular senescence effects, such as reducing 
ROS production through direct inhibition or scavenging of 
NADPH [62]. Therefore, reduced endothelial-derived NO 
secretion indirectly enhances, promotes cellular senescence, 
and contributes to vascular dysfunction, such as impaired 
NO-dependent dilation. Similar to other types of SCs, 
increased ROS production by SECs is attributed mainly 
to mitochondrial and lysosomal dysfunction; however, the 
resulting alterations in glucose metabolism differ. Quies-
cent ECs primarily rely on increased fatty acid oxidation 
and decreased glycolysis, while proliferating ECs depend 
heavily on glycolysis for proliferation and angiogenesis 
[63, 64]. Early studies have shown that in oxygen-induced 
retinopathy (OIR) mice, the accumulation of SCs (including 
SECs) is strongly consistent with pathological angiogenesis 
in terms of temporal and spatial localization [6]. Therefore, 
the effects of mitochondrial dysfunction on the cellular state 
of proliferating ECs may be more rooted in ROS production 
rather than energy supply.

Biomarkers of senescent endothelial cells

Based on the molecular level changes behind these pheno-
types, in vivo SECs can be detected with various relevant 
biomarkers. Owing to the lack of specificity of endothelial 
senescence biomarkers, the biomarkers commonly used 
to detect SECs are widely established features of different 
types of cellular senescence [65].

The most widely used assay is the histochemical detection 
of elevated senescence-associated β-galactosidase (SA-β-
gal) activity at pH 6.0, which is based on increased lyso-
somal content in SCs [66]. However, an increase in SA-β-gal 
activity can also occur in other biological contexts [67] and 
is therefore insufficient to serve as evidence for identify-
ing cellular senescence alone. Classical senescence-related 

from retrotransposable elements, damaged mitochondrial 
DNA, and cytosolic chromatin fragments. Cytoplasmic 
DNA can trigger inflammatory pathways expressing SASP 
via the cyclic GMP‒AMP synthase (cGAS)-stimulator of 
interferon genes (STING) pathway [40]. Coopted compo-
nents of the innate immune machinery in SCs are also sen-
sors in this process, particularly retinoic acid-inducible gene 
I [41] and inflammasomes [42]. In addition, the SASP is 
regulated by differential activation and interaction of tran-
scription factors (including nuclear transcription factor-κB 
[NF-κB], CCAAT/enhancer-binding protein β [C/EBPβ], 
and GATA4 [43, 44]), mammalian target of rapamycin 
(mTOR) and p38 mitogen-activated protein kinase (MAPK) 
signaling pathways [43, 45].

Depending on the stressor, cell type, and duration of 
senescence, the expression of the above mechanisms var-
ies differentially; thus, the SASP is also heterogeneous [46]. 
This heterogeneity of substances also determines the vari-
ability of SASP function, with beneficial aspects, includ-
ing the ability to mediate developmental senescence [47, 
48], wound healing [49], and tissue remodeling [50], and 
deleterious aspects, including the ability to promote tissue 
destruction and persistent chronic inflammation [51]. When 
the SASP enhances and spreads senescence in both auto-
crine and paracrine ways, these effects can be propagated 
through wider peripheral tissues, which is termed bystander 
senescence [52, 53].

SCs must undergo metabolic reprogramming to maintain 
a growth arrest state for cell survival and to secrete highly 
complex, dynamic, and heterogeneous SASPs. This process 
is frequently accompanied by a series of metabolic shifts, 
such as increased glycolysis, decreased fatty acid oxidation, 
and increased ROS production [54]. This mainly stems from 
the mitochondrial dysfunction and lysosome-associated 
autophagy imbalance that accompany cellular senescence. 
The former is usually characterized by alterations in mito-
chondrial mass, dynamics, composition and the electron 
transport chain. For example, the activity of complex IV 
and cytochrome c oxidase, components of the mitochon-
drial electron transport chain, decreases with age, leading 
to decreased mitochondrial oxidative phosphorylation and 
increased ROS [55].

Phenotypes and biomarkers of senescent 
endothelial cells

Phenotypes of senescent endothelial cells

ECs are arranged in monolayers on the vascular network 
and participate in vascular maintenance and barriers while 
being directly exposed to continuous blood flow. Morpho-
logically, SECs become enlarged and flat [56], reducing the 
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Compared with those in control patients with nonvascular 
ocular pathologies, the expression of VEGF-A, plasmino-
gen activator inhibitor-1 (PAI-1), IL-6, and IL-8, which are 
involved in paracrine senescence, is significantly elevated in 
the vitreous fluid of PDR patients (p < 0.01 and p < 0.001) 
[5]. Crespo-Garcia et al. further confirmed the presence of 
senescent vascular cells in retinas from postmortem globes 
of PDR patients at a later stage [6]. Related experimental 
studies provide further evidence for EC senescence in DR. 
In vitro, ECs cultured with high glucose exhibit increased 
SA-β-gal activity [74]. In vivo, premature senescence of 
retinal ECs has also been demonstrated in streptozoto-
cin (STZ)-induced hyperglycemic mice, as evidenced by 
increased mRNA levels of senescence markers, including 
p16INK4A, p21, and p53 [6].

Key factors that induce endothelial cell senescence 
in diabetic retinopathy

During the development of DR, hyperglycemia, a chronic 
metabolic disorder, continues to diffuse its harmful effects 
through the vascular system to retinal tissues, ultimately 
resulting in neurovascular lesions. During this process, ECs 
directly exposed to a hyperglycemic environment undergo 
metabolic reprogramming dominated by altered glucose 
metabolism (Fig. 1). This metabolic alteration further trig-
gers mechanisms such as advanced glycation end products 
(AGEs), the hexosamine pathway, the polyol pathway, and 
the protein kinase C (PKC) pathway [75]. These mecha-
nisms ultimately converge mainly on oxidative stress and 
chronic inflammation, which directly shape the senescent 
phenotype of ECs. Oxidative stress and chronic inflam-
mation often have similar origins and can stimulate each 
other, together promoting EC senescence. For example, the 
accumulation of AGEs increases the production of ROS and 
proinflammatory cytokines such as TNF-α [76]. In turn, the 
prooxidative environment contributes to the activation of 
the NF-κB signaling pathway, which promotes the expres-
sion and recruitment of proinflammatory cytokines [77]. In 
addition, the hyperglycemia-induced reduction in NO indi-
rectly increases the vulnerability of ECs to stressful insults. 
The crosstalk of these alterations, in turn, exacerbates the 
four classical metabolic abnormalities mentioned above 
[78]. Notably, these alterations also appear in the endothe-
lial SASP, which is proinflammatory and has increased ROS 
and decreased NO. This finding confirms the relevance and 
reasonability of the occurrence, maintenance, and spread of 
EC senescence under hyperglycemic conditions.

biomarkers also involve molecules related to DNA damage 
and cell cycle arrest, including γH2AX, p16, ARF, p53, p21, 
p15, p27 and hypophosphorylated RB [31].

In addition, negative biomarkers that should be absent 
in SCs, such as Ki67 or BrdU incorporation, can be used to 
exclude SCs [68]. Taken together, a combination of two or 
more biomarkers, such as SA-β-gal and γH2AX staining, 
should be used to identify SCs accurately [68, 69]. In addi-
tion to traditional immunohistochemical staining of frozen 
or fixed isolated tissues, the development of liquid biopsies 
has given rise to the promise of circulating ECs, such as 
endothelial progenitor cells (EPCs) and vascular endothelial 
progenitor cells, as potential biomarkers of EC senescence 
[65]. Recently, a powerful tool called TEMPO (tracing 
expression of multiple protein origins) has been success-
fully developed and has yielded surprising new insights 
into aqueous humor liquid biopsies [70]. TEMPO simulta-
neously integrates microvolume liquid-biopsy proteomics, 
single-cell transcriptomics, and artificial intelligence, which 
provides new opportunities for the molecular assessment of 
cell type-specific aging in vivo.

Inducers of endothelial cell senescence

The unique physiological context of ECs explains the mul-
tiple triggers for them to undergo cellular senescence. The 
location of the vascular tree where ECs are located deter-
mines their hemodynamic environment. ECs at the sites 
of branches and curvatures are exposed to disturbed flow, 
which results in greater cellular turnover and faster repli-
cative senescence [71, 72]. In contrast, circulating factors 
in the blood that induce senescence have systemic effects, 
including effects on oxygen, glucose, lipids, amino acid 
metabolites, immune cells, inflammatory cytokines, and 
toxic substances [73]. As an organism ages, various physi-
ological stresses accumulate within ECs, which eventually 
results in EC senescence. Several studies have demon-
strated that hyperglycemia promotes the accumulation of 
stress-induced injury both in vivo and in vitro, culminating 
in an earlier onset of EC senescence. This will be further 
discussed below.

Endothelial cell senescence occurs in 
diabetic retinopathy

Evidence of senescent endothelial cells in diabetic 
retinopathy

Many studies have shown a strong causal relationship 
between DR development and EC senescence, particularly 
through a series of factors dominated by hyperglycemia. 
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on the degree of oxidative stress [86]. In addition to nuclear 
DNA, mitochondrial DNA (mtDNA) is more vulnerable 
to extensive and persistent oxidative damage (particularly 
displacement loops) because of the lack of protective his-
tones [89]. In a hyperglycemic environment, increased Nox 
activity increases the expression of MMPs [90], and then, 
ROS stimulation facilitates the translocation of MMPs into 
the mitochondria, which also impairs mtDNA [91]. Dam-
aged mtDNA leads to dysfunctional transcription and pro-
tein synthesis, further disrupting electron transport and 
exacerbating ROS production. Ultimately, mitochondrial 
dysfunction acts as both a driver and a consequence of EC 
senescence [92, 93].

In addition to increased oxidative stress production, 
hyperglycemia also causes a decrease in antioxidant levels 
within ECs. The levels of antioxidants, including reduced 
glutathione, superoxide dismutase, and catalase, are lower 
in the retinas of diabetic rats than in those of nondiabetic 
rats [94]. Similarly, sirtuins (SIRTs), which act as NAD+-
dependent deacetylases and ADP-ribosyl transferases [95], 
are also important targets for oxidative stress-induced EC 
senescence under hyperglycemic conditions. SIRT1 and 
SIRT6 can promote cellular repair and stress resistance in 

Oxidative stress

Increased oxidative stress under hyperglycemic conditions 
is the most important factor promoting EC senescence. 
Excess intracellular ROS are derived mainly from oxidative 
phosphorylation uncoupling and increased NADPH oxi-
dase (Nox) activity [79, 80]. In addition, aberrant activation 
of multiple metabolic pathways is associated with hyper-
glycemia-induced increases in oxidative stress, including 
increased glucose influx through the polyol and hexosamine 
pathways, activation of the PKC pathway and increased for-
mation of AGEs [81].

Mechanistically, excess ROS likely drive EC senescence 
through DNA damage and DDR pathway activation. Oxida-
tive DNA damage often occurs at telomeres [82, 83], which 
can lead to telomere uncapping [84, 85], telomere shorten-
ing and length-independent telomere damage [86]. In addi-
tion to damage to telomeres themselves, high glucose also 
induces EC senescence by decreasing telomerase activity 
within ECs [87, 88] and is associated with increased ROS. 
Combining the above phenomena and related studies, some 
studies indicate that telomeres may serve as highly sensi-
tive sensors of stress, with the type of damage depending 

Fig. 1 Key factors inducing endothelial cell senescence in diabetic reti-
nopathy. The figure above illustrates a series of mechanisms through 
which hyperglycemia induces endothelial cell senescence. Among 
these, increased inflammation, increased ROS and decreased NO are 
the focus of this section’s discussion, and these changes are also simul-
taneously reflected in the endothelial SASP. This confirms the rele-

vance and reasonability of the occurrence, maintenance, and spread 
of EC senescence under hyperglycemic conditions. DDR, DNA dam-
age response; SASP, senescence-associated secretory phenotype; NO, 
nitric oxide; ROS, reactive oxygen species; AGEs, advanced glycation 
end products. This figure was created using Figdraw
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and Nox can produce superoxide using molecular oxygen as 
a substrate. Next, superoxide binds NO with high affinity to 
form peroxynitrite (ONOO−), and then ONOO− can oxidize 
BH4 and disrupt the zinc-thiolate clusters of eNOS, further 
culminating in eNOS uncoupling [109]. Furthermore, vari-
ous ROS (such as ONOO− and H2O2) can induce EC senes-
cence by increasing endothelial arginase expression and 
activity and reducing NO bioavailability [110, 111]. Studies 
have demonstrated that a DM-induced increase in arginase 
1 expression promotes EC senescence through activation of 
the p16INK4A and p53 signaling pathways [74].

The role and significance of endothelial cell 
senescence in diabetic retinopathy

Endothelial cell senescence exacerbates diabetic 
retinopathy

Endothelial cell senescence exacerbates nonproliferative 
diabetic retinopathy

The prominent lesions during the NPDR period are acellular 
capillary formation and iBRB disruption, which eventually 
progress to microvascular rarefaction (Fig. 2). First, micro-
vascular rarefaction arises directly from vessel regression, a 
process mediated by massive cell shedding and apoptosis. 
The continuous proliferation and enhancement of the endo-
thelial SASP significantly affects vascular cell survival, 
which is strongly attributed to increased ROS, decreased 
NO, and increased proinflammatory cytokines (e.g., IL-1β, 
IL-6, TNF-α, chemokines, and adhesion molecules) [62, 
112–115]. This tissue-destructive SASP is a significant 
modulator of the harmful effects of SECs: it maintains and 
expands the chronic inflammatory environment by increas-
ing circulating cytokine levels and immune cell infiltration, 
disrupting cell‒cell junctions and promoting vascular cell 
apoptosis. Furthermore, these factors can interact to enhance 
pro-apoptotic effects. For example, IL-1β stimulates ROS 
production and accelerates EC apoptosis in retinal capil-
laries by activating the NF-κB signaling pathway, and this 
effect is intensified under high glucose conditions. In turn, 
elevated ROS and reduced NO induce inflammatory path-
ways, particularly the NF-κB signaling pathway, culminat-
ing in chronic, sterile and low-grade vascular inflammation 
and exacerbating cell shedding and apoptosis [116, 117].

In addition to vessel regression, angiogenesis impair-
ment may play a central role in microvascular rarefaction. 
At the molecular level, ECs initiate and maintain angiogenic 
processes mainly through VEGF signaling pathways. These 
findings suggest the potential of EC senescence to promote 
angiogenic impairment. First, SECs are unable to proliferate 

response to elevated cellular NAD+, while SIRT3 localized 
in mitochondria can protect cells from oxidative stress [95]. 
However, hyperglycemia suppresses SIRT1 expression, 
which decreases the expression of mitochondrial antioxidant 
enzymes (mainly manganese superoxide dismutase) via a 
histone acetylase- and forkhead box O1 (FOXO1)-mediated 
pathway, leading to mitochondrial ROS production [33]. 
In turn, the endothelial expression of SIRT1 and SIRT6 is 
reduced in response to oxidative stress, which strengthens 
the p53/p21 pathway [96–98]. In conclusion, depletion of 
mitochondrial SIRTs mediates glucose-induced oxidative 
stress and EC senescence [99].

Chronic inflammation

Chronic inflammation is a pathophysiological hallmark of 
DM and a recognized activator of cellular senescence. The 
cGAS-STING pathway is one of the most important regu-
lators of EC senescence and chronic inflammation. On the 
one hand, the accumulation of extracellular and cytoplasmic 
DNA in ECs activates the cGAS-STING pathway, which 
leads to EC senescence by activating kinase tank-binding 
kinase 1 and type I IFN secretion [100, 101]; on the other 
hand, the activated cGAS-STING pathway activates the 
NF-κB signaling pathway, which stimulates the expression 
of TNF, IL-1β, IL-6, and IL-8, among others [102], thereby 
initiating and maintaining EC senescence [103]. Like oxida-
tive stress, chronic inflammation can also drive EC senes-
cence through DNA damage and DDR pathway activation. 
For example, TNFα-induced EC senescence initiates a 
positive feedback loop through sustained activation of the 
Janus kinase/signal transducer and activator of transcription 
(JAK-STAT) pathway, leading to prolonged DNA damage 
and cytokine secretion that perpetuates the senescent state 
[104].

NO reduction

NO is vasculoprotective and antagonistic to EC senescence 
[62]; thus, the key effectors of hyperglycemia-induced EC 
senescence are likely related to NO levels. Normally, endo-
thelial nitric oxide synthase (eNOS) utilizes the precursor 
substance L-arginine to produce NO, which is also a sub-
strate for arginase. In diabetic retinas and high glucose-
treated retinal ECs, arginase activity is increased, and less 
L-arginine is available to eNOS, resulting in decreased NO 
production [105]. Moreover, several studies have demon-
strated that hyperglycemia can lower NO levels by inhibit-
ing eNOS generation, activity and coupling [62, 106–108]. 
Specifically, eNOS coupling is attributed mainly to the 
depletion of L-arginine and tetrahydrobiopterin (BH4) 
induced by hyperglycemia [106]; thus, uncoupled eNOS 
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which refer to vessel outpouching and leakage, are char-
acteristic tissue lesions during the NPDR period [3]. Early 
studies suggest that endothelial senescence is involved in 
the development of microaneurysms [125]. In regions of 
capillary nonperfusion, pericyte loss and capillary endo-
thelial damage contribute greatly to microaneurysm forma-
tion, with the former widely recognized as a central factor 
[126, 127]. During this process, dysfunction of SECs and 
spreading of SASP impair pericyte survival and recruit-
ment, resulting in reduced pericyte coverage. Given that 
pericytes mediate leukocyte extravasation, pericyte loss 
may contribute to intralumenal accumulation of leukocytes 
[127]. This, together with pro-inflammatory SASP, exacer-
bates endothelial damage. At the BM level, the loss of vas-
cular cells reduces BM synthesis, while increased MMP-9 
levels in pro-inflammatory SASP disrupt the BM during the 
later stages of microaneurysm formation [60, 128]. These 
changes render the vessel wall weak and fragile, making 
it predispose to dilation and leakage under high capillary 
hydrostatic pressure [126].

due to cell cycle arrest, inhibiting their angiogenic capac-
ity. EPCs, as precursors of ECs, can complement damaged 
ECs by differentiating into mature ECs, thus maintaining 
the integrity of the endothelial monolayer. However, senes-
cence can impair the compensatory capacity of EPCs and 
their potential for vascular regeneration [118].

Another reason for the lack of angiogenic capacity is the 
resistance of SECs to angiogenic inducers. This is indicated 
by the impaired angiogenic response of primary cerebromi-
crovascular ECs to exogenous VEGF in aged rats [119]. In 
addition, force microscopy suggests that SECs have dimin-
ished migratory capacity, as evidenced by the tendency of 
SECs to be static and firmly adherent to the substrate [56]. 
In terms of exogenous factors, an obvious contribution is 
that SECs reduce the production of the angiogenesis inducer 
VEGF [120], thus impairing the direct promotion of angio-
genesis. Since NO is located downstream of VEGF-induced 
angiogenesis [121], impaired bioavailability of endothelial-
derived NO also disrupts the dynamic balance between 
angiogenesis and vessel regression, thereby promoting 
microvascular rarefaction [122].

As NPDR lesions progress, retinal microvascular rar-
efaction and occlusion worsen, accompanied by a decrease 
in vascular perfusion density [123, 124]. Microaneurysms, 

Fig. 2 Dual effects of endothelial cell senescence in diabetic retinopa-
thy. Endothelial cell senescence plays a dual role in different stages 
of diabetic retinopathy. The harmful aspects are characterized by the 
induction of microvascular rarefaction during NPDR and pathologi-
cal angiogenesis during PDR; the beneficial aspects are manifested by 
vascular remodeling in the later stage of pathological angiogenesis, 
which is a self-correcting process, including the regression of patho-
logical angiogenesis and regeneration of functional vessels. This effect 

switch is closely related to the shift in components of the endothelial 
SASP in a highly context-dependent manner. SECs, senescent endo-
thelial cells; SASP, senescence-associated secretory phenotype; iBRB, 
internal blood–retinal barrier; BM, basement membrane; NETs, neu-
trophil extracellular traps; IL-8, interleukin-8; IL-1β, interleukin-1β; 
CXCL1, C-X-C motif chemokine ligand 1. This figure was created 
using Figdraw
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Endothelial cell senescence induces vascular 
remodeling

Endothelial cell senescence induces physiological vascular 
remodeling

Although SECs are often viewed as harmful factors that 
induce or accelerate the course of vascular disease, some 
studies have revealed their positive role in physiological 
and pathological vascular remodeling in organisms. Dur-
ing embryonic development, developmentally programmed 
senescence is widespread and is thought to promote tissue 
development and patterning through immune clearance 
and SASP-mediated tissue remodeling [47, 48]. Accord-
ingly, physiological vascular remodeling, as one of the seg-
ments of tissue remodeling, may involve the participation of 
SECs. Notably, p16, p53, and DNA damage are not detected 
in these structures during developmental senescence [31, 
47, 48]. This is because developmental senescence is not 
mediated by DNA damage but rather by a series of develop-
mental cues that activate signaling pathways, such as phos-
phatidylinositol-3-kinase (PI3K) and transforming growth 
factor-β (TGF-β), which ultimately converge on p21 [31]. 
Moreover, the SASPs of these SCs lack senescence-enhanc-
ing mediators such as IL-6 and IL-8 [48, 130, 131], which 
may help maintain the stability and controllability of tissue 
development.

Endothelial cell senescence induces pathological vascular 
remodeling

It has been suggested that cellular senescence may have ini-
tially emerged as a developmental mechanism, which was 
later adapted during evolution to play an adult role. This 
phenomenon confers rootedness to the beneficial effects 
of cellular senescence in different stages, including tissue 
remodeling during development and cancer suppression, 
tissue regeneration, and damage repair in adulthood. In 
contrast to physiological tissue remodeling during devel-
opment, injury repair in adulthood can be viewed, in some 
ways, as pathological tissue remodeling, which refers to a 
reparative response in favor of the organism after lesions. 
SCs appear transiently at the site of tissue injury, promoting 
wound healing and the elimination of potentially danger-
ous cells via specific SASP factors with subsequent immune 
clearance.

Indeed, such pathological tissue remodeling has previ-
ously been reported in PDR [132, 133] and other retinopa-
thies, such as age-related macular degeneration (AMD) and 
retinopathy of prematurity (ROP), manifesting as spontane-
ous regression of late pathological neovascularization. The 
involvement of SECs in pathological angiogenesis during 

Endothelial cell senescence exacerbates proliferative 
diabetic retinopathy

During PDR, uncontrolled angiogenesis occurs in areas of 
sparse retinal microvasculature to compensate for tissue 
hypoxia and nutrient deprivation. However, these neoves-
sels tend to be fragile, leaky, and misdirected. Accumulat-
ing evidence suggests a strong link between pathological 
angiogenesis and EC senescence (Fig. 2). Crespo-Garcia 
et al. reported that SCs accumulate in OIR mice (which 
can be considered an alternative model of PDR) and reach 
a maximal burden at the peak of pathological neovascu-
larization (P17); at this time, gene set variation analysis 
(GSVA) of single-cell transcriptomic data revealed that ECs 
(~ 65–60%) are enriched in senescence-related transcripts 
[6]. Furthermore, Binet et al. observed robust activation of 
the RAS pathway (RAS triggers senescence via DDR and 
p53 activation) in pathological preretinal neovasculariza-
tion sprouts at P17 and ultimately determined that the SECs 
overlapped with the neovascular tufts [129]. However, cel-
lular senescence is only involved in pathological angio-
genesis rather than healthy vessels [6]. More specifically, 
as pathological preretinal neovascularization occurs, cells 
of the vascular unit rapidly engage pathways that activate 
p16INK4A and upregulate the prosurvival protein BCL-xL, 
ultimately leading to cellular senescence [6].

This process can be partly explained by a self-protective 
mechanism triggered by the impaired metabolism of RGCs 
in the ischemic and hypoxic environment that protects 
them from hypoxia-induced cell death by entering a senes-
cent state [5]. This process triggers a series of senescence-
related effectors that induce cellular senescence, including 
EC senescence. However, these SCs maintain and spread 
senescence through autocrine and paracrine secretion of 
proinflammatory SASPs and thus inhibit long-term vascular 
repair while promoting pathological neovascularization [5].

This conflicting protection may stem from the dual 
nature of senescence and the uncontrollable nature of SASP 
diffusion. In addition, the apoptosis and clearance of SECs 
reduce pathological neovascularization and induce repara-
tive vascular remodeling [129]. Along these lines, we spec-
ulate that SECs may stimulate pathological angiogenesis via 
the proinflammatory and progrowth SASP and potentially 
shape neovascularization into a fragile and leaky patho-
logical phenotype as a feature component of pathological 
neovascularization.
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abundant NET components, and corresponding antibodies 
derived from organisms may disturb retinal homeostasis, 
resulting in other lesions, such as microvascular occlusions 
and small vessel vasculitis [142]. Therefore, the practicality 
and feasibility of this therapy are still under discussion.

Advances in strategies for targeting 
senescent endothelial cells

Strategies for targeting senescent cells

Potential clinical implications of senescence have galva-
nized research into therapeutic approaches targeting SCs. 
Numerous studies have shown that the application of seno-
therapeutics might extend a healthy lifespan and amelio-
rate age-related diseases. Generally, senotherapeutics are 
classified into two types: (1) senolytics, which selectively 
eliminate SCs, and (2) senomorphics, which attenuate the 
destructive SASP instead.

Senolytics

As mentioned above, SCs upregulate senescent cell anti-
apoptotic pathways (SCAPs) that defend SCs against their 
own proapoptotic SASP and increase the number of intra-
cellular drivers of apoptosis. Along these lines, the first-gen-
eration senolytics ablate SCs by targeting different SCAP 
network nodes, including HSP90 [143], tyrosine kinase 
receptors [144], ephrin receptor B1 [145], BCL-2 family 
members [146, 147], p53 and p38 MAPK. Correspond-
ingly, strategies that have entered clinical trials include fise-
tin, dasatinib (approved by the FDA in 2006 [144, 148]), 
quercetin, and the combination of dasatinib and quercetin 
[147, 149]. Owing to the heterogeneity of SCAPs across dif-
ferent types of SCs, the effects of these drugs on removing 
SCs are also biased. In addition, preclinical drug candidates 
that function mainly by inhibiting BCL-2 family members 
include A1331852, A1155463, and navitoclax. These three 
drugs selectively induce apoptosis in senescent human 
umbilical vein endothelial cells (HUVECs) [146, 147]. 
However, complete inhibition of individual SCAP nodes is 
compensated by high doses of drugs, where the associated 
off-target effects lead to a greater risk of toxicity. Therefore, 
in the future, low-dose combinations and drugs with mild 
effects on multiple targets should be developed.

Second-generation senolytics arose with the application 
of methods such as random high-throughput drug library 
screens. Owing to the increase in lysosomal mass and SA-β-
gal activity observed in SCs, one approach involves the 
development of galacto-oligosaccharide-coated nanopar-
ticles. The nanoparticles carry toxic cargos that can be 

PDR has been mentioned previously; however, Binet et al. 
reported that SECs, which recruit immune cells through the 
SASP and lead to subsequent self-clearance, can induce 
pathological neovascularization and further promote vas-
cular repair remodeling [129] (Fig. 2). This process can 
be viewed as a “self-correcting” program for the retinal 
vasculature.

The two seemingly contradictory functional outcomes of 
SECs may stem from the shift in SASP components in a 
highly context-dependent manner, which is critical for proper 
resolution of tissue damage. ECs in a persistent senescent 
state in pathological vessels appear to be highly sensitive to 
extracellular signals, such as damage-associated molecular 
patterns, which can exacerbate the proapoptotic and proin-
flammatory properties of SASPs [134]. Corroborating this, 
at the tipping point from maximal pathological angiogen-
esis to normalization of the vasculature at P17 of OIR, tran-
script enrichment occurs primarily in processes related to 
inflammation [129]. Since SECs in pathological neovascu-
lar sprouts strongly activate RAS signaling, the timely shift 
in the secretory profile to the inflammatory-type SASP may 
be related to attenuated NOTCH1 activity in RAS-induced 
senescence [43, 129]. In the late stage of RAS-induced 
senescence, the downregulation of the NOTCH1 intracel-
lular domain permits derepression of the proinflammatory 
transcription factor C/EBPβ, and ultimately, SCs express 
proinflammatory factors such as IL-6 and IL-8 [43] in con-
cert with NF-κB signaling. Accordingly, in the late stages of 
pathological neovascularization, RASV12-activated SECs 
undergo immune clearance through proinflammatory SASP 
recruitment.

In particular, neutrophils are recruited mainly by IL-8 
[135] and stimulated to release neutrophil extracellular traps 
(NETs) via IL-1β and C-X-C motif chemokine ligand 1 
(CXCL1); subsequently, NETs promote apoptosis (confined 
to pathological tufts) and the removal of SECs, ultimately 
leading to the regression of pathological angiogenesis and 
the regeneration of functional vessels [129]. In addition, 
studies in OIR models and DR have confirmed an increase 
in the number of mononuclear phagocytes (MPs) in retinal 
tissues [136, 137], which may be related to the activation 
and infiltration of MPs induced by the inflammatory milieu 
and cellular stress in the ischemic retina [138]. Multiple 
studies have shown that MPs may mitigate neovasculariza-
tion and eliminate existing pathological neovascularization 
by killing (FasL/Fas system) and phagocytosing stressed 
ECs in pathological neovascular clusters [138–141].

In terms of the end result, the physiological purpose of 
this vascular remodeling is positive and self-repairing and 
is an evolutionarily adaptive mechanism. This raises the 
issue of whether existing cell senescence can be exploited 
rationally to treat PDR. However, uncontrolled neutrophils, 
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related senotherapeutics currently target proliferative reti-
nopathies, particularly PDR and DME.

UBX-1967 is a potent senolytic member of the BCL-2 
family. In the OIR model, the intravitreal administration of 
UBX-1967 inhibits pathological angiogenesis while pro-
moting vascular regeneration [6]. In terms of mechanism, 
UBX1967 selectively depletes a population of SECs associ-
ated with retinopathy that expresses Col1a1 [6].

In addition to UBX-1967, UBX-1325 is currently the 
most promising drug candidate. UBX-1325 is a small mol-
ecule inhibitor of BCL-xL and is tailored to treat senescence 
in age-related eye disorders such as PDR and DME. UBX-
1325 has been shown to promote apoptosis in a senescence-
associated OIR model [159]. Furthermore, UBX-1325 
improved the retinal vasculature in both OIR and STZ mice 
by effectively inhibiting retinal neovascularization and 
reducing vascular permeability [159]. In a phase 2b study in 
patients with DME, a single injection of UBX1325 led to a 
statistically significant and clinically meaningful improve-
ment in the mean best corrected visual acuity (BCVA) 
through 48 weeks compared with sham treatment. To date, 
UBX1325 has favorable safety and tolerability profiles, 
with no evidence of intraocular inflammation [160].

Approaches focused on increasing NO production reduce 
SECs from upstream. 2(S)-Amino-6-boronohexanoic acid 
(ABH) has the potential to alleviate DR via arginase inhi-
bition since it can blunt the diabetes-induced increase in 
p16INK4A and p38 in retinal ECs [74]. In addition, eNOS 
activation or the ingestion of NO-boosting substances, 
including L-arginine, L-citrulline and antioxidants, can 
delay endothelial senescence under high glucose conditions 
[161].

In conclusion, future diabetes-related research should 
focus more on the endothelial lineage. Furthermore, more 
experimental and clinical studies are needed to develop 
strategies to target SECs and to determine the impact that 
other diabetes treatments may have on EC senescence and 
its downstream effects. Notably, judicious safety monitor-
ing is necessary, as the long-term effects of clearing SCs in 
humans are not known. If successful, a progressive focus 
should be placed on exploring ways to improve the ability 
of antiaging therapies to prevent rather than treat DR.

Summary and prospects

The dual role of EC senescence in DR vasculopathy has 
gradually been demonstrated. SECs both exacerbate micro-
vascular rarefaction and pathological angiogenesis and 
participate in the regression of pathological neovascular-
ization and regeneration of functional vessels in the later 
stage. These studies further promote the development of 

internalized by SCs and subsequently activated by SA-β-
gal [150]. Similarly, β-galactosidase-activated prodrugs are 
preferentially processed by SCs, resulting in their selective 
killing [151, 152].

The emergence of senescence immunotherapy contra-
dicts the traditional idea of relying on external drugs to 
eliminate SCs directly. This method is based on enhanc-
ing immune-mediated senescence clearance and advocates 
reasonable and moderate coordinated intervention in SCs. 
One idea is to augment senescence surveillance, such as by 
targeting endothelial pathways with ICOS-activating anti-
bodies [153]. Alternatively, we can synergistically combine 
former senolytics with senescence clearance, effectively 
reducing the quantity of SCs below the burden threshold. 
In recent years, targeting surface proteins heterogeneously 
expressed by SCs has emerged as a promising immunother-
apy strategy, such as the development of chimeric antigen 
receptor T-cell (CAR-T) adoptive cell transfer [154] and the 
elimination of protein programmed death-ligand 1 (PD-L1) 
SCs [155].

Senomorphics

Senomorphics have emerged as alternative therapeutic 
approaches for senolytics, which alleviate the effects of det-
rimental senescent functions via SASP inhibition. Generally, 
senomorphics target certain components of SASP pathways 
that lead to the production of SASP factors through NF-κB, 
JAK, SIRT1, mTOR, or other pathways involved in the 
induction and maintenance of the SASP [156]. Senomor-
phic agents that have been widely studied include ruxoli-
tinib, metformin, resveratrol, rapamycin, fibroblast growth 
factor 21 (FGF21), and p38 MAPK inhibitors. Owing to the 
nature of senomorphics, continuous regular administration 
is required to maintain efficacy, which may lead to more 
side effects than intermittent administration of senolytics 
and may also lead to off-target effects in nonsenescent cells 
by inhibiting cytokine secretion, which may be essential. In 
addition to inhibiting senescence diffusion, senomorphics 
can act as immunotherapies to improve senescence surveil-
lance efficiency, such as through blocking chronic inflam-
matory factors that suppress immune surveillance [157].

Advances in targeting senescent endothelial cells in 
diabetic retinopathy and related complications

An increasing number of studies have demonstrated that EC 
senescence triggers or accelerates the pathological process 
of multiple ocular vascular diseases (especially those that are 
age-related), including DR, diabetic macular edema (DME), 
AMD, ROP, and glaucoma [158]. Owing to the prominent 
role of EC senescence in pathological angiogenesis, most 
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provide a potentially promising tool in the search for new 
biomarkers of SC subpopulations.

In conclusion, further exploration of the heterogene-
ity of cellular senescence and the mechanisms of spatio-
temporal regulation of the SASP, as well as the molecular 
mechanisms and precise characterization of EC senescence, 
is needed in the future. Furthermore, exploring how these 
mechanisms can be manipulated for therapeutic purposes 
will profoundly impact the development of therapeutic 
approaches for vascular diseases.
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