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Cytosolic DNA initiates a vicious circle of aging-related
endothelial inflammation and mitochondrial dysfunction via
STING: the inhibitory effect of Cilostazol
Zhi-hua Zheng1,2,3,4, Jiao-jiao Wang1,2, Jiu-guo Lin1,2, Wei-le Ye1,2, Jia-mi Zou1,2, Li-yin Liang3, Ping-lian Yang1,2, Wan-lu Qiu1,5,
Yuan-yuan Li1,2, Si-jia Yang6, Man Zhao7,8, Qing Zhou5, Cheng-zhi Li9, Min Li3,4, Zhuo-ming Li3, Dong-mei Zhang1,2,
Pei-qing Liu3,4✉ and Zhi-ping Liu1,2✉

Endothelial senescence, aging-related inflammation, and mitochondrial dysfunction are prominent features of vascular aging and
contribute to the development of aging-associated vascular disease. Accumulating evidence indicates that DNA damage occurs in
aging vascular cells, especially in endothelial cells (ECs). However, the mechanism of EC senescence has not been completely
elucidated, and so far, there is no specific drug in the clinic to treat EC senescence and vascular aging. Here we show that various
aging stimuli induce nuclear DNA and mitochondrial damage in ECs, thus facilitating the release of cytoplasmic free DNA (cfDNA),
which activates the DNA-sensing adapter protein STING. STING activation led to a senescence-associated secretory phenotype
(SASP), thereby releasing pro-aging cytokines and cfDNA to further exacerbate mitochondrial damage and EC senescence, thus
forming a vicious circle, all of which can be suppressed by STING knockdown or inhibition. Using next-generation RNA sequencing,
we demonstrate that STING activation stimulates, whereas STING inhibition disrupts pathways associated with cell senescence and
SASP. In vivo studies unravel that endothelial-specific Sting deficiency alleviates aging-related endothelial inflammation and
mitochondrial dysfunction and prevents the development of atherosclerosis in mice. By screening FDA-approved vasoprotective
drugs, we identified Cilostazol as a new STING inhibitor that attenuates aging-related endothelial inflammation both in vitro and
in vivo. We demonstrated that Cilostazol significantly inhibited STING translocation from the ER to the Golgi apparatus during
STING activation by targeting S162 and S243 residues of STING. These results disclose the deleterious effects of a cfDNA-STING-
SASP-cfDNA vicious circle on EC senescence and atherogenesis and suggest that the STING pathway is a promising therapeutic
target for vascular aging-related diseases.
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INTRODUCTION
Endothelial cells (ECs) are regularly arranged in the vascular cavity
and cover the entire circulatory system. As a vital structure of the
vascular system, ECs have the functions of regulating vascular
permeability and vascular tension, maintaining blood flow, and
regulating neovascularization [1]. As they play a crucial role in
maintaining vascular homeostasis, alterations of ECs are directly
involved in a broad spectrum of vascular diseases, especially
atherosclerosis [2, 3]. Vascular aging is a prevalent consequence of
the aging of vascular ECs and smooth muscle cells (VSMCs), which
is the underlying cause of numerous chronic inflammatory

diseases in the elderly population. As the barrier layer between
blood and vascular tissues, ECs are effector organs that perceive
and respond to external stimuli. Consequently, aging especially
causes greater DNA damage and telomere dysfunction in vascular
ECs compared with VSMCs [4, 5]. EC senescence further induces
changes in vascular structure and dysfunction, such as enhancing
vascular inflammation and mitochondrial dysfunction, obstructing
angiogenesis, affecting vascular integrity, thereby inducing or
aggravating vascular aging, and promoting the occurrence and
development of related cardiovascular diseases (CVDs, such as
atherosclerosis and hypertension) [6]. However, the mechanism of
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EC senescence has not been completely revealed, and so far, there
is no specific medicine in the clinic to treat EC senescence and
vascular aging. Therefore, it is essential to disclose the regulatory
mechanisms and new therapeutic targets of vascular aging and
further develop efficient and specific preventive and therapeutic
drugs [7, 8].
Stimulator of interferon genes (STING), as a type of natural

adapter protein that recognizes double-stranded DNA (dsDNA), is
the core molecule of innate immunity; upon activation, it
substantially promotes the release of interferon and inflammatory
factors [9, 10]. Previous studies have shown that under
pathological conditions such as aortic aneurysm and dissection,
atherosclerosis, cell senescence, and vascular dysfunction, the
amount of endogenous DNA exceeds the physiological threshold
of tolerance, and the abnormal presence of cytoplasmic free DNA
(cfDNA) becomes a damaging factor that exacerbates disease via
the inflammatory effect [11–16]. Proper activation of STING is
essential for anti-viral immunity and immune stimulation in tumor
immunotherapy [17], but excessive activation of innate immunity
may lead to autoimmune diseases and chronic inflammation,
which are detrimental to cardiovascular and cerebrovascular
health [13, 15]. Overactivated STING signaling has become a
prerequisite for chronic inflammatory diseases and CVDs
[13, 15, 16, 18, 19]. Meanwhile, the role of excess type I interferon
(IFN) in vascular endothelial senescence is still unclear. It is also
uncertain whether the ECs release cfDNA in response to various
aging stimuli within the local microenvironments, which is the key
factor that causes STING overactivation and aggravates aging-
related inflammation and mitochondrial dysfunction.
Endothelial senescence is a cellular stress response initiated by

molecular damage that causes permanent cell cycle arrest and
elicits significant phenotypic alterations, including the generation
of the biologically active secretion set known as the senescence-
associated secretory phenotype (SASP) [20]. Senescent cells
secrete many pro-inflammatory cytokines, proteases, growth
factors, angiogenesis factors, and cfDNA, which destroy the
microenvironment, damage tissue structure and function, and
thus promote the development of local and systemic senescence
related pathology [21]. However, it remains to be seen whether
SASP induced by endothelial senescence, as an EC injury factor,
will activate STING to up-regulate its downstream NF-κB and IRF3
pathways and, in turn, exacerbate endothelial senescence by
releasing SASP factors, such as inflammatory factors, type I
interferon β (IFNβ), and cfDNA.
In this study, we show that STING serves as the core and tie of a

cfDNA-STING-SASP-cfDNA vicious circle to accelerate aging-
related endothelial inflammation and mitochondrial dysfunction
and promote the development of atherosclerosis. We also identify
that Cilostazol, an FDA-approved vasoprotective drug, is able to
suppress the STING pathway by targeting STING S162 and
S243 sites and alleviate vascular endothelial inflammation and
senescence. Our findings disclose a new link between innate
immunity and EC senescence and suggest that the STING pathway
holds great potential as a novel drug target against vascular
aging-related diseases.

MATERIALS AND METHODS
Animals
The animal procedures used in this study were approved by the
Sun Yat-sen University Institutional Animal Care and Use
Committee. Sting−/− mice were generated by Cyagen Bioscience
Inc. (Guangzhou, China). Apoe−/− mice were generated by the
Jackson Laboratory (Cat. No. 002052). Experiments were con-
ducted on both male and female mice, with littermates serving as
controls. To knock down Sting in ECs, adeno-associated viruses
(AAV) were obtained from Vigene Biosciences (Shandong, China)
and delivered by tail vein injection. WT mice were injected with

AAV containing the shSting coding sequence (5′-CAACATTC-
GATTCCGAGATAT-3′) and GFP protein (AAV9-ICAM2-shSting-GFP-
RGDLRVS), or control viruses only containing GFP protein (AAV9-
ICAM2-GFP-RGDLRVS) using 5 × 1011 vg/mouse.

Drug-induced endothelial senescence in vivo
The mouse model of acute vascular endothelial senescence in vivo
follows the previously described protocol [22, 23]. Briefly, eight-
week-old mice were single intraperitoneally injected with equal
amounts of saline or paraquat (1,1-dimethyl-4,4-bipyridinium,
Sigma, MO, USA; 36541, 25mg/kg) to induce acute vascular
senescence. After one week, mice were anesthetized and
sacrificed, and then the aorta was collected to detect the degree
of endothelial senescence. The mouse model of chronic endothe-
lial senescence in vivo follows the previously described protocol
[24, 25]. Briefly, eight-week-old WT and Sting−/− mice were
subcutaneously injected with an equal amount of saline or D-gal
(D-(+)-galactose, Sigma, MO,USA; V900922, 300 mg·kg−1·d−1) for
8 weeks to induce chronic vascular senescence. After 8 weeks of
continuous subcutaneous injection, mice were anesthetized and
sacrificed, and then the aorta was collected to detect the degree
of endothelial senescence.

Atherosclerotic lesion analysis
Apoe−/−/AAV9-shSting and Apoe−/−/AAV9-shControl male and
female mice were fed a Western diet (0.2% cholic acid, 1.2%
cholesterol, and 15% fat) for 16 weeks. Mice were then
anesthetized, and whole aortas were stained with 2% Oil Red O
(Sigma, St. Louis, MO, USA; O0625), and then opened long-
itudinally and photographed. Additionally, the branciocephalic
artery was dissected and embedded in an optimum cutting
temperature compound (OCT; BDH Laboratory Supplier) and
further cryosectioned into 6-μm-thick sections. The sections were
stained with Oil Red O (lesion), hematoxylin and eosin (plaque and
necrotic cores), Masson’s trichrome (collagen), and CD68 (a
macrophage marker) to evaluate the size and morphological
composition of atherosclerotic lesions.

ECs senescent models and SA-β-gal staining
Mouse aortic endothelial cells (MAECs) were isolated following a
previously described protocol with slight modifications [26, 27].
Briefly, mice were anesthetized, and the aorta was dissected in
DMEM and then incubated with diluting type I collagen (Corning,
NY, USA; 354236) to a final concentration of 1.75 mg/mL for 36 h
after tissue placement. The collagen and aortic were kept
hydrated with EGM-2 (Lonza, Switzerland; CC-3156). The explants
were cultured at 37 °C and 5% CO2 in an incubator and monitored
every day. Von Willebrand factor (vWF; Proteintech, Wuhan, China;
27186-1-AP) positive staining revealed endothelial cell purity.
Human umbilical vein ECs (HUVECs) were isolated from fresh
human umbilical veins and cultured in M199 complete medium
(Biosharp, Anhui, China; BL309A) as described previously [28]. For
replicative senescence, cells of generations 12–18 are considered
“senescent”, while generations 3–6 are considered “young”
controls, as judged by the senescence-associated β-galactosidase
(SA-β-gal) assay [29, 30]. ECs were treated with H2O2 (100 μM) for
1 h, followed by incubation with Medium 199 for 72 h. A UVB-
induced photoaging model was established according to previous
studies [31, 32]. Briefly, UVB-irradiation was delivered by a portable
narrow-band UVB lamp (Zhongyiboteng, China) emitting at
308–311 nm wavelengths. UVB-irradiation was given a subcyto-
toxic dose of 10 mJ/cm2 twice a day for 3 days. At the end of the
last stress (0–72 h), cells were collected for further analysis. The
irradiation output was monitored using a Waldmann ultraviolet
meter (Waldmann, Villigen-Schwenningen, Germany).
SA-β-gal was performed using a senescence detection kit

(Beyotime, Shanghai, China; C0602). Briefly, ECs, or aortas, were
immersed in freshly prepared SA-β-gal solutions at 37 °C
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overnight. Blue staining indicating the presence of SA-β-gal was
detected under the microscope.

Mitochondrial function and intracellular redox levels
The detection of intracellular hydrogen peroxide production was
established according to previous studies [33, 34]. Briefly, prepare
a working solution of 100 μM Amplex-Red reagent (Beyotime,
Shanghai, China; ST-010) containing 0.25 U/mL HRP. After H2O2

(100 μM, 24 h) or cGAMP (1 μM, 3 h) treatment, 5 × 106 cells were
tripsinized and permeabilized with 0.001% digitonin in 4 mL of
premixed buffer (65 mM KCl, 2 mM phosphate, 2 mM EGTA,
125mM sucrose, 10mM Hepes, 0.2% BSA, and 2mM MgCl2,
pH= 7.2). Begin the reactions by adding 50 μL of the Amplex-Red/
HRP solution to each microplate well. Incubate the reactions for
30min at 37 °C, protected from light. Measure the fluorescence
using excitation at 563 nm and emission at 587 nm, respectively.
Two different substrate combinations were used: one was a
mixture containing 1mM malate, 1 mM glutamate, 1 mM pyr-
uvate, and 1mM succinate; the other is 1 mM succinate. At each
trace, peroxide release was modulated by adding 1mM ADP
(LEAGENE, China; NP0050), 1.3 μM Oligomycin (Macklin, Shanghai,
China; O815255), 10 μM S1QEL (GLPBIO, CA, USA; GC44860), or
1 μM Rotenone (Macklin, Shanghai, China; R817233). Calibra-
tion with the hydrogen peroxide standard curve.
ATP content in HUVECs was detected using an assay kit

(Beyotime, Shanghai, China; S0062) with luciferase according to
the manufacturer’s instructions. Briefly, ECs were lysed with ATP
buffer, and the supernatant was collected by centrifugation and
mixed with luciferase solution to detect chemiluminescence.
For the intracellular superoxide level, living ECs were incubated

with 5 μM CM-H2DCF-DA (Invitrogen, Carlsbad, CA, USA; C6827) or
5 μM 2,7-Diamino-10-ethyl-9-phenyl-9,10-dihydrophenanthridine
(DHE, Sigma, St. Louis, MO, USA; D7008) according to the
manufacturer’s instructions.
Mitochondrial membrane potential in ECs was incubated for

staining with the JC-1 probe according to the manufacturer’s
instructions (Beyotime, Shanghai, China; C2006). Malondialdehyde
(MDA, S0131S) and superoxide dismutase (SOD, S0101S) activity in
ECs suspension and serum in WT or Sting-/- mice were measured
according to the manufacturer’s instructions (Beyotime, Shanghai,
China).

Cytosolic dsDNA measurement
Cytosolic DNA was isolated by using a Mitochondria Isolation Kit
(Thermo, Waltham, MA, USA; 89801). Briefly, cell suspension was
centrifuged at 800 × g for 5 min, and the supernatant was
discarded. Reagent ABC was added in order, thoroughly mixed,
and incubated for 5 min after each addition. The mixture
was centrifuged at 1000 × g for 10 min. The pellet, which
contained nuclei, was discarded. The supernatant that contained
cytosolic DNA and mitochondria was centrifuged at 12,000 × g for
15min. The supernatant, which contained cytosolic DNA, and the
pellet that contained mitochondria were discarded. We then used
the DNA Cleanup Kit (NEB, Ipswich, MA, USA; T1030S) to remove
residual mitochondrial contamination. The concentration of
cytosolic dsDNA was measured using a PicoGreen Kit (Thermo,
Waltham, MA, USA; P7589) according to the instructions.

Subcellular fractionation
HUVECs were stimulated with H2O2 (100 μM) for 48 h. After
treatment, resuspended and incubated in 200 μL digitonin buffer
(25 μg/mL Digitonin, 200 mM NaCl, 60 mM HEPES, pH= 7.4) for
15min. After centrifuging at 3000 × g for 15 min, the supernatants
were transferred and centrifuged for 30 min at 15,000 × g at 4 °C,
and the supernatant was transferred again. Repeat centrifuging
three times. The final supernatant is the cytoplasmic part, which is
stored for DNA extraction. The initial pellet from the first
centrifugation was centrifuged again for 10 min at 15,000 × g.

Pellets were resuspended and incubated in 200 μL NP-40 buffer
(1% NP-40, 200 mM NaCl, 60 mM HEPES, pH= 7.4) for 20 min.
After 15 min of centrifugation at 8000× g, the supernatant
contains the mitochondrial portion that is kept for DNA extraction.
DNA was then extracted from cytoplasmic and nuclear parts using
the QIAmp kit (QIAGEN, Hilden, Germany; 56304).

Cytosolic mtDNA detection
The DNA in the cytosolic fraction was isolated using the QIAmp Kit
(QIAGEN, Hilden, Germany; 56304). The mtDNA was detected by
RT-PCR using sequences mitochondrially encoded for NADH
dehydrogenase 1 (mt-ND1), displacement loop region (D-LOOP),
mitochondrial cytochrome coxidase 2 (mt-CO2), and ATP synthase
membrane subunit 6 (mt-ATP6) as primers. The nuclear DNA was
measured by using sequences in the 18S rDNA (coding 18S
ribosomal RNA) as primers. The specific primers were synthesized
by Sangon (Shanghai, China), and the primer sequences are
shown in Supplementary Table S2.

RNA interference
HUVECs were transfected with 20 nM STING-siRNA (5′-GCAUCAAG-
GAUCGGGUUUA-3′, GenePharma, Suzhou, China) or Control siRNA
using RNAiMax (Invitrogen, Carlsbad, CA, USA; 13778-150). The ECs
were treated differently within 48 h after siRNA transduction, and
then collected for different tests.

Western blotting
Proteins were lysed from cells or tissues using RIPA solution
(Beyotime, Shanghai, China; P0013B), and protein concentration
was determined using a BCA protein assay kit (Thermo, Waltham,
MA, USA). Proteins were separated by electrophoresis and then
transferred to polyvinylidene difluoride membranes (Merck
Millipore, Germany; HATF00010). After rinsing, the membranes
were incubated with the indicated primary antibodies overnight.
After incubation with a secondary antibody, chemiluminescence
imaging was performed. Antibodies against STING (D2P2F, 13647),
p-TBK1 (Ser172, D52C2), p-IRF3 (Ser396, 4D4G), and phospho-
Histone H2A.X (Ser139, 2577S) were from Cell Signaling Technol-
ogy (Danvers, MA, USA); antibodies against STING (19851-1-AP),
p53 (60283-2-Ig), p21 (10355-1-AP), NF-κB p65 (80979-1-RR) and
Phospho-NF-κB p65 (Ser468, 82335-1-RR) were obtained from
Proteintech Group (Wuhan, China); antibodies against ERGIC53
(sc-398777), Calnexin (sc-23954) and Tom20 (FL-145) were from
Santa Cruz Biotechnology (Dallas, TX, USA); antibody against
dsDNA (ab27156) was purchased from Abcam (Cambridge, UK).

Immunostaining
Aorta sections or ECs were fixed with paraformaldehyde and
permeabilized before blocking with fetal goat serum (Boster,
Wuhan, China; AR1009) for 45 min. Then it was incubated with
primary antibodies overnight. After rinsing, ECs or sections were
displayed with a combination of anti-mouse and anti-rabbit
antibodies combined with Alexa Fluor 488 or DyLight 594. Images
were acquired by auto imaging system (FV 3000, Olympus, Japan).

Immunohistochemistry
For aorta sections, slides were washed with PBS and permeabi-
lized before blocking with an avidin/biotin solution. The sections
were incubated with primary antibodies overnight. They
were washed in FSGP three times, then incubated with secondary
antibodies for 2 h, followed by ABC reagents for 45 min and DAB
reagents for 6 min. Images were acquired by auto imaging system
(EVOS FL Auto, Life Technologies, Carlsbad, CA, USA).

RT-PCR
Total RNA was extracted using the TRIzol reagent (Takara, Dalian,
China; 9108) according to the protocol. Complementary DNA was
prepared using the cDNA Synthesis Kit (Thermo, Waltham, MA,
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USA; K1622). The RT-PCR was performed using a 2× SYBR-Green
Mix (Dongsheng, China; P2091). The data were analyzed using the
comparative cycling threshold (ΔΔCt) method. The primers were
synthesized by Sangon (Shanghai, China). The primer sequences
are shown in Supplementary Table S1.

EdU staining
The proliferation ability of HUVECs was determined using the EdU
(5-ethynyl-2′ deoxyuridine) staining kit (RiboBio, Suzhou, China;
C00003) according to the protocol. Images were acquired by auto
imaging system (EVOS FL Auto, Life Technologies, Carlsbad, CA,
USA). The ratio of proliferating cells (red) was normalized to the
total cell numbers stained with Hoechst (blue).

In vitro monocyte adhesion assay
THP-1 monocytes in M199 medium were added to HUVECs and
incubated for 45min. Wash with PBS six times to remove
unadhered THP-1 cells. The adherent cells were then observed
with an inverted microscope. Count the number of THP-1
monocytes that adhere to ECs.

Statistical analysis
The data were represented as the means ± standard error of mean
(SEM) from at least three independent experiments in vitro using
independent cell cultures or individual animals in vivo. Statistical
analyses were performed with GraphPad Prism v8.00. Two-group
comparisons were performed with a two-tailed t test with or
without Welch’s correction when the normal distribution was
satisfied. One-way ANOVA with Bonferroni post-hoc analysis for
more than two groups. Statistical significance was accepted at
P < 0.05 (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).

RESULTS
STING signaling pathway is activated in senescent ECs both
in vitro and in vivo
To investigate the relationship between the STING signaling
pathway and vascular endothelial senescence, we mined pub-
lished microarray data (GSE77239) of young and senescent human
coronary artery ECs (HCAECs). In addition to up-regulating of
cellular senescence and DNA damage pathways, inflammatory
pathways (i.e., IFN, TNF, and NF-κB) closely related to STING are
also enriched in aging HCAECs, as shown by the enrichment of
KEGG signaling pathways (Fig. 1a). Moreover, heat map analysis
showed that genes involved in the STING pathway, including
TMEM173, MB21D1, IFN, and CXCL10, were up-regulated in aging
HCAECs (Fig. 1b). In order to evaluate the functional role of STING
in endothelial senescence, we used different ways to construct
endothelial senescence models in human umbilical vein ECs
(HUVECs), including oxidative stress senescence caused by H2O2,
radiation senescence caused by UVB, and replicative senescence
caused by cell division and passage characteristics. SA-β-Gal
staining was used to evaluate the degree of senescence (Fig. 1c).
Remarkably, various aging stimuli caused a robust increase in the
protein levels of γ-H2A.X, p21, and p53, the senescence-related
indicators, as well as the levels of STING and its phosphorylated
forms (p-STINGS366) and the phosphorylation levels of TANK
binding kinase 1 (TBK1) and interferon regulatory factor 3 (IRF3)
downstream of STING (Fig. 1d). Of note, cell replication causes EC
senescence and STING activation in a passage-number-dependent
manner (Supplementary Fig. S1a), while H2O2 induces STING
activation in a concentration- and time-dependent manner
(Supplementary Fig. S1b, c). Furthermore, in addition to the
STING-specific agonist cGAMP, which promoted the entry of
p-IRF3S396 to the nucleus, H2O2, UVB stimulation, or replicating
senescence also induced the nuclear translocation of p-IRF3
(Fig. 1e). Similar results were obtained in mouse aortic endothelial
cells (MAECs) (Supplementary Fig. S2a, b). Consistent with the

in vitro data, in vivo studies revealed that STING expression,
dsDNA content, and p-IRF3 levels were significantly increased in
the aortic endothelium of mice with paraquat-induced acute
vascular aging or D-gal-induced chronic vascular aging (Fig. 1f–i).
Collectively, these observations indicate that the STING pathway is
significantly upregulated in senescent ECs, both in vitro and
in vivo.

STING activation induces, whereas STING knockdown or inhibition
alleviates vascular EC inflammation and senescence
We further determine the contribution of STING activation to
vascular EC senescence in vitro using both gain- and loss-of-
function approaches. To this end, RNA sequencing was performed
using the STING-specific agonist cGAMP and the inhibitor H151. As
expected, after the regulation of STING by agonists and inhibitors,
STING-related pathways, such as the cytosolic DNA-sensing
pathway and STING downstream interferon pathways, immune
system, DNA damage repair, immune disease, and infectious
disease, are all enriched by KEGG (Fig. 2a and Supplementary
Fig. S3). In addition, we noticed that cell senescence and SASP-
related pathways, such as inflammatory and cytokine pathways
(i.e., IFN, TNF, and NF-κB), aging, and cardiovascular disease, are
also enriched (Fig. 2a and Supplementary Fig. S3). Notably, the
expression levels of genes associated with EC senescence, such as
CDKN1A (p21), TP53AIP1, SIRT1, and HOMX1, and genes related to
DNA damage repair, such as MDM2, BCL6, BCL2A1, and C2CD4B,
were substantially upregulated after cGAMP-induced STING
activation (Fig. 2b), which were abolished by STING inhibitor
H151 (Fig. 2c). Real-time PCR analysis confirmed that cGAMP
activation of STING increased the mRNA expression of p21 and
p16, as well as the STING downstream inflammatory cytokines
TNFα and IFNβ (Fig. 2d). Moreover, after STING was inhibited by
H151, the above inflammatory and aging indicators were
significantly reduced. In this study, in addition to regulating
STING using cGAMP or H151, small interfering RNA (siRNA) was
also used to knock down the transcription and translation levels of
STING proteins (Fig. 2e and Supplementary Fig. S4). In accordance
with the findings with the STING inhibitor, knockdown of STING by
siRNA also inhibited the STING activation-induced mRNA expres-
sion of genes involved in inflammation and aging (Fig. 2e). The
senescence phenotype showed that both H2O2 stimulation and
cGAMP activation of STING increased the percentage of SA-β-gal-
positive cells, while inhibiting STING with H151 significantly
decreased the percentage of senescent HUVECs (Fig. 2f) and
MAECs (Supplementary Fig. S2c). In addition, protein levels of both
senescence-related indexes, p21 and p53, substantially increased
when exposed to H2O2 or cGAMP, while H151 effectively reduced
H2O2-induced expression of p21 and p53 in HUVECs (Fig. 2g) and
MAECs (Supplementary Fig. S2d). Accordingly, knockdown of
STING significantly reduced SA-β-gal activity caused by H2O2

stimulation or STING activation (Fig. 2h). Cellular senescence is
usually associated with cell cycle arrest [35]. Therefore, EdU probes
were used to assist in proving the association between STING and
the growth state of senescent ECs. As shown in Fig. 2i, both
endothelial senescence caused by H2O2 or cGAMP treatment
significantly reduced cell proliferation, as evidenced by EdU
staining, while STING knockdown significantly improved the
reduction of proliferation-positive cells. Overall, we adopted
various means to confirm that regulation of STING correspond-
ingly regulates EC inflammation and senescence.

CfDNA activates STING to exacerbate EC senescence and
mitochondrial dysfunction
Phosphorylated H2AX at Ser139, named γH2A.X, has been widely
used as a marker for dsDNA breaks to indicate dsDNA damage
[36]. In addition to the chemotherapy drugs Cisplatin and
Etoposide, which were used as positive controls for DNA damage,
the degree of DNA damage in ECs also increased significantly
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Fig. 1 Upregulation of the STING signaling pathway in various aging models, both in vitro and in vivo. a KEGG pathway enrichment map
showing pathway enrichment in young and aging HCAECs by analysis of GEO datasets (GSE77239). b Heat map showing the gene expression profile
of both young and aged HCAECs by analysis of GSE77239. c SA-β-gal staining of premature senescent HUVECs at third generations treated with H2O2
(100 μM, 72 h) or UVB radiation (10mJ/cm2, 72 h) and replicative senescent HUVECs at 18th generations. Scale bar: 50 μm. The quantification of the
senescence cell ratio is shown in the right panel. n= 9 per group. d Immunoblot analysis of the protein expression of senescence-related indicators (γ-
H2A.X, p21, p53) and STING pathway-related indicators (p-TBK1, p-IRF3, p-STING, STING) in the third generation of HUVECs treated with H2O2 (100 μM,
72 h) or UVB radiation (10mJ/cm2, 72 h) and in the 18th generation of HUVECs. The relative protein expression level is shown in the right panel. n= 3
per group. e Immunofluorescent staining of p-IRF3 was performed in the third generation of HUVECs treated with cGAMP (500 nM, 12 h) or H2O2 or
UVB radiation, and in the 18th generation of HUVECs (replicative senescence). Eight-week-oldWT C57BL/6J mice were single intraperitoneally injected
with equal amounts of paraquat (25mg/kg) to induce acute vascular senescence. In addition, 8-week-old WTmice were daily subcutaneously injected
with an equal amount of D-gal (300mg·kg−1·d−1) for continuous treatment for 8 weeks to induce chronic vascular senescence. Immunofluorescent
staining of p21 (f), STING (g), dsDNA (h), and p-IRF3 (i) in the frozen aortic sections of mice treated with saline, paraquat (25mg/kg) and D-gal
(300mg·kg−1·d−1). PECAM-1 positive area indicates the endothelial layer. DAPI indicates the cell nucleus of the vasculature. n= 10 per group. Data
were presented as means ± SEM; ∗P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001 was considered significant.
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Fig. 2 Intervention with STING through knockdowns or inhibitors significantly alleviates EC inflammation and senescence. a KEGG
pathway enrichment of cGAMP-treated HUVECs revealed by RNA sequencing analysis. Differential genes of cGAMP-treated HUVECs (b) or
cGAMP plus H151-treated HUVECs (c) were revealed by transcriptomic profiling. d RT-PCR analysis of mRNA levels of STING, IFNb, CDKN1A (p21),
CDKN2A (p16), and TNFa in HUVECs treated with 500 nM of cGAMP for 12 h in the presence or absence of STING-specific inhibitor H151 (10 μM,
12 h). The data are normalized to GAPDH mRNA transcript levels. e Real-time PCR was performed to measure the mRNA levels of STING, IFNb,
CDKN1A, CDKN2A, and PAI-1 in HUVECs transfected with 100 nM of STING siRNA or a nontargeted siRNA control (si-Scramble) for 48 h in the
presence or absence of cGAMP (500 nM, 6 h). f SA-β-gal staining of HUVECs treated with or without H2O2 in the presence or absence of cGAMP
or H151. Scale bar: 50 μm. The quantification of the senescence cell ratio is shown in the right panel (n= 9 per group). g Immunoblot analysis
of the protein expression of p21 and p53 in HUVECs treated as in (f). The quantification of protein levels is shown in the right panel. SA-β-gal
staining showing the ratio of senescence HUVECs (n= 9 per group) (h); and EdU staining showing the ratio of proliferating HUVECs (n= 3 per
group) (i) treated with 100 nM of STING siRNA or si-Scramble, in the presence or absence of H2O2 or cGAMP. Scale bar: 50 μm. Data were
presented as means ± SEM from at least three independent experiments. ∗P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 was considered
significant; ns, not significant.
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under various aging models caused by H2O2, UVB, and division
replication (Fig. 3a). Using dsDNA antibodies labeled with
intracellular dsDNA, H2O2 and UVB-stimulated cells or replicated
senescent cells substantially increased the amount of cfDNA
(Fig. 3b). In addition to the qualitative experiments represented by

immunofluorescence, we continued to obtain cytoplasmic com-
ponents by removing nuclei, mitochondria, and other organelles
through organelle separation, and extracted and quantified cfDNA
to establish quantitative analysis (Fig. 3c, d), which further
confirmed that EC senescence would cause nuclear DNA damage
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and proved that the damaged DNA would be released into the
cytoplasm in a free state. In addition to the nucleus, we posited
that the cfDNA released from senescent ECs also originates from
damaged mitochondria under aging stress. To test this hypothesis,
we investigated mitochondrial morphology and function under
various aging stimuli. Firstly, we found that, in addition to the
CCCP, a mitochondrial coupling agent used here as a positive
control of mitochondrial morphology changes, cGAMP or H2O2

stimulation also caused an abnormal mitochondrial morphological
change (Fig. 3e). Secondly, JC-1 staining revealed that the
mitochondrial membrane potential of ECs was markedly
decreased by diverse aging stimuli and cGAMP treatment (Fig. 3f).
Thirdly, the content of mitochondrial ATP production in ECs
decreased markedly under the above various aging models
(Fig. 3g). We further detected the ROS levels using two kinds of
ROS probes, DCFH-DA and DHE. Both fluorescence imaging and
FACS experiments showed that mROS levels in ECs increased
significantly under various senescent models or STING activation
conditions (Fig. 3h, i). In addition, the hydrogen peroxide
generation experiment also proved that the intracellular hydrogen
peroxide level was increased under H2O2 or cGAMP treatment
(Supplementary Fig. S5a). The cellular content of SOD and MDA
reflected the antioxidant capacity of ECs. As shown in Supple-
mentary Fig. S5b–d, the lysate of ECs treated with H2O2 or cGAMP
showed a decreased SOD level and increased MDA content.
Finally, the contents of mitochondria-specific coding genes ND1,
D-LOOP, ATP6, and COX2 were then determined. Cytoplasmic
components without nuclei and mitochondria are further
obtained by organelle isolation, and cfDNA is extracted as a
reaction template for qPCR. The results showed that the
mitochondria of ECs were damaged and mtDNA was released
into the cytoplasm under ECs senescence (Fig. 3c, j). Taken all
together, these results indicate that various aging stimuli and
STING activation-induced EC senescence causes nuclear DNA
damage and mitochondrial dysfunction, thereby promoting the
release of dsDNA and mtDNA into the cytoplasm.
We next tested whether the release of free dsDNA and mtDNA into

the cytoplasm is the real promoter of STING activation and EC
senescence. Therefore, we continued to obtain dsDNA and mtDNA
through organelle isolation and then transfected them into cells
through transfection to detect STING activation level and senescence
degree. The degree of nuclear translocation of p-IRF3 indicates the
activation of the STING pathway. As shown in Fig. 3k, transfection with

HT-DNA, dsDNA, and mtDNA, as well as a treatment with the STING
agonist cGAMP, resulted in the obvious nuclear translocation of p-IRF3
in ECs. In addition, the degree of STING dimerization and the levels of p-
TBK1, p-IRF3, and p-STING, as well as senescence-related markers, were
all increased in ECs transfected with HT-DNA, dsDNA, or mtDNA.
Interestingly, all of the above indexes were largely attenuated when
STING was knocked down by siRNA (Fig. 3l). Furthermore, the
percentage of SA-β-Gal staining positive cells was remarkably increased
after transfection with HT-DNA, ds-DNA, or mt-DNA, while after STING
knockdown abrogated the effect of dsDNA on SA-β-Gal activity
(Fig. 3m). Therefore, these findings indicate that under aging pressure,
the nucleus and mitochondria in ECs were damaged, and cfDNA was
released to the cytoplasm, leading to STING activation as the real culprit
of EC senescence.

Age-related endothelial inflammation is exacerbated by STING
activating the SASP process within the senescent
microenvironment
Certain SASP factors, such as interferon and inflammatory factors,
as the critical inflammatory mediators of the STING pathway,
participate in the innate immune response, and IRF3 and NF-κB
closely regulate the production of interferon and inflammatory
factors, respectively [37]. To explore the link between STING and
SASP in vascular endothelial senescence, we first tested whether
STING regulates the activation of NF-κB. We found that NF-κB
signaling was activated in various models of EC aging, as indicated
by the nucleation of NF-κB p65 (Fig. 4a) and the phosphorylated
NF-κB p65 Ser536 modification (Fig. 4b). In addition to Etoposide
as a positive agonist of NF-κB, which significantly promoted the
nucleation of p65 [38], recombinant proteins of TNFα and IFNβ, as
crucial members of the downstream inflammatory pathways of
STING, robustly induced the nucleation of p65 to exert inflamma-
tory effects (Fig. 4c). To further investigate whether the
inflammatory factors released by STING activation aggravate
endothelial senescence, we performed SA-β-gal staining and
found that SA-β-gal-positive cells increased significantly after
TNFα and IFNβ treatment (Fig. 4d). In addition to H2O2, TNFα and
IFNβ also increased p21 and p53 protein levels, as revealed by
Western blotting (Fig. 4e). HT-DNA, as the upstream stimulating
molecule of STING, induced the entry of p65 into the nucleus,
which was completely abrogated by STING knockdown (Fig. 4f). In
contrast, STING knockdown did not affect NF-κB p65 nuclear
translocation induced by TNFα and IFNβ, the downstream

Fig. 3 dsDNA and mtDNA are the true triggers that activate STING and lead to endothelial senescence. a The expression level of γ-H2A.X
was detected by fluorescence brightness in HUVECs treated with H2O2 or UVB radiation and in replicative senescent ECs. Cisplatin (10 μM, 6 h)
and Etoposide (10 μM, 6 h) as positive controls for DNA damage in HUVECs. The average fluorescence value is shown in the bottom panel.
b The degree of cytoplasmic dsDNA release was detected by immunofluorescence imaging in HUVECs treated as described in a. The HUVECs
were stained with anti-dsDNA antibodies (green) and anti-Tom20 antibodies (red) and further visualized by confocal microscopy. Cisplatin
(10 μM, 6 h) as a DNA damage inducer serves as a positive control for dsDNA release. c Schematic of cell lysis and centrifugation for subcellular
fractionation. d A bar graph showing that the quantity of cytosolic dsDNA was increased in aging HUVECs caused by different methods (H2O2
stimulation, UVB radiation, and replicative senescence) compared with young untreated HUVECs (n= 9 per group). e The HUVECs were
treated with or without CCCP (20 μM, 6 h) or H2O2 or cGAMP (500 nM, 6 h) and then stained with mitochondrial indicator antibody (Tom20),
and images were then captured by confocal microscopy. CCCP, as a mitochondrial uncoupling agent, serves as a positive control for
mitochondrial morphological changes. Scale bar: 20 μm. f Mitochondrial membrane potential was detected by JC-1 staining and captured by
confocal microscopy in HUVECs treated as described in (a) and (e). g ATP content was measured by a luminometer in young and aged HUVEC
cells caused by different methods (H2O2 stimulation, UVB radiation, and replicative senescence). Detection of ROS levels indicated by DCFH-
DA and DHE probes using fluorescence imaging (h) and flow cytometry (i) was performed in HUVECs treated as described in (f). ROS’s average
fluorescence value is shown in the right panel. j Detection of free mtDNA content in the cytoplasm. Total DNA was harvested from the
cytosolic and nuclear fractions of various senescent HUVECs and analyzed by RT-PCR. Cytosolic mtDNA genes were normalized to respective
18S and presented as fold enrichment over media-treated controls. k Immunofluorescent staining of p-IRF3 was performed in HUVECs treated
with cGAMP (500 nM, 6 h) or transfected with 1 μg/mL extracellular DNA (HTDNA, dsDNA, or mtDNA) for 6 h. cGAMP and HTDNA, as STING
agonists, serve as positive controls for the p-IRF3 nucleation phenomenon here. Immunoblot analysis (l) of senescence indicators and STING
pathway-related indicator protein levels in HUVECs that were transfected with 100 nM of STING siRNA or nontargeted siRNA control (si-NC) for
48 h in the presence or absence of extracellular DNA transfected for 6 h at a final concentration of 1 μg/mL. Meanwhile, non-reducing
electrophoresis was used to indicate the degree of dimerization of STING. SA-β-gal staining (m) was performed in HUVECs treated as in (l).
Scale bar: 50 μm. The quantification of the senescence cell ratio is shown in the right panel. Data were presented as means ± SEM from at least
three independent experiments. ∗P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 was considered significant.
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inflammatory molecules of STING (Fig. 4f). Because monocyte
adhesion to vascular endothelium is an essential inflammatory
event in vascular aging-related CVDs, we conducted monocyte
adhesion experiments by HUVECs and THP-1 co-culture, which
showed that the number of firmly adhering human monocytes to
senescent ECs caused by various means increased substantially
compared with the control group (Fig. 4g). Moreover, in addition

to H2O2 stimulation, cGAMP-induced STING activation also
markedly induced monocyte adhesion. Importantly, cGAMP
treatment exacerbated the effect of H2O2-mediated monocyte
adhesion, while inhibiting STING with H151 markedly decreased
the H2O2-mediated effect on monocyte adhesion (Fig. 4h). Finally,
STING knockdown significantly downregulated cGAMP-induced
mRNA expression of inflammatory adhesion factors (VCAM-1,
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ICAM-1, E-selectin, and MCP-1) (Fig. 4i). Collectively, these observa-
tions demonstrate that STING induces downstream NF-κB and
IRF3 activation, thereby producing various SASP factors (e.g, TNFα,
IFNβ, and cfDNA) to further aggravate vascular endothelial
inflammation and senescence.

EC-specific Sting knockdown retards vascular endothelial
inflammation and senescence
To further verify the essential role of STING in vascular endothelial
senescence in vivo, we generated endothelial-specific Sting-
knockdown mice (AAV9-shSting) using an adeno-associated viral
vector (AAV9-ICAM2-GFP-RGDLRVS). C57BL/6J mice were injected
with AAV9-shSting or the control virus (AAV9-shControl) for two
weeks to induce Sting knockdown, followed by treatment with
paraquat, a herbicide that is able to induce vascular senescence in
mice [22] (Fig. 5a). Fluorescence imaging of tissue organs showed
that the AAV9 virus specifically infected the aorta and that AAV9-
GFP was specifically expressed in the aortic vessels (Fig. 5b).
Immunofluorescence staining showed that STING expression was
markedly reduced in the aortic endothelium of mice receiving
AAV9-shSting (Fig. 5d), confirming the effective and specific
deletion of STING in vascular ECs. Importantly, EC-specific Sting
deficiency mitigated paraquat-induced vascular senescence
in vivo, as indicated by SA-β-gal staining (Fig. 5c). Accordingly,
compared with the control group, expression of p21 and p53, the
indicators of acute vascular aging caused by Paraquat, was
markedly decreased in the aortic ECs of endothelial-specific Sting-
knockdown mice (Fig. 5e, f). Interestingly, with the knockdown of
Sting in vascular ECs, the dsDNA content level and DNA damage
index γ-H2A.X in the aortic endothelial region were correspond-
ingly reduced (Fig. 5g, h). In addition, we found that the p-IRF3
and p-NF-κB-positive areas in the endothelial tissue were
significantly reduced after endothelial-specific Sting knockdown
(Fig. 5i, j), implying that Sting deletion in vascular ECs might be
capable of blocking downstream IFN and inflammatory pathways
in vivo.

Global Sting deficiency attenuates paraquat-induced acute
vascular aging and D-gal-induced chronic vascular aging in mice
To evaluate STING as a potential therapeutic target, we further
investigated the effect of global Sting deficiency on vascular
aging. Global Sting knockout mice (Sting−/−) and the littermate
controls (Sting+/+, WT) were treated with paraquat to establish an
acute aging model in vivo (Fig. 6a). Sting knockout efficiency was
verified by protein immunoblotting, qPCR, and vascular section
staining of STING in aortas from WT and Sting−/− mice (Fig. 6b, c,
and Supplementary Fig. S6a–e). There was no difference in lipid
levels between groups (Supplementary Fig. S7). As shown in
Fig. 6d, global Sting knockout decreased aortic ROS production
compared with WT mice. In addition, the levels of MDA and SOD

in serum indicate that global Sting−/− can effectively alleviate the
damage of lipid oxidation (Supplementary Fig. S5d, e). Moreover,
SA-β-gal staining of the aortic endothelium showed that acute
endothelial senescence induced by paraquat was largely alle-
viated in Sting-deficient mice compared with WT mice (Fig. 6e).
Additionally, the expression of aging and DNA damage-related
indicators p21, p53, γ-H2A.X, and dsDNA, as well as STING
downstream inflammatory indicators such as p-IRF3 and p-NF-κB,
were all markedly reduced in the vascular ECs of Sting-/- mice
(Fig. 6g–l).

To further verify the role of STING in vascular endothelial aging
in vivo, chronic vascular aging was also established by a daily
subcutaneous injection of D-gal and continuous treatment for
8 weeks (Fig. 7a, b). DHE staining showed that ROS production in
the aorta was markedly reduced in Sting-/- mice (Fig. 7c). The
degree of lipid oxidative damage was also mitigated by the
detection of MDA and SOD in the serum of Sting-/- mice
(Supplementary Fig. S5f, g). Notably, SA-β-gal staining revealed
that Sting deficiency mitigated D-gal-induced chronic vascular
senescence in vivo (Fig. 7d). Furthermore, we observed decreased
senescence-related indexes such as p21 and p53 (Fig. 7f, g), DNA
damage-related indexes such as γ-H2A.X and dsDNA (Fig. 7h, i), as
well as inflammatory mediators associated with the STING
pathway such as p-IRF and p-NF-κB in the aortic endothelium of
D-gal-treated Sting-/- mice (Fig. 7j, k).
Collectively, these findings indicate that global Sting deficiency

could alleviate both paraquat-induced acute vascular aging and D-
gal-induced chronic vascular aging in mice via inhibition of the
dsDNA-STING-IRF3/NF-κB axis.

Identification of Cilostazol as a novel STING inhibitor that mitigates
vascular endothelial inflammation and senescence
Have shown that STING plays a critical role in vascular endothelial
senescence both in vitro and in vivo. We next asked whether a
certain clinical drug with known vasoprotective effects could
inhibit the STING pathway and vascular aging. We performed in-
house compound screening of 10 selected FDA-approved
vasoprotective drugs, and the results showed that, compared
with H151, a potent antagonist of STING [39], Cilostazol also
significantly inhibited the phosphorylation of STING, TBK1, and
IRF3 caused by STING activation by cGAMP, or SR717, a non-
nucleotide STING agonist [40] (Fig. 8a, b). Moreover, the dose-
effect experiment further confirmed that Cilostazol inhibited the
STING pathway in a dose-dependent manner, as evidenced by
reduced phosphorylation levels of TBK1 and IRF3 in both HUVECs
(Fig. 8c) and MAECs (Supplementary Fig. S8a) and decreased
mRNA levels of STING-related inflammatory mediators such as
IFNβ, TNFα, and CXCL10 (Fig. 8d). Furthermore, functional
experiments showed that Cilostazol suppressed STING
activation-induced endothelial senescence in a dose-dependent

Fig. 4 Age-related endothelial inflammation is exacerbated by STING activating the SASP process within the senescent
microenvironment. a The nuclear translocation of NF-κB p65 was detected by immunofluorescent staining of NF-κB p65 in HUVECs treated
with or without H2O2 or UVB radiation and in replicative senescent ECs. Scale bar: 30 μm. b Immunoblot analysis of p-NF-κB protein levels in
HUVECs treated as in (a). Quantification of p-NF-κB levels is shown in the right panel. c Immunofluorescent staining of NF-κB p65 in HUVECs
treated with Etoposide (10 μM) or hTNFα (50 ng/mL) or hIFNβ (50 ng/mL) stimulation for 6 h. Scale bar: 20 μm. d SA-β-gal staining was
performed in HUVECs treated with or without Etoposide (10 μM) or hTNFα (50 ng/mL) or hIFNβ (50 ng/mL) stimulation for 24 h. Scale bar:
50 μm. The quantification of senescent cell ratio is shown in the right panel. e Immunoblot analysis of p53 and p21 protein levels in HUVECs
stimulated with or without H2O2, hTNFα, or hIFNβ. Quantification of p53 and p21 levels is shown in the right panel. f Immunofluorescent
staining of NF-κB p65 in HUVECs treated with 100 nM of STING siRNA (siSTING) or nontargeted siRNA control (si-NC), in the presence or
absence of extracellular DNA (HT-DNA) transfected at a final concentration of 1 μg/mL or recombinant inflammatory factors (hTNFα, hIFNβ)
treated at a final concentration of 50 ng/mL for 6 h. Scale bar: 30 μm. g The monocyte adhesion assay was performed in HUVECs treated with
H2O2 or UVB radiation and in replicative senescent ECs. The number of adherent cells is shown in the right panel. h The monocyte adhesion
assay was performed in HUVECs treated with or without H2O2 in the presence or absence of cGAMP (500 nM, 12 h) or H151 (10 μM, 12 h). Scale
bar: 50 μm. i RT-PCR was performed to measure the mRNA levels of ICAM-1, VCAM-1, E-selectin, and MCP-1 in HUVECs transfected with siSTING
or si-NC in the presence or absence of cGAMP (500 nM, 12 h). Data were presented as means ± SEM from at least three independent
experiments. ∗P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 was considered significant; ns not significant.
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manner, as indicated by reduced mRNA levels of p21, p16, and
PAI-1 (Fig. 8e), downregulated protein expression of p21 and p53
induced by HT-DNA (Fig. 8f), and decreased SA-β-gal-positive
senescent cells (Fig. 8g and Supplementary Fig. S8b). Subse-
quently, using virtual docking, we found that Cilostazol success-
fully docked with STING at S162 and S243 sites (Fig. 8h, i), which
had been described in previous studies as being involved in STING
activation [41–46]. After activation, STING will translocate from the
endoplasmic reticulum (ER) to the endoplasmic reticulum-Golgi
intermediate compartment (ERGIC) and then to the Golgi

apparatus, where it recruits and phosphorylates downstream
TBK1 and IRF3 [47, 48]. Interestingly, using Calnexin, ERGIC53, and
TGN46 to label ER, ERGIC, and Golgi, respectively, we observed
that Cilostazol hindered STING translocation from ER to Golgi
apparatus during cGAMP treatment (Fig. 8j, k). Surprisingly, the
inhibitory effect of Cilostazol on STING’s translocation from ER to
Golgi was largely abrogated when STING’s S162 and S243 sites
were mutated (Supplementary Fig. S9), suggesting that Cilostazol
inhibits STING translocation from ER to Golgi apparatus during
STING activation by targeting its S162 and S243 sites.

Fig. 5 EC-specific Sting deficiency significantly alleviates vascular endothelial aging. a Schematic diagram of the animal experimental
process. C57BL/6J mice were injected with AAV containing the shSting coding sequence and GFP protein (AAV9-ICAM2-shSting-GFP-RGDLRVS)
or control viruses only containing GFP protein (AAV9-ICAM2-GFP-RGDLRVS) using 5 × 1011 vector genomes (vg)/mouse. After virus expression
for 2 weeks and a single intraperitoneal injection of an equal amount of paraquat (25 mg/kg), the aorta was isolated from the mice, and the
degree of endothelial senescence was detected. bMouse organs in each group were extracted for fluorescence imaging. Both bright field and
GFP fluorescence signals were captured at the same capture conditions. Scale bar: 20 mm. c SA-β-gal staining of the inner layer of aortas of EC-
specific Sting-deficient mice and controls (n= 8 per group). d Immunofluorescent staining of STING in the frozen aortic sections of mice to
evaluate the knockdown efficiency of Sting in vascular ECs. PECAM-1 indicates the endothelial layer. DAPI indicates the cell nucleus. Scale bar:
100 μm. The percentages of STING+PECAM-1+ area to PECAM-1+ area were calculated (n = 10 mice per group). Representative images of
immunostaining for p21 (e), p53 (f), dsDNA (g), γ-H2A.X (h), p-IRF3 (i), and p-NF-κB p65 (j). Scale bar: 100 μm. Data were presented as
means ± SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001 was considered significant.
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We further evaluated the effects of Cilostazol and the known
STING inhibitor C-176 on vascular endothelial senescence in vivo
(Supplementary Fig. S10a). The SA-β-gal staining of the vascular
endothelium showed that C-176 or Cilostazol treatment
significantly prevented vascular endothelial senescence in
paraquat-induced vascular senescence in mice (Supplementary
Fig. S10b). Moreover, ROS production (Supplementary Fig. S10c),
positive areas of STING (Supplementary Fig. S10d), aging
indicators p21 and p53 (Supplementary Fig. S10e, f), DNA
damage indicators such as γ-H2A.X and dsDNA (Supplementary
Fig. S10g, h), as well as STING downstream IFN and inflammatory
mediators p-IRF3 and p-NF-κB (Supplementary Fig. S10i, j) in the
aortic endothelium, were all significantly reduced by Cilostazol
or C-176 treatment. Together, these findings indicate that
inhibiting STING could be an effective intervention strategy for
vascular endothelial senescence.

EC-specific Sting knockdown reduced EC inflammation,
mitochondrial dysfunction, and the development of
atherosclerosis in Apoe−/− mice
To further determine whether endothelial STING contributes to
the formation of atherosclerotic lesions through promoting
aging-related endothelial inflammation and mitochondrial dys-
function, Apoe−/−/AAV9-shSting mice and Apoe−/−/AAV9-shCon-
trol mice were fed a Western diet for 16 weeks (Fig. 9a). Oil Red O
staining revealed significantly decreased lesion sizes in the whole
aorta and aortic arch of Apoe−/−/AAV9-shSting mice in compar-
ison with Apoe−/−/AAV9-shControl (Fig. 9b, c). To evaluate the
effect of EC-specific Sting deletion on the morphological
composition of atherosclerotic plaques, H&E, Masson trichro-
matic, and immunohistochemical staining were performed on
the cross-sections of the aorta brachiocephalic trunk. Remarkably,
the necrotic core areas and the amount of macrophages in

Fig. 6 Significant improvement in paraquat-induced acute vascular inflammation and senescence in Sting-/- mice. a Schematic diagram of
the animal experimental process. Eight-week-old WT and Sting-/- mice were single intraperitoneally injected with equal amounts of paraquat
(25mg/kg) to induce acute vascular senescence. Western blotting (b) and RT-PCR (c) were performed from both protein and RNA perspectives
to evaluate the knockout efficiency of Sting in mouse aortae. d DHE staining of the frozen aortic sections to detect ROS levels. e SA-β-gal
staining of the inner layer of aortas of WT and Sting-/- mice (n = 8 mice per group). f Immunofluorescent staining of STING in the frozen aortic
sections of mice. PECAM-1 indicates the endothelial layer. DAPI indicates the cell nucleus. Scale bar: 100 μm. The percentages of
STING+PECAM-1+ area to PECAM-1+ area were calculated (n = 10 mice per group). Representative images of immunostaining for p21 (g), p53
(h), dsDNA (i), γ-H2A.X (j), p-IRF3 (k), and p-NF-κB p65 (l) in the aortic endothelium of WT and Sting-/- mice. Scale bar: 100 μm. Data were
presented as means ± SEM. ***P < 0.001, ****P < 0.0001 was considered significant.
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Apoe−/−/AAV9-shSting mice were significantly reduced, while the
collagen content was significantly increased compared with the
control mice (Fig. 9d–f), indicating that Sting depletion in ECs
destabilizes atherosclerotic plaques. Western blot analysis of
STING expression in ECs and VSMCs isolated from the aorta
confirmed the specific knockout of Sting in ECs (Fig. 9g).
Furthermore, mitochondrial dynamics were determined by
measuring the expression of the mitochondrial fission protein
DRP1 and the fusion protein MFN2. As shown in Fig. 9i, DRP1 was
downregulated, while MFN2 was upregulated in the aortic ECs of
Apoe−/−/AAV9-shSting mice compared to control mice. In
addition, voltage-dependent anion channel (VDAC1), which
regulates mtDNA release, was decreased correspondingly,
indicating that due to the absence of endothelial Sting, the
dynamic balance of mitochondrial fusion and fission tends to be
stable from fission to fusion (Fig. 9i). Accordingly, ROS levels were

also reduced after EC-specific Sting knockdown (Fig. 9j). More-
over, EC-specific Sting knockdown significantly reduced the levels
of p21 and ICAM-1 (Fig. 9k, l), and Western blotting on aortic ECs
also showed inflammation-related indicators (ICAM-1, VCAM-1)
and STING pathway-related indicators (p-TBK1, p-IRF3, p-NF-κB)
and age-related indexes (γ-H2A.X, p53, p21) were significantly
decreased (Fig. 9h), indicating that EC-specific Sting knockdown
significantly alleviated the degree of vascular senescence and
inflammation. In addition, total cholesterol (TC), triglyceride (TG),
low-density lipoprotein cholesterol (LDL-C), and high-density
lipoprotein cholesterol (HDL-C) levels did not differ between
Apoe−/−/AAV9-shSting mice and Apoe−/−/AAV9-shControl mice
fed with HFD (Supplementary Fig. S11). Collectively, these results
suggest that activating endothelial STING signaling promotes the
development of atherosclerosis by regulating endothelial senes-
cence, inflammation, and mitochondrial dysfunction.

Fig. 7 Significant reduction in the D-gal-induced chronic vascular inflammation and senescence in Sting-/- mice. a Schematic diagram of
the animal experimental process. Eight-week-old WT and Sting-/- mice were subcutaneously injected with an equal amount of D-gal
(300mg·kg−1·d−1) for 8 weeks to induce chronic vascular senescence. b The body weights of the mice were weighed on a scale every three
days. c DHE staining of the frozen aortic sections to detect ROS levels. d SA-β-gal staining of the inner layer of the aortas of WT and Sting-/-

mice (n = 8 mice per group). e Immunofluorescent staining of STING in the frozen aortic sections of mice. PECAM-1 indicates the endothelial
layer. DAPI indicates the cell nucleus. Scale bar: 100 μm. The percentages of STING+PECAM-1+ area to PECAM-1+ area were calculated (n = 10
mice per group). Representative images of immunostaining for p21 (f), p53 (g), dsDNA (h), γ-H2A.X (i), p-IRF3 (j), and p-NF-κB p65 (k) in the
aortic endothelium of WT and Sting-/- mice. Scale bar: 100 μm. Data were presented as means ± SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001 was
considered significant.
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DISCUSSION
Vascular endothelial senescence and associated endothelial
inflammation and mitochondrial dysfunction are the common
basis of many chronic diseases in the elderly and significantly
affect the development and outcome of atherosclerotic CVDs.

Thus, it is crucial to identify therapeutic targets to prevent aging-
related endothelial inflammation and mitochondrial dysfunction.
Recent evidence suggests that the DNA-sensing adapter protein
STING is essential for inflammation and macrophage/microglia
activation in a variety of diseases, such as vascular diseases [15,
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49, 50] and neurodegenerative diseases [51, 52]. However, its role
in vascular endothelial senescence has not been well established.
In this study, we demonstrated that the STING pathway was
activated in diverse trigger-induced EC senescences, including
both oxidative stress-induced premature senescence and cell
division-induced replicative senescence. Endothelial-specific
STING deficiency decreased EC senescence, inflammation, and
mitochondrial dysfunction and prevented the development of
atherosclerosis in mice. Mechanistically, we demonstrated that the
release of dsDNA and mtDNA, respectively derived from nuclear
DNA and mitochondrial DNA damage, activates the STING
pathway, leading to various SASP factor production to further
aggravate ageing-related endothelial inflammation and mitochon-
drial dysfunction, thus forming a vicious circle (Fig. 10). Impor-
tantly, we identified Cilostazol, an FDA-approved vasoprotective
drug, as a novel STING inhibitor that alleviates vascular endothelial
inflammation and senescence.
The inner layer is the first barrier between blood vessels and

blood flow, and EC damage, aging, and dysfunction are
considered to be the initiating factors of atherosclerosis [28,
53–55]. Nevertheless, the mechanism of EC senescence has not
yet been fully elucidated. At present, factors such as cell cycle
disorder, oxidative stress, vascular inflammation, and dysfunction
of the renin-angiotensin-aldosterone system have been shown to
induce endothelial senescence [56, 57]. Among them, EC
senescence induced by telomere erosion and oxidative stress is
a crucial factor leading to the decline of endothelial function and
age-related CVDs, and both have in common the activation of the
DNA damage response, increasing ROS levels, activating the
inflammatory system, and causing cell cycle arrest, thus initiating
DNA repair or apoptosis procedures [58]. DNA damage, which
affects the majority of senescence phenotypes, may be a potential
unifying cause of senescence [59]. Studying DNA damage and its
mechanistic links with aging phenotypes will provide a rational
theoretical basis for developing unified interventions to combat
age-related dysfunction and disease. Aging leads to DNA
mutations or chromosome aberrations, which lead to genomic
instability [60]. With the passage of time, DNA damage inevitably
accumulates, making genomic instability an important sign of
aging [61, 62]. dsDNA in the cytoplasm, as a damage-related
molecular pattern, activates different DNA pattern recognition
receptors and induces the innate immune response. STING, a
cytosolic DNA sensor that detects the absence of infection by
foreign microorganisms, plays a critical role in identifying free
DNA released into the cytoplasm due to DNA or mitochondrial
damage [15, 63]. Of note, a recent study reported that cigarette
smoke extract-induced DNA damage and cytosolic DNA accumu-
lation activated the cGAS-STING pathway, implying that smoking-
related DNA damage may cause atherosclerosis in smokers [64].
Therefore, we focused on exploring STING’s possible mechanism
of action on intracellular DNA damage in senescent ECs and the

development of atherosclerosis according to its characteristics as a
DNA damage recognition molecule in innate immunity. Through
in vivo and in vitro experiments, our study demonstrated that the
leakage of free dsDNA and mtDNA into the cytoplasm due to
aging stress is the real trigger of STING activation and an
inflammatory response aggravating endothelial senescence. Con-
sistent with our findings, a very recent study also showed cGAS/
STING signaling could regulate cell senescence and inflammation
in early diabetic retinopathy [65]. Senescent ECs further release
more cfDNA, thus forming a vicious feedback loop. Interestingly,
we found that STING inhibition or knockdown in turn suppressed
cfDNA release, supporting the notion that blocking the STING
pathway will interrupt the cfDNA-mediated vicious circle and re-
establish homeostasis in the senescent vascular tissues. In in vivo
studies of both acute and chronic aging, the aortic endothelial
senescence phenotype of global Sting-deficient mice was
alleviated, and the content of free dsDNA in ECs was also
significantly decreased. Similar results were obtained when STING
was inhibited pharmacologically using C-176. To establish the role
of EC-specific STING activation in vascular endothelial senescence
in vivo, we also generated endothelial-specific Sting-knockdown
mice and found that ablation of endothelial Sting also ameliorated
aortic endothelial senescence and associated endothelial inflam-
mation and mitochondrial dysfunction. These findings indicate
that cfDNA-induced overactivation of the STING pathway is a
pathogenic mechanism for ageing-related endothelial inflamma-
tion and mitochondrial dysfunction.
Previous studies have reported that cytosolic DNA is a key

signal for SASP induction. Both mitochondrial dysfunction and
persistent DNA damage responses contribute to SASP formation
by increasing cytoplasmic DNA formation [66, 67]. Cytoplasmic
DNA is perceptive, passing through the cyclic GMP-AMP synthase
(cGAS), which then produces cGAMP, activating STING. Never-
theless, whether STING activation induces certain SASP factors in
ECs to further worsen EC senescence through feedback has not
been established. Intriguingly, our in vitro data demonstrated
that, under inflammatory stimuli and other aging pressure, the
STING pathway was activated to induce EC senescence and SASP,
leading to a large release of cfDNA and STING downstream
inflammatory mediators (TNFα and IFNβ), which further exacer-
bate EC senescence. Furthermore, STING activation exacerbated
the effect of oxidative stress-mediated monocyte adhesion to
ECs, while STING inhibition significantly alleviated monocyte
adhesion under aging conditions. Consistently with the in vitro
results, both EC-specific Sing knockdown and global Sting
deficiency significantly reduced cfDNA contents, suppressed the
activation of inflammatory pathways under aging pressure, and
alleviated endothelial senescence in vivo. Together, these
observations indicate that STING activation under endothelial
aging pressure induces key SASP factors, such as cfDNA, TNFα,
and IFNβ, which act in a feedback loop to reinforce the

Fig. 8 Identification of Cilostazol as a negative regulator of STING and EC inflammation and senescence induced by STING activation.
Effect of selected 10 FDA-approved cardiovascular drugs in our in-house library on the activation of the STING pathway. Immunoblot analysis
of the protein levels of STING pathway related indicators (p-TBK1, p-IRF3, p-STING, STING) in HUVECs stimulated with or without cGAMP (1 μM,
1 h) (a) or SR717 (10 μM, 3 h) (b) in the presence or absence of H151 (10 μM, 12 h) or various candidate drugs (20 μM, 12 h). c Immunoblot
analysis of protein levels of STING pathway-related indicators in HUVECs stimulated with or without cGAMP (500 nM, 6 h) in the presence or
absence of H151 (10 μM, 12 h) or Cilostazol (10, 20, 50 μM, 12 h). d, e RT-PCR analysis of the indicated genes in HUVECs treated with or without
cGAMP (500 nM, 6 h) in the presence or absence of H151 (10 μM, 12 h) or Cilostazol (5, 10, 20 μM, 12 h). f Immunoblot analysis of protein levels
of p53 and p21 in HUVECs transfected with or without HT-DNA (2 μg/mL) for 24 h in the presence or absence of H151 (10 μM, 12 h) or
Cilostazol (10, 20, 50 μM, 12 h). g SA-β-gal staining of HUVECs treated as described in (c). Scale bar: 50 μm. The quantification of the senescence
cell ratio is shown in the right panel. h, i Molecular virtual docking is used to analyze the docking degree between the structure of the STING
protein and the structure of Cilostazol compounds. j–l HUVECs were fixed and stained with marker antibodies for the ER (Calnexin, j), the
ERGIC53 (k), and the trans-Golgi network (TGN46, l) after being treated with or without cGAMP (1 μM, 1 h) in the presence or absence of
Cilostazol (20 μM, 12 h), and images were then captured by confocal microscopy. All images are representative of at least three independent
experiments in which >95% of the cells displayed similar staining. Scale bar: 20 µm. Data were presented as means ± SEM from at least three
independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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inflammatory effect and amplify the vicious cycle of aging-related
endothelial inflammation.
Finally, when STING was selected as the target for drug screening,

we discovered that Cilostazol had an inhibitory effect comparable to
that of the positive control inhibitor H151. Cilostazol, as a

phosphodiesterase type 3 (PDE3) inhibitor approved by the FDA in
1999, has the effects of vasodilation and anti-platelet coagulation,
and is currently widely used in the clinical treatment of chronic
arterial occlusive disease caused by atherosclerosis, arteritis, throm-
boangiitis obliterans, and diabetes [68, 69]. However, whether
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Cilostazol is capable of regulating STING activity in vascular ECs is
unknown. We revealed that Cilostazol significantly suppresses the
STING pathway by targeting STING’s S162 and S243 sites. Moreover,
in vivo experiments further confirmed that Cilostazol significantly
reduced the vascular endothelial aging phenotype by alleviating
aortic ROS levels, downregulating STING expression, attenuating
aortic DNA damage, and reducing inflammation in the aortic
endothelium (Supplementary Fig. S8). Our study demonstrated that
Cilostazol alleviated EC senescence and inflammation by inhibiting
STING activation both in vitro and in vivo, providing a feasible
therapeutic option for vascular aging-related diseases. Unlike
traditional STING inhibitors such as C-176, H151 specifically and
effectively labels STING through the formation of covalent bonds
between the electrophilic nitrofuran groups of its compounds and
STING’s nucleophilic Cys91, and then the binding inhibits the
palmitoylation process of STING without damaging transport or
affecting endolysosomal degradation [39]. Our curiosity lies in how
Cilostazol inhibits STING activation. Molecular virtual docking and
site-directed mutagenesis showed that Cilostazol targeted STING
active sites Ser162 and Ser243, which have been reported to be
crucial sites for the binding functions of STING agonists [41–45].
Indeed, our results showed that Cilostazol significantly inhibited

STING translocation from the ER to the Golgi apparatus. Therefore,
these observations indicate that Cilostazol might act as a competitive
inhibitor to affect the binding of STING and agonists.
There are some limitations to this study. Firstly, considering

that aging appears to cause greater DNA damage in vascular ECs
than VSMCs [4, 5], we focused on the role of STING in vascular
ECs. However, STING in other cell types in the vascular
microenvironment, such as VSMCs, fibroblasts, macrophages,
and other immune cells, may also contribute to vascular aging
and inflammation, which warrants further studies. Secondly, in
the current study, we used two different aging models:
paraquat-induced acute vascular aging and D-gal-induced
subacute vascular aging in mice. Further studies are still required
to evaluate the effects of STING deletion or inhibition on
vascular EC senescence in naturally aging mice. In addition,
although HUVECs are widely used by many investigators to
study EC function, there may be some differences between
HUVECs and other types of ECs, such as human aortic ECs and
human coronary artery ECs. Thus, the role of the cfDNA-STING
pathway in aging-related endothelial inflammation and mito-
chondrial dysfunction will need to be verified in other EC types
in the future.

Fig. 9 EC-specific Sting knockdown reduced the development of atherosclerosis in Apoe−/− mice. a Schematic diagram of the animal
experimental process. b Oil red O-stained en face aortic preparations from Apoe−/−/AAV9-shControl and Apoe−/−/AAV9-shSting mice fed a
Western diet for 16 weeks, and quantification of the Oil red O-stained areas. c The aortic arch was dissected and photographed; lesion areas
were quantified (n = 16 mice per group). d, e Representative images and quantification data of cross-sections of the aorta brachiocephalic
trunk of Apoe−/−/AAV9-shControl and Apoe−/−/AAV9-shSting mice with 16 weeks of Western diet. Sections were stained with hematoxylin and
eosin (plaque) and Masson’s trichrome (collagen). Scale bar: 200 µm; n = 9 mice per group. f The protein expression of CD68 in the cross-
sections of the aorta brachiocephalic trunk was shown as brown intensity by immunohistochemistry staining. g The EC-specific knockdown of
Sting was verified by Western blot analysis of STING expression in ECs and VSMCs isolated from the aorta. CD31 indicates ECs, and ACTA2
indicates VSMCs. h Immunoblot analysis of the protein expression of senescence-related indicators (γ-H2A.X, p21, p53), STING pathway-
related indicators (p-TBK1, p-IRF3, p-NF-κB), and vascular inflammation-related indicators (ICAM-1, VCAM-1) in the aortic endothelium from
Apoe−/−/AAV9-shControl and Apoe−/−/AAV9-shSting mice (n = 6 mice per group). i Western blot analysis of MFN2, DRP1, and VDAC1 in ECs of
the aorta from Apoe−/−/AAV9-shControl and Apoe−/−/AAV9-shSting mice. n = 6 mice per group. j The ROS levels of the cross-sections of the
aorta brachiocephalic trunk were evaluated by DHE staining. The protein expression of p21 (k) and ICAM-1 (l) in the cross-sections of the aorta
brachiocephalic trunk was shown to have brown intensity by immunohistochemistry staining. Scale bar: 200 µm. Data were presented as
means ± SEM. ∗∗∗P < 0.001, ****P < 0.0001 was considered significant.

Fig. 10 A proposed model illustrates the central role of STING in mediating a vicious circle of cfDNA-STING-SASP-cfDNA to aggravate age-
related endothelial inflammation and mitochondrial damage.
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In summary, our study suggests that the cytosolic DNA sensing
adapter STING is essential for vascular endothelial senescence and
aging-related endothelial inflammation, mitochondrial dysfunc-
tion, and atherogenesis. Mechanistically, cfDNA release, caused by
nuclear DNA and mitochondrial damage under aging stress,
induces STING activation, leading to SASP via the NF-κB pathway,
which in turn promotes mitochondrial damage and STING
activation through feedback, thereby exacerbating vascular
endothelial senescence. Therefore, interrupting this pernicious
cycle in ECs by inhibiting STING may be an effective strategy for
preventing vascular diseases associated with endothelial senes-
cence, such as atherosclerotic CVDs.
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