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A B S T R A C T   

Background: S100 calcium-binding protein A9 (S100A9) is a danger-associated molecular pattern molecule that 
mediates the inflammatory response. Inflammation is essential in aging-related cardiovascular diseases. How-
ever, less is known regarding the role of S100A9 in vascular aging. 
Methods: S100A9 null mice were used to investigate the role of S100A9 in aging-related pathologies. Artery rings 
were used to measure the functional characteristics of vascular with a pressurized myograph. Telomere length, 
Sirtuin activity, oxidative stress, and endothelial nitric oxide synthetase (eNOS) activity were used to elevate 
vascular senescence. Intraperitoneal glucose tolerance (IPGTT) and insulin sensitivity test (IST) were employed 
to investigate the effects of S100A9 on insulin resistance. Inflammation response was reflected by the concen-
tration of inflammatory cytokines. The Toll-like receptor 4 (TLR4) and receptor for advanced glycation end 
products (RAGE) inhibitors were used to identify the downstream molecular mechanisms of S100A9 in aging- 
induced senescence in endothelial cells. 
Results: S100A9 expression in vascular increased with aging in mice and humans. Deficiency of S100A9 alleviated 
vascular senescence in aged mice, as evidenced by increased telomere length, Sirtuin activity, and eNOS activity. 
Meanwhile, S100A9 knockout improved endothelium-dependent vasodilatation and endothelial continuity in 
aged mice. Moreover, the increased insulin resistance, oxidative stress, and inflammation were mitigated by 
S100A9 deletion in aged mice. In vitro, S100A9 induced senescence in endothelial cells, and that effect was 
blunted by TLR4 but not RAGE inhibitors. 
Conclusion: The present study suggested that S100A9 may contribute to aging-related pathologies and endothelial 
dysfunction via the TLR4 pathway. Therefore, targeting S100A9/TLR4 signaling pathway may represent a crucial 
therapeutic strategy to prevent age-related cardiovascular diseases.   

1. Introduction 

Life expectancy is increasing due to improved sanitation, diet, and 
healthcare. The elderly population (65 years or older) is predicted to rise 
to 1.5 billion by 2050 [1]. Cardiovascular diseases are the leading cause 
of death in the elderly population, accounting for 40% of all deaths of 

the elderly [2]. Aging is an inevitable, independent risk factor for 
developing cardiovascular disease [3]. However, how aging leads to the 
occurrence of cardiovascular, especially how aging and cardiovascular 
disease interact, remains unanswered. 

Strong evidence supports that the mechanisms driving aging and 
cardiovascular disease are interconnected, even overlap. The 

* Corresponding author. 
** Corresponding author. 

E-mail addresses: zhaoyu8623@163.com (Y. Zhao), gyz_cardio@hospital.cqmu.edu.cn (Y. Guo).   
1 Those authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Redox Biology 

journal homepage: www.elsevier.com/locate/redox 

https://doi.org/10.1016/j.redox.2023.102721 
Received 21 March 2023; Received in revised form 24 April 2023; Accepted 25 April 2023   

mailto:zhaoyu8623@163.com
mailto:gyz_cardio@hospital.cqmu.edu.cn
www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2023.102721
https://doi.org/10.1016/j.redox.2023.102721
https://doi.org/10.1016/j.redox.2023.102721
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Redox Biology 63 (2023) 102721

2

established mechanisms underlying aging, such as increased inflam-
mation, oxidative stress, metabolic dysfunction, and decreased regen-
eration, contribute to the pathologic process of cardiovascular together 
[4,5]. Inflammation is increasingly considered the key factor. Inflam-
mation function as a driver, leading to excessive oxidative stress and 
metabolic dysfunction [6,7]. Simultaneously, these impairments also 
fuel inflammation aggravating aging-relegated pathologies [8]. Previous 
studies revealed that inhibiting inflammation via targeting NOD-like 
receptor thermal protein domain associated protein 3 (NLRP3) or 
Toll-like receptor 4 (TLR4) pathway alleviated cardiovascular dysfunc-
tion during aging [9,10],indicating the essential role of inflammation in 
aging-related cardiovascular diseases. Therefore, understanding the 
mechanisms linking inflammation and cardiovascular dysfunction dur-
ing aging may help reduce cardiovascular disease occurrence in the 
elderly and improve lifespan. 

Aging-related inflammation occurs without infection, also called 
sterile inflammation [11]. It is accepted that age-related inflammation is 
initiated by gradual deterioration and immune system dysfunction 
during aging [12]. Unlike infection-induced inflammation, 
aging-related inflammation is characterized by low-grade regulation of 
cytokines, such as interleukin-1β (IL-1β) and TNF-α [13]. The mecha-
nisms explaining inflammation activation in aging are still unidentified. 
Many cell processes, such as mitochondrial dysfunction, unbalanced 
proteolysis, activation of DNA damage response, and metabolic 
dysfunction, trigger inflammation in aging [14,15]. Additionally, almost 
all components of an immune system undergo substantial remodeling 
during aging [16], which may be the key to initiating inflammation in 
aging. 

S100A9 belongs to the S100 protein subfamily and is a calcium- and 
zinc-binding protein [17]. S100A9 predominantly expresses in neutro-
phils and monocytes and functions as an alarmin or a danger-associated 
molecular pattern molecule [18]. S100A9 can activate the MAP-kinase 
and NF-ĸB signaling pathways via binding to TLR4 and receptors for 
advanced glycation end products (RAGE) [19,20], thus playing a 
prominent role in regulating the immune response. Our previous study 
discovered that S100A9 aggravated lung injury in septic mice [21]. The 
high expression has also been identified in some cardiovascular diseases 
[22], such as myocardial infarction and ischemic/repair injury. S100A9 
blockage protects the heart from myocardial infarction and ischemi-
c/repair injury [23,24]. Additionally, S100A9 induces senescence in the 
mesenchymal stromal cell [25]. However, the effects of S100A9 in aging 
and aging-related cardiovascular dysfunction have not been previously 
reported. 

Various aging-related cardiovascular diseases are linked to impaired 
vasculature, including hypertension, atherosclerosis, and stroke [3]. The 
vasculature undergoes continuous remodeling in function and structure 
during aging [26]. The aged vasculature exhibits an enlarged lumen, 
increased wall thickening, and stiffness [27]. Endothelial dysfunction 
plays a prominent role in vasculature aging. Impaired endothelial bar-
riers lead to extracellular matrix accumulation and intimal thickening 
[28].The endothelial nitric oxide synthetase (eNOS) produces nitric 
oxide (NO), mediating vasodilatation and inhibiting inflammation and 
antithrombus [29]. Reduced eNOS activity in the endothelial cell with 
aging leads to decreased NO production and vascular dysfunction [30]. 
It has been evidenced that inflammation inhibits eNOS expression and 
activity [31]. Given the important role of S100A9 in mediating inflam-
mation, we speculated that S100A9 might induce endothelial dysfunc-
tion during aging. 

In the present study, we aim to investigate the role of S100A9 in 
aging, focusing on age-related vascular dysfunction. We also investigate 
the influence of S100A9 on oxidative stress and inflammation pathway 
to explore the possible underlying mechanism further. 

2. Methods 

2.1. Animals 

S100A9 knockout mice were constructed by Cyagen Biosciences Inc. 
(Suzhou, China) by CRISPR/Cas-mediated genome engineering. Poly-
merase chain reaction (PCR) was used to identify the genotyping of mouse 
offspring. The following primers are used: Primer 1, F1: 5′-CAAAGTCC-
TAGTGCCCACGGC-3′ R1: 5′-GTGAAAGGAGGCAGAAAGGACATG-3’. 
Primer 2, F2: 5′-GTATATGTGGAGGGAAGCTGTCTC-3′ R2: 5′- 
GTGAAAGGAGGCAGAAAGGACATG-3’; Homozygotes mice had one band 
with 339 bp, wild-type mice had one band with 557 bp, and heterozygotes 
mice had two bands with 339 bp and 557 bp. Male homozygotes and wild- 
type mice were used for experiments, and the genotyping results were 
showed in Fig. S1. All mice were maintained in C57BL/6 N background 
and reared on a 12 h/12 h light/dark cycle with standard chow and water 
available ad libitum. 3-month-old mice were defined as the Young group 
and 24-month-old mice were defined as the Aged group. At the end of the 
experiments, blood samples were collected and centrifuged at 3000 rpm 
for 10 min at room temperature to collect the serum as described previ-
ously; Then, the serum was stored at − 80 ◦C until analysis. Vascular tissue 
was quickly isolated, snap-frozen in liquid nitrogen, and stored at − 80 ◦C 
until analysis. All animal experiments were performed in accordance with 
the National Institutes of Health Guidelines for the Use of Laboratory 
Animals. All the study protocols were approved by the Institutional Ani-
mal Care and Use Committee of Chongqing Medical University. 

2.2. Insulin sensitivity and glucose tolerance test 

Insulin (0.5 U/Kg) was injected hypodermically after 8 h of fasting to 
test the insulin sensitivity (IST). Then, the blood glucose was measured 
at 0, 30, 60, 90, 120, and 240 min. An intraperitoneal glucose tolerance 
test (IPGTT) was performed to test the glucose tolerance of mice. After 8 
h of fasting, mice were injected intraperitoneally with 2 g/kg glucose. 
Afterward, blood glucose was measured at 0, 15, 30, 60, 90, and 120 min 
using tail clippings. 

2.3. Vascular functional parameters 

The vasodilation function of the aorta was measured using a wire 
myograph as previously [32]. After isolation, 2–3 mm-length arterial 
rings were mounted into cold oxygenated PBS buffer and slowly heated 
to 37 ◦C. The aortic ring was allowed to equilibrate for approximately 
75 min, and KCL(80 mM) and norepinephrine (1 μM) were used to 
contract the ring and assess its vitality. After reaching a plateau, the ring 
was washed and left quiescent for 45 min before functional measure-
ment. The endotheliun-dependent relaxation was measured by cumu-
lative concentration response to acetylcholine (10− 4-10− 9 mM) (Sigama, 
Milano, Italy). Aortic rings were incubated with 100 μM L-NAME 
(Sigama, Milano, Italy) for 30 min before the dose-response curves to 
acetylcholine to investigate the role of NO availability in vascular 
relaxation function. The vasodilation function was described as % 
change to the maximal vessel diameter. 

2.4. Immunohistochemical (IHC) staining 

Mice were anesthetized with 5% isoflurane; The aorta was excised 
and fixed with 4% paraformaldehyde. The human aorta tissues were 
obtained during the aortic repair surgery in trauma patients from the 
Department of Cardiothoracic Surgery, Chongqing University Central 
Hospital, or the Department of Forensic Medicine, College of Basic 
Medicine, Chongqing Medical University during the medical forensic 
examinations. Participants or their patients’ family members were 
informed and they provided consent before the inclusion of these sam-
ples in the study. Additionally, the experiments conformed to the prin-
ciples outlined in the Declaration of Helsinki and the Institutional Ethics 
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Committee of Chongqing University Central Hospital approved all the 
study protocols. After embedding in paraffin, 7-μm-thick cross-sections 
were sided and used for IHC analysis. After de-paraffinized and anti-
gen retrieval, the sections were blocked with 10% goat serum and 
incubated with primary antibodies probing to S100A9 (1: 200) and 
CD31 (1: 200) at 4 ◦C overnight, followed by responding secondary 
antibodies for 60 min at 25 ◦C. Subsequently, a DAB Substrate Kit 
(Wuhan Servicebio Biotechnology Co., Ltd., China) was used for the 
color reaction. Finally, images were captured using a Leica BM4 mi-
croscope (Leica Microsystems, Inc., USA) and then quantified using 
ImageJ software with IHC-Toolbox plug-in according to the mean gray 
value. 

2.5. Western blot 

Treated cells or aortic tissues were lysed with RIPA buffer supple-
mented with protease inhibitor cocktails to access total protein expres-
sion or phosphorylation (Beyotime Institute of Biotechnology, China). 
The aortic tissue nuclei were extracted using a nuclear extraction kit 
purchased from the Beyotime Institute of Biotechnology to access nu-
clear protein expression. After centrifugation at 13,000×g at 4 ◦C for 15 
min, the supernatants were collected for subsequent experiments. The 
protein concentration was measured using BCA assay kits, and an equal 
amount of proteins were diluted into 5x loading buffer and heated at 
100 ◦C for 10 min. The protein samples were separated using 4–12% 
gradient gels and MOPS-SDS running buffer provided by Nanjing ACE 
Biotechnology, then transferred to the PVDF membrane. After blocking 
with 5% skimmed milk in TBST for 90 min at 20–25 ◦C, the blots were 
incubated with primary antibody overnight at 4 ◦C. After washing with 
TBST, blots were incubated with corresponding secondary antibodies for 
60 min at 20–25 ◦C. Finally, an ECL reagent was used to detect the 
protein bands with a gel imaging system (Bio-Rad Laboratories, Inc., 
USA). Band densities were quantified via Image Lab software (Bio-Rad, 
USA). The antibodies used in the present experiment are as follows: 
S100A9 (ab63818), γH2AX phospho S139 (ab22551) (Abcam, UK), (p)- 
P38 (28796-1-AP), P38 (14064-1-AP), (p)-P65 (82335-1-RR), P65 
(80979-1-RR), P21 (28248-1-AP), P53 (60283-2-Ig), NOX1 (17772-1- 
AP), Histone H3 (68345-1-Ig), GAPDH (60004-1-Ig) (ProteinTech 
Group, Inc., China), (p)-eNOS (9571), and eNOS (32,027) (Cell 
Signaling Technology, Inc., USA). 

2.6. Enzyme-linked immunosorbent assay (ELISA) 

Mice were anesthetized with isoflurane, and blood was obtained via 
puncture. After centrifugation at 3000 rpm for 10 min at 25 ◦C, the 
supernatant was collected as serum and stored at − 80 ◦C until analysis. 
IL6, IL-1β, and TNFα concentrations were measured using the com-
mercial ELISA Kit (ExCell Bio, Inc., Jiangsu, China) according to the 
manufacturer’s instructions. 

2.7. Telomere length measurement 

Relative average telomere length was measured using RT-PCR based 
on the ratio of telomeric repeats and single gene (T/S ratio) as described 
previously. The primer sequences are as follows: telomere-specific for-
ward, 5′-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-3′, 
telomere-specific reverse, 5′-GGCTTGCCTTACCCTTACCCTTACCCT-
TACCCTTACCCT -3’; acidic ribosomal phosphoprotein PO forward, 5′- 
ACTGGTCTAGGACCCCGAGAAG-3′, acidic ribosomal phosphoprotein 
PO reverse, 5′-TCAATGGTGCCTCTGGAGATT-3’. 

2.8. Cell culture and treatment 

Human aortic endothelial cells (HAECs) were used to assess the 
direct effects of S100A9 on cellular senescence. HAECs were purchased 
form rocell Life Science&Technology Co.,Ltd and cultured with ECM 

containing 5% FBS, 1% endothelial cell growth supplement, and 1% 
penicillin/streptomycin solution (ScienCell Research Laboratories, Inc.) 
at 37 ◦C in a 5% CO2 atmosphere. HAECs were treated with different 
concentrations of S100A9 (100, 500 and 1000 nM, MedChemExpress, 
NJ, USA) for 12 h; 50 nM FPS-ZM1 and 5 μM IAXO-102 (MedChemEx-
press, USA) were used to inhibit the RAGE and TLR4 pathway, respec-
tively, to investigate the role of TLR4 and RAGE on the effects of 
S100A9. Cell viability was examined by MTT measurement to test the 
cytotoxic effects of S100A9 and TLR4 or RAGE inhibitors on HAECs. Cell 
viability was calculated as a percentage of that of control group 
(Fig. S2). Cell senscence was detected with Senescence associated 
β-galactosidase (SA-β-Gal) with the Senescence β-Galactosidase Staining 
Kit (Beyotime Biotechnology, China) according to the manufacturer’s 
instruction. In brief, cells were fixed with a fixative solution for 15 min 
after washing with PBS. After that, cells were washed with PBS for three 
times and incubated in staining working solution at 37 ◦C overnight. The 
number of SA-β-Gal positive cells were quantified by ImageJ with three 
different fields, then averaged and presented as percentage. 

2.9. Sirtuin and NADPH oxidative activities and NO and MDA content 
measurement 

After extracting the nucleus from HAECs or aortic tissues, the Sirtuin 
activity was measured using the Epigenase TM Universal SIRT activity 
assay kit according to the manufacturer’s instructions. The NADPH 
oxidative activity and malondialdehyde (MDA) content in tissue and 
serum were measured using corresponding assay kits (Nanjing Jian-
cheng Bioengineering Institute, China). NO content was measured using 
a total NO assay kit (Beyotime Institute of Biotechnology) as described 
previously. 

2.10. Statistical analysis 

The results were presented as mean +SEM. All statistics were per-
formed using GraphPad Prism version 9.0 software (San Diego, CA, 
USA). The data were analyzed using Student’s t-test, one- or two-way 
ANOVA, followed by Tukey’s multiple comparisons tests where appro-
priate. A P-value <0.05 was considered statistically significant. 

3. Results 

3.1. S100A9 expression increased in the aged aortas of mice and human 

We measured the S100A9 protein expression in mice aorta at 
different ages to investigate the relation between S100A9 expression and 
vascular senescence. The results revealed that S100A9 expression 
increased by 1.5 and 2.4 fold change at 12 and 24 months, respectively, 
than two months (Fig. 1A and B). The IHC also confirmed the increased 
S100A9 expression in aged mice aorta (Fig. 1C and D). These data 
indicated an age-dependent increase of S100A9 expression in the aorta 
as physiological aging. Furthermore, the S100A9 protein expression was 
examined in the human vascular from different ages to elevate whether 
the increased S100A9 expression exists in humans. Consistently, the 
Western Blots (Fig. 1E and F) and IHC (Fig. 1G and H) results indicated 
increased S100A9 expression in the aged group (>60 years) than young 
group (<40 years), suggesting involvement of S100A9 in the aging of 
human. 

3.2. S100A9 knockout alleviates vascular senescence in aged mice 

We compared the senescence phenotype in S100A9 null and wild-
type mice at 24-months to identify the role of S100A9 in vascular aging. 
Initially, the telomere length decreased in the vascularity of aged mice 
and the loss of S100A9 increased the telomere length in aged mice 
(Fig. 2A). The telomere shortening leads to H2AX phosphorylation at the 
serin 139 site and DNA damage, followed by p53 and p21 activation, 
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resulting in pathologies during aging [33]. Consistently, loss of S100A9 
reduced the γH2AX level (Fig. 2B and C) as well as the p53 and p21 
(Fig. 2D, E, and F) expression in the aged vascular. Moreover, the 
reduced Sirtuin activity is a maker of aging. Loss of S100A9 significantly 
increased the Sirtuin activity in aged mice aorta (Fig. 2G). All results 
indicated that increased S100A9 is associated with age-dependent pa-
thologies, and loos of S100A9 alleviate vascular senescence in aged 
mice. 

3.3. S100A9 knockout improves vascular function in aged mice 

Next, we explored the effects of S100A9 on aged-induced vascular 
dysfunction. The results demonstrated that the endothelium-dependent 
vasodilatation induced by Ach was reduced in aged mice, whereas 

S100A9 knockout significantly improved vascular relaxation (Fig. 3A 
and B). Moreover, when pretreating with eNOS inhibitor, L-NAME, aged 
wildtype, and S100A9 null mice did not differ statically (Fig. 3A and B). 
These data suggested that the effects of S100A9 on vasodilatation were 
NO-dependent. Consistently, the results revealed that eNOS phosphor-
ylation and NO production were markedly reduced in the aging 
vascular. However, S100A9 knockout significantly improved eNOS 
phosphorylation and NO production (Fig. 3C–E). Additionally, we 
discovered that endothelial cell marker expression, CD31, is reduced 
and the endothelial cell was discontinuous in aged vascular. Loss of 
S100A9 elevated the CD31 expression and continuity in the vascularity 
of aged mice (Fig. 3F and G). 

Fig. 1. S100A9 expression increased in the aged 
aortas of mice and humans. (A) S100A9 expression in 
the aortas of mice at 3-, 12- and 24-month was 
measured using Western blots. The statistical results 
of S100A9 were presented in (B) (n = 6). (C) S100A9 
expression in mice aortas was measured using IHC at 
3- and 24-month and the related statistical results 
were displayed in (D) (n = 4). (E) S100A9 expression 
in young and aged human aortas was measured using 
Western blots. (F) The statistical results of blots in E 
(young group, <40 years, n = 3; aged group, >60 
years, n = 5). (G) Representative IHC images of 
S100A9 expression in the aorta of young and aged 
humans and the related statistical results were 
depicted in (H) (n = 3). ns, not significant. *P < 0.05, 
**P < 0.01, ***P < 0.001.   
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3.4. S100A9 knockout improves insulin sensitivity in aged mice 

Insulin resistance is responsible for many age-dependent pathol-
ogies, including cardiovascular dysfunction [34]. Therefore, we inves-
tigated the effects of S100A9 on insulin resistance. Although body 
weight and fasting glucose was comparable between groups (Fig. 4A and 
B), the insulin level was significantly increased in aged mice serum, and 
S100A9 knockout blunted the increased insulin level (Fig. 4C). More-
over, aged mice had higher blood glucose levels after exogenous glucose 
administration (Fig. 4D and E) and lower blood glucose levels after 
exogenous insulin stimulation (Fig. 4F and G), indicating impaired in-
sulin sensitivity and increased insulin resistance. S100A9 knockout 
significantly improved the whole-body insulin sensitivity, as evidenced 

by IPGTT and IST results (Fig. 4D–G). 

3.5. S100A9 knockout mitigates oxidative stress in the aged mice aorta 

Aging and insulin resistance increase ROS production and lead to 
oxidative stress injury [35]. The results presented increased Nox1 
expression in aged mice aorta (Fig. 5A and B). Similarly, the NADPH 
oxidase activity and MAD content in the aorta also significantly 
increased (Fig. 5C and D). However, S100A9 knockout almost blunted 
the increased NADPH oxidative activity and markedly reduced the 
NOX1 expression as well as the MDA content in aged mice aorta 
(Fig. 5A–D). S100A9 also reduced the dihydroethidium (DHE) fluores-
cence in aorta rings from aged mice (Fig. 5E and F). All these findings 

Fig. 2. S100A9 knockout alleviates vascular senes-
cence in aged mice. (A) S100A9 knockout increased 
as evidenced by the increased ratio of telomeric re-
peats with single-copy gene (T/S ratio) (n = 6). (B) 
Representative Western blots of Phospho-γH2AX 
expression in nuclear. The statistical results were 
illustrated in (C) (n = 6). (D) Representative Western 
blots of p21 and p53 in mice aortas of different ages. 
The related statistical results were exhibited in (E) 
and (F) (n = 6). (G) S100A9 knockout increased the 
Sirtuin activity in aged mice aorta (n = 6). ns, not 
significant. *P < 0.05, ***P < 0.001, ****P < 0.0001.   
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suggested that S100A9 knockout inhibited oxidative stress in aged mice 
aorta. 

3.6. S100A9 knockout attenuates inflammatory response in aged mice 

Aging is associated with increased sterile inflammation and S100A9 
plays a vital role in triggering immune responses via TLR4 and RAGE 
pathway. Subsequently, we explored the effects of S100A9 knockout on 
inflammation in aged mice. The serum levels of interleukin-1β (IL-1β), 
IL-6, and tumor necrosis factor α (TNF-α) were significantly increased in 
aged mice compared to young mice, while S100A9 knockout notably 
attenuated this increase (Fig. 6A–C). Furthermore, S100A9 knockout 
blunted increased P38 and P65 phosphorylation in aged mice aorta 
(Fig. 6D–F). These results revealed that S100A9 knockout alleviated 
inflammation response in aged mice. 

3.7. S100A9 induces cellular senescence in human aortic endothelial cells 
via TLR4 

Subsequently, we investigated whether RAGE or TLR4 is responsible 
for S100A9-induced cellular senescence in aortic endothelial cells. 
rhS100A9 did not significantly reduced HAECs viability at 12 h, even 
combination with TLR4 or RAGE inhibitor as shown in Fig. S1 A and B. 

The rhS100A9 induced Nox1 expression in a concentration-dependent 
manner, and 1000 nM rhS100A9 increased the Nox1 expression to 3.8 
fold-change (Figs. S2C and D). Thus, we chose 1000 nM rhS100A9 for 
the next experiments. The results revealed that rhS100A9 significantly 
increased the Nox1 expression (Fig. 7A and B) and NADPH oxidative 
activity (Fig. 7C) while reducing Sirtuin activity (Fig. 7D) and NO pro-
duction (Fig. 7E) in endothelial cells. Moreover, rhS100A9 markedly 
elevated the level of SA-β-Gal activity, an indicator of cardiac senescence 
(Fig. 7F and G). TLR4 inhibition, but not RAGE, significantly blunted the 
impaired effects of rhS100A9 on endothelial cells (Fig. 7A–G). These 
findings indicated that S100A9-induced endothelial injury and senes-
cence are TLR4 dependent. 

4. Discussion 

The association between inflammation and aging has been widely 
accepted. Various stimuli may trigger inflammatory responses, 
including exogenetic pathogens, endogenous damage-associated mo-
lecular patterns, unbalanced metabolism, and gut microbiota, during 
aging [8]. The excessive baseline inflammation emerges and accelerates 
the aging as adverse stimulation accumulates. Moreover, aging is 
accompanied by immune system remodeling, inducing immune 
dysfunction and leading to age-related diseases [36]. Neutrophils, the 

Fig. 3. S100A9 knockout improves vascular function 
in aged mice. (A) S100A9 knockout improved 
endothelium-dependent vasodilatation induced by 
Ach in aged mice (n = 6). (B) The area under curve of 
different groups (n = 6). (C) Representative Western 
blots of Phospho-eNOS in mice aortas of different 
ages. The related statistical results were shown in (D) 
(n = 6). (E) S100A9 knockout increased the NO 
content in the aged mice aorta (n = 6). (F) Repre-
sentative IHC images of CD31 in the aorta of wild- 
type and S100A9 null-aged mice and the related sta-
tistical results were presented in (G). ns, not signifi-
cant. *P < 0.05, ***P < 0.001, ****P < 0.0001. ^ ^P <
0.01 Aged vs. Aged-S100A9− /− . ##P < 0.01 Aged + L- 
NAME vs. Aged. &&P < 0.01 Aged-S100A9− /− + L- 
NAME vs. Aged-S100A9− /− .   
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immune system’s first responder cells, are sensitive to many physiologic 
changes [37], including aging. The neutrophil functions have been 
impaired with aging and involve many age-related pathologies [38,39], 
such as cardiovascular and autoimmune diseases. According to a recent 
study, the Single-Cell RNA sequencing revealed that the percentage of 
neutrophils increased with aortic aging [40]. Moreover, S100A9 is an 
important member of the calcium-binding protein S100 family and 
constitutes approximately 40% of the cytosolic protein in neutrophils 
[41]. S100A9 mRNA expression has been increased in aged mice and 
humans [42], although the specific role of S100A9 in aging remains 
unidentified. In the present study, we investigated the role of S100A9 in 
aging using S100A9 null mice for the first time. The results exhibited 
that S100A9 accelerated the aging-relegated pathologies, including 
telomere shortening, impaired Sirtuin activity, oxidative stress, and in-
sulin resistance. These findings indicate that S100A9 may be a potential 
target to delay senescence and prevent age-related diseases. 

Cardiovascular disease has caused the most death and disability 
word widely as lifespan increases [4]. Aging and inflammatory re-
sponses promote cardiovascular disease development and progression 

[5]. Endothelial cells are a constitutive part of the inner layer of the 
vascular wall and are crucial for normal tone [43]. Besides, endothelial 
cells are crucial for immune responses by regulating immune cell 
recruitment and extravasation [29]. Endothelial dysfunction prompts 
vascular remodeling and impaired vasodilatation, contributing to car-
diovascular disease during aging [44,45]. Considering that S100A9 in-
duces inflammation and accelerates senescence in mesenchymal stromal 
cells [25], we speculated that S100A9 knockout may improve vascular 
function in aged mice. This study presented that S100A9 deletion 
improved endothelium-dependent vasodilatation in aged mice. NO, 
produced primarily by eNOS, is essential for endothelial function [46]. 
Evidence from clinical and basic research exposed that the eNOS activity 
and NO production decreased during aging [46]. Consistent with pre-
vious findings, our study revealed that the impaired 
endothelium-dependent vasodilatation was accompanied by reduced 
eNOS activity and NO production. Our previous studies showed that 
inflammatory cytokine impaired eNOS activity [47], and we found that 
S100A9 knockout reduced the content of IL1β, IL6 and TNFα in serum, 
indicating that S100A9 knockout may improve eNOS function. Indeed, 

Fig. 4. S100A9 knockout improves insulin sensitivity 
in aged mice. (A–C) The body weight (A) fasting 
blood glucose (B) and serum insulin level (C) in mice 
from different groups (n = 6). (D) The results of the 
intraperitoneal glucose tolerance test (IPGTT) in mice 
from different groups. (E) The area under curve of 
IPGTT results from different groups (n = 6). (F) The 
results of insulin sensitivity test (IST) in mice from 
different groups. (G) The area under curve of IST 
results from different groups (n = 6). ns, not signifi-
cant. *P < 0.05, ***P < 0.001, ****P < 0.0001. &&P 
< 0.01 Aged vs. Young-control. #P < 0.05, ##P <
0.01 Aged-S100A9− /− vs. Aged.   
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we discovered that S100A9 deficiency significantly increased eNOS 
phosphorylation at Ser 1177; Thus, increasing NO production in aged 
mice. These data strongly indicate that S100A9 contributes to vascular 
dysfunction during aging. 

Insulin resistance is one of the hallmarks of aging [48]. The preva-
lence of impaired glucose tolerance and diabetes mellitus was signifi-
cantly higher in the aged population [49]. Impaired insulin signal also 
reduces the NO production and bioactivity aggravates endothelial 
dysfunction [50]. Although the mechanism of insulin resistance during 
aging remains unclear, the link between inflammation and insulin 
resistance has been identified during aging [8]. Inhibiting inflammation 
may improve insulin sensitivity and prevent age-related cardiovascular 
dysfunction [51]. The present study did not identify increased fasting 
blood glucose in aged mice. However, the increased serum insulin levels, 
impaired IPGTT, and IST evidenced the impaired insulin sensitivity in 
aged mice. Our study determined that S100A9 deletion improved insulin 
sensitivity in aged mice. S100A9 knockout also reduced the secretion of 

inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, which may 
improve insulin sensitivity and vascular relaxation in aged mice. 

Increased reactive oxygen bioavailability and decreased antioxidant 
protection cause oxidative stress [52]. Oxidative stress has been 
accepted as an essential adverse factor driving age-related cardiovas-
cular disease [53]. Moreover, eNOS and NO exert anti-oxidative stress 
effects in endothelial cells via inhibiting ROS generation [54]. Several 
previous studies reported that S100A9 influence NADPH oxidases ac-
tivity and Nox1 isoform, and S100A9 knockout reduced myeloperox-
idase activity in atherosclerosis mice [55,56]. Therefore, we 
investigated the effects of S100A9 deletion on oxidative stress in the 
aged mice aorta. Consistently, we discovered that S100A9 knockout 
suppressed NADPH oxidases activity, Nox1 expression, and MDA con-
tent in aged mice aorta. Our findings and others demonstrated the 
important role of S100A9 in promoting oxidative stress in cardiovas-
cular diseases. 

S100A9, a calcium- and zinc-binding protein, can activate the 

Fig. 5. S100A9 knockout mitigates oxidative stress in 
the aorta of aged mice. (A) Representative Western 
blots of Nox1 in the aortas from mice in different 
groups. The statistical results were displayed in (B) 
(n = 6). (C) The results of NADPH oxidase activity in 
mice from different groups (n = 6). (D) The MDA 
content in aortas from different groups (n = 6). (E) 
Representative images of dihydroethidium (DHE) 
staining in aortas from different groups and the sta-
tistical results were exposed in (F), n = 4. ns, not 
significant. *P < 0.05, ***P < 0.001, ****P < 0.0001.   
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immune system via RAGE and TLR4 pathway in the presence of Zn2+

and Ca2+ [20]. We discovered that S100A9 knockout inhibited p38 and 
p65 signals in aged mice. However, a previous study reported that 
inhibiting TLR4 prevented the effects of S100A9 on proliferation, 
whereas inhibiting RAGE promoted them, indicating that TLR4 and 
RAGE might mediate different effects of S100A9 [57]. Given that the 
effects of S100A9 on endothelial cell senescence have been unin-
vestigated before, we inhibited the TLR4 or RAGE pathway in the 
presence of rhS100A9 in human aortic endothelial cells to investigate 
the downstream of S100A9. The results revealed that TLR4 inhibition 
but not RAGE blunted the effects of S100A9 on senescence in endothelial 
cells, suggesting that S100A9 primarily accelerates senescence via the 

TLR4 pathway, which is consistent with a previous report that TLR4 is 
required for S100A9-induced senescence in mesenchymal stromal cells 
[25]. However, the mechanisms responsible for the different effects of 
RAGE and TLR4 on S100A9-induced senescence require exploration. 

One limitation is that we only tested the effects of RAGE and TLR4 on 
S100A9-induced senescence in isolated endothelial cells because long- 
term inhibition of the RAGE and TLR4 pathways in aging is difficult. 
Therefore, the function of RAGE as a down streaming molecular of S100A9 
cannot be excluded during aging. In addition, S100A9 predominantly 
expresses in neutrophils and monocytes. The Single-Cell RNA Sequencing 
revealed that the percentage of neutrophils increased with aortic aging 
and no significant change was observed in monocytes [40].Therefore, we 

Fig. 6. S100A9 knockout attenuates inflammatory response in aged mice. (A–C) The interleukin 1β (IL-1β), IL-6, and tumor necrosis factor α (TNF-α) levels in the 
serum of mice in different groups (n = 6). (D) Representative Western blots of Phospho-P38 and P65 in the aortas from mice in different groups. The related statistical 
results were exhibited in (E) and (F) (n = 6). ns, not significant. *P < 0.05, ***P < 0.001, ****P < 0.0001. 
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speculated that the it was S100A9 in neutrophils mainly functions during 
vascular aging. However, we found that S100A9 knockout reduced the 
inflammatory cytokine levels in serum, indicating the important role of 
circulating immune cells. So, It needs further study to figure out the 
increased S100A9 in aorta is mainly resulted from increased neutrophils in 

aged vascular or circulating immune cells or even endothelial cells. 
Moreover, we focused on the endothelial dysfunction during aging at the 
present study. However, the specific effects of S100A9 on cascular smooth 
muscle cell and endothelial-independent vascular relaxation are also 
deaerves further study. 

Fig. 7. S100A9 induces cellular senescence in human aortic endothelial cells via TLR4. (A) Representative Western blots of Nox1 in HAECs treated with rhS100A9 
with TLR4 or RAGE inhibitors. The statistical results were presented in (B) (n = 6). (C–E) The results of NADPH oxidase and Sirtuin activities and NO content in 
HAECs from different groups (n = 6). (F–G) Representative pictures of SA-β-Gal-stained HAECs and quantification of SA-β-Gal-staining positive cells (n = 5). ns, not 
significant. *P < 0.05, **P < 0.001, ***P < 0.001, ****P < 0.0001. 
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5. Conclusions 

In conclusion, we demonstrated for the first time that S100A9 plays a 
vital pathogenic role in vascular dysfunction during aging, likely by 
aggravating inflammation, insulin resistance, and oxidative stress. 
Furthermore, TLR4 is essential for S100A9-induced senescence in 
endothelial cells. S100A9 deletion improved endothelium-dependent 
vasodilatation in aged mice. S100A9 blockade may provide therapeu-
tic options for aging and cardiovascular diseases with the availability of 
a small-molecule inhibitor of S100A9. 
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