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INTRODUCTION 
 

Abdominal aortic aneurysm (AAA), a common and 

potentially life-threatening degenerative vascular 

disease in the elderly [1], is defined as focal dilatation 

of the abdominal aorta beyond 50% of the normal 

diameter, which is characterized by destruction of 

elastin and collagen in the media and adventitia, loss of 

smooth muscle cells, thinning of the medial wall, 

infiltration of lymphocytes and macrophages, and 

neovascularization [2]. At present, the pathogenesis of 

AAA remains unclear, thus hindering the development 

of effective therapeutic strategies, so that surgical 

intervention becomes the only therapeutic option. It has 

been verified that inflammatory cells are accumulated in 

the adventitia by recruiting circulating monocytes or 
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ABSTRACT 
 

Objective: Notch-1 is a signal regulatory protein with extensive effects in myeloid cells, but its role in 
aneurysms remains to be fully clarified. In this study, therefore, the aneurysm mouse model with myeloid-
specific knockout of Notch-1 was established to observe the role of Notch-1 in aneurysm progression. 
Methods and Results: The effect of Notch-1 was assessed by pathological staining and Western blotting. It was 
found that after myeloid-specific knockout of Notch-1 in the aneurysm mouse model, the area of aneurysms 
and the macrophage infiltration were significantly reduced, the damage to arterial elastic plates was 
significantly relieved, and the oxidative stress level significantly declined. The results of Western blotting 
showed that after myeloid-specific knockout of Notch-1, the levels of oxidative stress-related proteins p22 and 
p47 in aneurysm tissues significantly declined, accompanied by a significant increase in the protein level of Src 
homology 2 domain-containing tyrosine phosphatase-2 (SHP2). In addition, the levels of phosphorylated 
myeloid differential protein-88 (MyD88), TIR domain-containing adaptor-inducing interferon-β (TRIF) and 
nuclear factor-κB (NF-κB), and inflammatory cytokines interferon-γ (IFN-γ), interleukin-1β (IL-1β) and tumor 
necrosis factor-α (TNF-α) also significantly decreased after myeloid-specific knockout of Notch-1. Following 
myeloid-specific knockout of Notch-1, the phagocytic capacity of macrophages was enhanced by promoting the 
SHP2 signaling pathway. 
Conclusion: Notch-1 in monocytes/macrophages can activate the Toll-like receptor (TLR)-mediated 
inflammatory and stress responses by activating oxidative stress and inhibiting the SHP2 protein expression, 
thus facilitating aneurysm progression. 
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proliferating macrophages in AAA [3]. Innate and 

acquired immune-mediated inflammatory responses are 

an important player in the formation of aneurysms, 

which have attracted increasingly more attention from 

basic and clinical researchers [4]. 

 

Both Notch-1 and oxidative stress are reliable 

biomarkers for the diagnosis of AAA [5]. Notch-1 is a 

signal regulatory protein with extensive effects in 

myeloid cells, and the Notch-1 signaling pathway, a 

conserved intercellular signaling pathway, has been 

widely recognized as an important role in the 

development and functional evolution of bone marrow-

derived cells [6]. Pattern recognition receptors (PRRs) 

on the cell surface and their signal transduction are of 

high importance in the activation and inflammatory 

response of these myeloid cells [7]. The intracellular 

signal transduction of Toll-like receptors (TLRs), a 

member of the PRR family, is achieved mainly in a 

myeloid differential protein-88 (MyD88)-dependent and 

-independent way, namely MyD88 and TIR domain-

containing adaptor-inducing interferon-β (TRIF) 

pathway [8], which are both negatively regulated by Src 

homology 2 domain-containing tyrosine phosphatase-2 

(SHP2) directly [9, 10]. Mechanically, SHP2 directly 

interacts with MyD88 via its tyrosine 257, and it also 

specifically negatively regulates TRIF-mediated gene 

expression in the TLR signaling pathway. Therefore, 

the expression of SHP2 can affect the TLR-induced 

inflammatory responses. Oxidative stress can directly 

cause the degradation of SHP2, and then the 

degradation of SHP2 causes oxidative stress by 

activating ANT1-dependent mitochondrial homeostasis, 

thereby forming a vicious cycle. The TLR signaling 

pathway can mediate MyD88/TRIF-dependent signal 

transduction, involving such signaling molecules as 

IRAKs, TRAF6, TAK1 and downstream IKKs and NF-

κB [11]. Ultimately, the inflammatory response in 

monocytes/macrophages is induced by the cascade 

reaction of these molecules, and inflammatory factors 

such as interferon-γ (IFN-γ), interleukin-1β (IL-1β) and 

tumor necrosis factor-α (TNF-α) are released, allowing 

macrophages and other inflammatory immune cells in 

aneurysms to exert their biological effects [11]. It has 

been found that MyD88 knockout and targeted 

knockout of TLR4-encoding genes in hyper-

cholesterolemia mouse models can both inhibit the 

formation of aneurysms [12]. Therefore, blocking the 

TLR signal transduction in myeloid cells, especially 

macrophages, is an important means for inhibiting 

aneurysm progression. In this study, the mouse model 

with myeloid-specific knockout of Notch-1 was 

established by hybridization of ApoE−/−/Lyz2-Cre+/− 

mice and ApoE−/−/Notch-1flox/flox mice, and then the 

regulatory effect of Notch-1 on TLR-mediated 

inflammation and its molecular mechanism were 

explored. At the same time, the influence of Notch-1 on 

aneurysm formation was clarified, thereby providing 

new molecular mechanisms and potential intervention 

targets for aneurysm formation and progression. 

 

MATERIALS AND METHODS 
 

Construction of Notch-1-knockout mice 
 

ApoE−/−/Lyz2-Cre+/− mice and ApoE−/−/Notch-1flox/flox 

mice were constructed from ApoE−/− mice purchased 

from Xiang'an Hospital of Xiamen University, 

specifically as follows: Transgenic vectors containing 

the Lyz2-Cre gene were constructed, the fertilized eggs 

were implanted into the uterus of the female mouse, and 

then the Lyz2-Cre+/− mice were screened. Based on the 

Notch-1 gene sequence, specific primers were designed 

to insert two loxP sites, constructing transgenic vectors. 

Transgenic vectors should also include elements such as 

selective marker genes, which were used for in vitro 

DNA recombination. Then recombinant DNA was 

transfected into mouse embryonic stem cells for 

hybridization and recombination, and Notch-1flox/flox 

embryonic stem cells were injected into normally 

developing mouse embryos. The embryos were 

implanted into the uterus of the female mouse. Finally, 

Notch-1flox/flox mice were screened. All mice were 

housed in SPF rooms with a 12 h/12 h light-dark cycle, 

and were given adequate diet and water. 

 

Establishment of ApoE−/− chimeric mouse model 

(ApoE-KO/Notch-1MAC-KO) 
 

18 Male 12-weeks old ApoE−/− mice were given 

gentamicin sulfate (320,000 U/L) in the drinking water 

from 1 week before transplantation. On the day of 

transplantation, ApoE−/− mice were subjected to total body 

irradiation by X-ray at a total dose of 10 Gy (0.8 Gy/min, 

twice at an interval of 4 h). The mice were divided into 

the ApoE-KO/Notch-1WT group and the ApoE-KO/Notch-

1MAC-KO group.9 mice per group. Bone marrow cells of 

KO mice were prepared into mononuclear cell (MNC) 

suspension with serum-containing RPMI1640 medium, 

and the cell concentration was adjusted to 5 × 107 

MNCs/mL. Following irradiation for 4–6 h, 5 × 106 

MNCs were injected via the caudal vein for hematopoietic 

reconstitution. 6 weeks later, the successfully chimeric 

mice were pumped with angiotensin II at 1000 ng/kg/min 

to induce aneurysm formation (AAA group), while 

the remaining mice were pumped with normal saline 

(CTL group). 

 

Sampling 
 

All mice were sacrificed by decapitation 28 d later, and 

the aortic tissue and blood were promptly harvested for 
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further analysis. The tissues of four mice in each group 

were fixed with 4% paraformaldehyde followed by 

histological observation, while those of the remaining 

mice in each group were stored at −80°C for later 

molecular assays. During sampling, the adipose tissue 

of vascular adventitia was peeled off, the morphology 

of aorta was observed, and the maximum diameter of 

vessel was measured. 

 

Histological observation 

 

After drying, the sections were mounted with gum, and 

the change in tissue morphology was observed under an 

optical microscope. Following dehydration with 

gradient ethanol, the sections were stained with 

Weigert's iron hematoxylin solution, water-washed and 

differentiated with acidic ethanol differentiation 

solution. After washing, the sections were added with 

Masson staining solution, washed again, stained with 

Ponceau acid fuchsin staining solution, washed with 

phosphomolybdic acid solution, added with aniline blue 

dye, and washed with weak acid solution. Finally, the 

sections were dehydrated with gradient ethanol, 

transparentized with xylene and mounted with neutral 

gum, followed by microscopic observation. 

 

Immunofluorescence and immunohistochemical 

staining 

 

After complete drying, the 4 μm-thick paraffin sections 

were deparaffinized with xylene, rehydrated with 

gradient ethanol, and incubated with proteinase K 

solution at room temperature for 20 min, followed by 

incubation with primary antibodies at 4°C overnight and 

with corresponding fluorescence-based HRP-labeled 

secondary antibodies (1:500) at room temperature for 1 

h. After washing with PBS, the sections were stained 

with DAPI or hematoxylin. Finally, the macrophage 

infiltration and the distribution of Notch-1 in aortic 

aneurysms were observed under a fluorescence or 

bright-field microscope, and the fluorescence was 

excited at the corresponding wavelength and merged 

during multiple staining. The results were photographed 

and recorded. 

 

Western blotting 

 

The protein was extracted from tissues of ApoE−/− mice 

using RIPA lysis buffer and PMSF. Specifically, the 

tissues were lysed with lysis buffer containing the 

protease inhibitor PMSF (PMSF: RIPA=1:100) on ice 

for 30 min to extract the protein. Then the protein was 

separated by SDS-PAGE, transferred onto a PVDF 
membrane, and incubated with antibodies against iNOS, 

IL-10, Arginase-1, GAPDH, p22, p47, p-MyD88, p-

TRIF, p-NF-κB, IFN-γ, IL-1β and TNF-α (1:1000) at 

4°C overnight. Finally, the membrane was incubated 

again with HRP-labeled goat anti-rabbit or goat anti-

mouse IgG secondary antibodies at room temperature 

for 2 h, exposed using the Ultra High Sensitivity ECL 

Kit and FluorChem Q, and quantified by AlphaView 

software. 

 

Extraction of bone marrow-derived macrophages 

and phagocytosis assay with fluorescent micro-

spheres 

 

The mice were sacrificed and thoroughly disinfected 

with 75% alcohol. The tibia and femur of mice were 

isolated under sterile conditions, placed in a cell culture 

dish containing 75% alcohol, washed with PBS 2–3 

times, and transferred to a cell culture dish containing 

complete medium (1% penicillin-streptomycin + 10% 

fetal bovine serum + DMEM basal medium). Then both 

ends of the tibia and femur were cut with ophthalmic 

scissors, and rinsed with complete medium pipetted 

with a 1 mL syringe to harvest the bone marrow cells 

from one end of the bone into a 50 mL sterile centrifuge 

tube, and the operation was repeated several times until 

the bones became white. After 5-fold red blood cell 

lysis buffer was added to the centrifuge tube, the cells 

were pipetted repeatedly, and left to stand for 15 min, 

followed by centrifugation at 1000 rpm. After the 

supernatant was discarded, the cells were resuspended 

with an appropriate amount of DMEM and filtered 

through a 200-mesh strainer, followed by centrifugation 

at 1,000 rpm for 10 min, and the supernatant was 

discarded. The above operation was repeated twice. 

Finally, the supernatant was discarded, and the cells 

were resuspended with DMEM containing 10 ng/mL 

M-CSF to induce differentiation into macrophages. The 

resulting macrophages were then treated with the SHP2 

inhibitor PHPS1. 

 

The macrophages were incubated with 10 μm 

fluorescent silver YG microspheres, and pre-incubated 

in 2.1% BSA (Polysciences; 4.55 × 106 beads/mL) for 

24 h. Then they were washed fully with PBS, fixed with 

2% paraformaldehyde in PBS, counterstained with 4’,6-

diamidino-2-phenylindole and 1,1’-octacosyl-3,3,3’,3’-

tetramethylindoline according to the manufacturer's 

instructions, and mounted on slides with Vectashield 

mounting media. 

 

Statistical analysis 

 

Data were analyzed using GraphPad Prism 9.0 and 

described by mean ± standard deviation. The difference 

was compared by the Student’s t-test between two 

groups, and by one-way analysis of variance among 

groups. *P < 0.05 was considered statistically 
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significant. All assays were repeated three times 

independently. 

 

Data availability 

 

Our data can be obtained by contacting the 

corresponding author. 

 

RESULTS 
 

Notch-1 in macrophage was implicated in AAA 

 

To assess the role of Notch-1 in macrophages in the 

development of AAA, aneurysm mouse models were 

established by bone marrow transplantation, and the 

mice were divided into the ApoE-KO/Notch-1WT group 

and ApoE-KO/Notch-1MAC-KO group. As observed by 

two-dimensional B-mode high-resolution ultrasono-

graphy, ApoE-KO/Notch-1MAC-KO group exhibited a 

significantly smaller lumen diameter than the ApoE-

KO/Notch-1WT group (P < 0.01), which was also 

verified by the quantitative analysis. The lumen of the 

artery refers to the lumen in which blood flows through 

the artery, and the space inside the artery. In AAA, the 

lumen of the artery refers to the space surrounded by the 

dilated aortic wall. These results implied that knockout 

of Notch-1 in macrophages can reduce the aortic 

dilation and the lumen diameters in ApoE-KO/Notch-

1WT mice. Besides, these mice were infused with 

angiotensin II to induce AAA. Abdominal aorta sections 

(including the aneurysm) were surgically harvested, and 

representative aortic images are shown in Figure 1. It 

was found that the aortic diameters increased, 

suggesting that the AAA mouse models were 

established successfully. Furthermore, smaller aortic 

diameters were found in the CTL group than the AAA 

group (P < 0.05, P = 0.0211). 

The results of Masson staining, EVG staining and 

immunohistochemical staining showed that the 

macrophage-positive area and the area of aneurysms  

in the ApoE-KO/Notch-1MAC-KO group significantly 

decreased compared with the ApoE-KO/Notch-1WT 

group (P < 0.01), while the SMC-positive area was not 

significantly different between the two groups (P > 

0.05, P = 0.8394), indicating that macrophages play a 

major role in the regulation of AAA (Figure 2). 

 

Effect of Notch-1 on macrophage polarization 

 

The results of Western blotting revealed that knockout 

of Notch-1 decreased the expression of iNOS (an M1 

macrophage marker) (P < 0.01), but increased the 

expressions of IL-10 and Arginase-1 (M2 macrophage 

markers) (P < 0.01). It can be seen that Notch-1 may 

promote M1 macrophage polarization, while knockout 

of Notch-1 promotes M2 macrophage polarization. 

Besides, the immunofluorescence results showed that 

the number of iNOS-expressing macrophages in Notch-

1-knockout mice decreased after M1 polarization, i.e., 

M1 polarization was impaired after the knockout of 

Notch-1. In contrast, the number of Arginase-1-

expressing macrophages in Notch-1-knockout mice 

increased after M2 polarization (Figure 3). 

 

Myeloid-specific knockout of Notch-1 regulated 

oxidative stress and SHP2 protein expression 

 

Oxidative stress and inflammatory response are typical 

characteristics of aneurysms, in which SHP2 plays a 

variety of roles in different cells, different environments 

and different stages. Therefore, the role of SHP2 in the 

inflammatory response or inflammatory environment 

was explored. It was found that compared with those in 

the CTL group, the protein expressions of p22 and p47 

 

 
 

Figure 1. Specific deficiency of notch-1 in macrophage suppressed the progression of AAA. (A) representative aortic images 

with identical magnification and quantitative analysis; (B) two-dimensional B-mode high-resolution ultrasonography and quantitative 
analysis. N = 9, *P < 0.05, **P < 0.01, apoE-KO/Notch-1MAC-KO group vs. apoE-KO/Notch-1WT group. 
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Figure 2. Notch-1-cKO in macrophages inhibited the elastic lamina degradation and macrophages infiltration in AAA. (A) 

representative image for Masson’s staining, α-SMA staining, CD68 immunostaining, and Verhoeff-van Gieson staining; (B) statistical data 
for AAA areas, macrophages, smooth muscle cells as well as ratio of aortic dissection. N = 9, *P < 0.05, **P < 0.01, apoE-KO/Notch-1MAC-KO 
group vs. apoE-KO/Notch-1WT group. 

 

 
 

Figure 3. Notch-1 cKO in macrophages promote the M2 polarization in AAA. (A) Immunofluorescence staining results showed the 

Notch-1 deficiency in macrophages inhibited the expression of iNOS (M1 marker) and increased the expression of arginase-1 (M2 marker) 
and statistical data; (B) macrophages’ deficiency of Notch-1 decreased the expression of iNOS and increased the expression of arginase-1 
and IL-10 in AAA tested by western blot and the quantitative analysis. N = 6, *P < 0.05, **P < 0.01, apoE-KO/Notch-1MAC-KO group vs. apoE-
KO/Notch-1WT group. 
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significantly decreased in the Notch-1MAC-KO mice, 

accompanied by an increase in the protein expression of 

SHP2 (P < 0.01). The above findings suggest that 

Notch-1 can exert a pro-inflammatory effect through the 

oxidative stress-SHP2 axis (Figure 4). 

 

Myeloid-specific knockout of Notch-1 suppressed p-

MyD88/TRIF pathway-mediated inflammatory 

responses 

 

MyD88/TRIF pathway, which activates NF-κB 

accompanied by an excessive expression of 

inflammatory factors, is the major and key pathway 

accelerating aneurysm progression. Then more 

inflammatory cells, especially M1 macrophages, 

accumulate toward the aneurysm, thus accelerating 

aneurysm progression [13–16]. The results of Western 

blotting showed that after treatment with angiotensin II, 

the MyD88/TRIF/NF-κB signaling pathway was 

activated, thus inducing an inflammatory response in 

the artery. In Notch-1MAC-KO mice, the phosphorylation 

levels of the MyD88/TRIF/NF-κB signaling pathway-

related proteins were significantly inhibited, 

accompanied by significant decreases in the protein 

expressions of inflammatory factors IFN-γ, IL-1β and 

TNF-α (P < 0.01) (Figure 5). 

Myeloid-specific knockout of Notch-1 enhanced 

phagocytic capacity of macrophages by promoting 

the SHP2 signaling pathway 
 

To verify the effect of myeloid-specific knockout of 

Notch-1 on the phagocytic capacity of macrophages, the 

phagocytosis assay with fluorescent microspheres was 

designed. The results showed that the number of 

fluorescent microspheres phagocytosed in the ApoE-

KO/Notch-1MAC-KO group was significantly larger than 

that in the ApoE-KO/Notch-1WT group. However, after 

the addition of PHPS1, the number of fluorescent 

microspheres phagocytosed decreased significantly in 

both groups, without significant differences (Figure 6). 

 

DISCUSSION 
 

Inflammatory cell infiltration in the arterial wall is a 

typical pathological change of AAA. The Notch 

signaling pathway plays an important role in 

atherosclerosis and arterial wall inflammation, and 

Notch-1 receptor is one of its important components 

[17]. Activated Notch-1 can induce M1 and M2 

macrophage polarization, and cause AAA through 

macrophage-mediated inflammatory responses [18]. As 

shown in previous studies, TLRs are the major and 

 

 
 

Figure 4. Notch-1 cKO in macrophages increased the SHP2 and suppressed the ROS in AAA. (A) DHE staining results showed the 

macrophages’ deficiency of Notch-1 suppressed the ROS production and its statistical data. N = 9; (B) macrophages’ deficiency of Notch-1 
suppressed the expression of Notch-1, p22, p47 and consistent with increased expression of SHP2 in AAA tested by western blot. *P < 0.05, 
**P < 0.01, apoE-KO/Notch-1MAC-KO group vs. apoE-KO/Notch-1WT group. 
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important regulator for macrophage polarization during 

the onset of aneurysms [19]. The feasibility of targeting 

Notch-1 in macrophages for therapeutic intervention in 

AAA is a research direction of interest. Studies have 

shown that the Notch-1 signaling pathway plays an 

important role in the occurrence and progression of 

AAA [5]. Therefore, therapeutic interventions targeting 

Notch-1 may help regulate the involvement of 

macrophages in the pathological process, delaying or 

reversing the progression of AAA. To ensure that such 

 

 
 

Figure 5. Notch-1 deficiency inhibited the activation of MyD88/TRIF/NF-κB signals. (A) Macrophages’ deficiency of Notch-1 

inhibited the phosphorylated-MyD88, TRIF, and NF-κB and there statistical data; (B) Notch-1 cKO decreased the expression of IFN-γ, IL-1β, 
TNF-α expression in AAA tested by western blot. N = 6, *P < 0.05, **P < 0.01, apoE-KO/Notch-1MAC-KO group vs. apoE-KO/Notch-1WT group. 

 

 
 

Figure 6. Monocytes/macrophages-specific knockout of Notch1 promotes phagocytic capacity by promoting the SHP2 
signaling pathway. (A) Immunofluorescent spheroid phagocytosis experimental results; (B) Macrophage engulfs fluorescent spheroid 

count statistics. N = 3, **P < 0.01, WT group vs. KO group, WT+PHPS1 group vs. KO+PHPS1 group. 
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therapeutic interventions have minimal adverse effects 

on other tissues and systems, further studies are needed. 

The therapeutic effect can be enhanced by combining 

Notch-1 inhibitors with other macrophage-targeted 

therapeutic strategies, such as anti-inflammatory drugs 

and antioxidants. Increased understanding of the 

molecular mechanisms of AAA and the role of 

macrophages in this process will provide more 

opportunities for clinical translation of therapeutic 

strategies targeting Notch-1. 

 

In this study, it was first proved that Notch-1 promoted 

M1 macrophage polarization, and after knockout of 

Notch-1, M1 macrophage polarization was impaired 

and M2 polarization was enhanced. M1 macrophages 

contribute to the occurrence and development of 

inflammation, secrete inflammatory cytokines, and 

recruit inflammatory cells and lymphocytes through 

chemotaxis, thereby further worsening inflammatory 

responses, and killing and phagocytizing heterologous 

substances. In contrast, M2 macrophages can promote 

tissue remodeling, secrete anti-inflammatory cytokines, 

and negatively regulate the inflammatory response, 

enhancing the immune escape of tumor cells [11]. It can 

be inferred that the knockout of Notch-1 will block  

the development of inflammation and suppress 

inflammatory cytokines. In addition, SHP2 prevents 

excess inflammation by directly interacting with 

MyD88 via its tyrosine 257 [9], and specifically 

negatively regulates TRIF-mediated gene expression in 

the TLR signaling pathway partially through inhibiting 

TBK1-activated signal transduction. To sum up, SHP2 

prevents TLR hyperactivation and inflammation. In 

ROS-mediated oxidative stress, SHP2 is activated and 

degraded, and it also directly dephosphorylates ANT1 

and central molecule controlling mitochondrial 

permeability transition, thereby preventing collapse of 

mitochondrial membrane potential and the subsequent 

release of mitochondrial DNA and ROS [20]. Oxidative 

stress-SHP2 axis is the key and major regulator for 

MyD88/TRIF-induced inflammatory responses. In this 

study, the ApoE−/− chimeric mouse model was 

established to confirm that Notch-1 regulated the 

myeloid cell-mediated inflammatory response through 

the oxidative stress-SHP2 axis in aneurysm formation. 

Notch-1 disorders are important in the pathogenesis of 

atherosclerosis, aneurysm and inflammatory response 

[13, 21]. In this study, it was found that aneurysm 

tissues had massive macrophage infiltration and a high 

protein expression of Notch-1 in macrophages. When 

Notch-1 was knocked out, the pathological damage to 

the aorta and inflammatory cell infiltration were 

significantly relieved, abdominal arterial dilation was 

significantly inhibited and the arterial plaques were 

reduced. According to the theory of inflammatory 

response, PRRs on the cell surface and their signal 

transduction are extremely important in the activation 

and inflammatory response of myeloid cells. With  

the deepening of understanding of the important role  

of inflammatory response in the occurrence and 

development of aneurysms, TLRs in aneurysm 

formation have recently become a research hotspot [8]. 

TLRs include human TLR protein expressed on the 

surface of cell membrane and in cells [22], which can 

produce pro-inflammatory cytokines and inflammatory 

chemokines through ligand recognition, thereby 

inducing inflammatory responses and regulating innate 

immunity [23]. Previous studies have verified that TLR-

mediated inflammatory responses play an important role 

in cardiovascular diseases. Edfeldt et al. found that the 

expression of TLRs significantly rises in coronary 

atherosclerotic plaques [24] and the targeted knockout 

of TLR4-encoding genes can reduce aneurysm 

formation [12–16]. In this study, the TLR-mediated 

signaling pathway was also highly expressed in 

aneurysm tissues. After knockout of Notch-1, the 

activity or phosphorylation levels of corresponding 

proteins (MyD88, TRIF and NF-κB) were significantly 

reduced. The intracellular signal transduction of TLRs 

is achieved mainly in a MyD88-dependent and -

independent way. It has been found that MyD88 

knockout in hypercholesterolemia mouse models can 

inhibit the aneurysm formation [12]. Then phagocytosis 

assay with fluorescent microspheres was designed, and 

it was found that myeloid-specific knockout of Notch-1 

promoted the phagocytic capacity of macrophages by 

promoting the SHP2 signaling pathway. Other research 

suggests that ISL exerts its anti-inflammatory effects by 

inhibiting the activation of the Notch-1/NF-κB and 

MAPK signaling pathways, which will be the direction 

of our future research [25–27]. In conclusion, myeloid-

specific knockout of Notch-1 can down-regulate the 

expression of TLR signaling pathway-related proteins, 

inhibit the oxidative stress level and increase the protein 

expression of SHP2, thereby relieving the development 

and formation of aneurysms. 

 

AUTHOR CONTRIBUTIONS 
 

Yu Li collected and analyzed the data, wrote the 

manuscript and performed experiments mentioned in 

the paper. Zonghong Liu formulated the research topic 

and adhered to the implementation of the program. 

Ailin Guo and Jianlei Liu performed a visual analysis of 

the data. Lijuan Tang and Lidei Su coded the language 

of the manuscript. All the authors confirmed the 

manuscript and agreed to publication. 
 

CONFLICTS OF INTEREST 
 

The authors declare no conflicts of interest related to 

this study. 



www.aging-us.com 1190 AGING 

ETHICAL STATEMENT 
 

The animal use protocol for this study has been reviewed 

and approved by the Animal Care Welfare Committee, 

Xiamen University. No. XMULAC20210028. 

 

FUNDING 
 

This study was supported by the Project of Science and 

Technology Bureau of Xiamen City (No. 

3502Z20214ZD2178). 

 

REFERENCES 
 
1. Lu HY, Shih CM, Huang CY, Wu ATH, Cheng TM, Mi FL, 

Shih CC. Galectin-3 Modulates Macrophage 
Activation and Contributes Smooth Muscle Cells 
Apoptosis in Abdominal Aortic Aneurysm 
Pathogenesis. Int J Mol Sci. 2020; 21:8257. 
https://doi.org/10.3390/ijms21218257 
PMID:33158139 

2. López-Candales A, Holmes DR, Liao S, Scott MJ, 
Wickline SA, Thompson RW. Decreased vascular 
smooth muscle cell density in medial degeneration of 
human abdominal aortic aneurysms. Am J Pathol. 
1997; 150:993–1007. 
PMID:9060837 

3. McCormick ML, Gavrila D, Weintraub NL. Role of 
oxidative stress in the pathogenesis of abdominal 
aortic aneurysms. Arterioscler Thromb Vasc Biol. 
2007; 27:461–9. 
https://doi.org/10.1161/01.ATV.0000257552.94483.14 
PMID:17218601 

4. Anzai T. Inflammatory Mechanisms of Cardiovascular 
Remodeling. Circ J. 2018; 82:629–35. 
https://doi.org/10.1253/circj.CJ-18-0063 
PMID:29415911 

5. Wang YW, Ren HL, Wang HF, Li FD, Li HH, Zheng YH. 
Combining detection of Notch1 and tumor necrosis 
factor-α converting enzyme is a reliable biomarker for 
the diagnosis of abdominal aortic aneurysms. Life Sci. 
2015; 127:39–45. 
https://doi.org/10.1016/j.lfs.2015.02.009 
PMID:25744398 

6. Balistreri CR, Crapanzano F, Schirone L, Allegra A, 
Pisano C, Ruvolo G, Forte M, Greco E, Cavarretta E, 
Marullo AGM, Sciarretta S, Frati G. Deregulation of 
Notch1 pathway and circulating endothelial 
progenitor cell (EPC) number in patients with bicuspid 
aortic valve with and without ascending aorta 
aneurysm. Sci Rep. 2018; 8:13834. 
https://doi.org/10.1038/s41598-018-32170-2 
PMID:30218064 

 7. Denning NL, Aziz M, Gurien SD, Wang P. DAMPs and 
NETs in Sepsis. Front Immunol. 2019; 10:2536. 
https://doi.org/10.3389/fimmu.2019.02536 
PMID:31736963 

 8. Hodgkinson CP, Ye S. Toll-like receptors, their ligands, 
and atherosclerosis. ScientificWorldJournal. 2011; 
11:437–53. 
https://doi.org/10.1100/tsw.2011.36 
PMID:21336459 

 9. Heun Y, Pircher J, Czermak T, Bluem P, Hupel G, 
Bohmer M, Kraemer BF, Pogoda K, Pfeifer A, Woernle 
M, Ribeiro A, Hübner M, Kreth S, et al. Inactivation 
of the tyrosine phosphatase SHP-2 drives 
vascular dysfunction in Sepsis. EBioMedicine. 2019; 
42:120–32. 
https://doi.org/10.1016/j.ebiom.2019.03.034 
PMID:30905847 

10. An H, Zhao W, Hou J, Zhang Y, Xie Y, Zheng Y, Xu H, 
Qian C, Zhou J, Yu Y, Liu S, Feng G, Cao X. SHP-2 
phosphatase negatively regulates the TRIF adaptor 
protein-dependent type I interferon and 
proinflammatory cytokine production. Immunity. 
2006; 25:919–28. 
https://doi.org/10.1016/j.immuni.2006.10.014 
PMID:17157040 

11. Zhang W, Xu W, Xiong S. Blockade of Notch1 signaling 
alleviates murine lupus via blunting macrophage 
activation and M2b polarization. J Immunol. 2010; 
184:6465–78. 
https://doi.org/10.4049/jimmunol.0904016 
PMID:20427764 

12. Lai CH, Wang KC, Lee FT, Tsai HW, Ma CY, Cheng TL, 
Chang BI, Yang YJ, Shi GY, Wu HL. Toll-Like Receptor 4 
Is Essential in the Development of Abdominal Aortic 
Aneurysm. PLoS One. 2016; 11:e0146565. 
https://doi.org/10.1371/journal.pone.0146565 
PMID:26741694 

13. Balistreri CR. Genetic contribution in sporadic 
thoracic aortic aneurysm? Emerging evidence of 
genetic variants related to TLR-4-mediated signaling 
pathway as risk determinants. Vascul Pharmacol. 
2015; 74:1–10. 
https://doi.org/10.1016/j.vph.2015.09.006 
PMID:26409318 

14. Zhang X, Wan Y, Feng J, Li M, Jiang Z. Involvement of 
TLR2/4‑MyD88‑NF‑κB signaling pathway in the 
pathogenesis of intracranial aneurysm. Mol Med Rep. 
2021; 23:230. 
https://doi.org/10.3892/mmr.2021.11869 
PMID:33655339 

15. Jabłońska A, Neumayer C, Bolliger M, Gollackner B, 
Klinger M, Paradowska E, Nanobachvili J, Huk I. 

https://doi.org/10.3390/ijms21218257
https://pubmed.ncbi.nlm.nih.gov/33158139
https://pubmed.ncbi.nlm.nih.gov/9060837
https://doi.org/10.1161/01.ATV.0000257552.94483.14
https://pubmed.ncbi.nlm.nih.gov/17218601
https://doi.org/10.1253/circj.CJ-18-0063
https://pubmed.ncbi.nlm.nih.gov/29415911
https://doi.org/10.1016/j.lfs.2015.02.009
https://pubmed.ncbi.nlm.nih.gov/25744398
https://doi.org/10.1038/s41598-018-32170-2
https://pubmed.ncbi.nlm.nih.gov/30218064
https://doi.org/10.3389/fimmu.2019.02536
https://pubmed.ncbi.nlm.nih.gov/31736963
https://doi.org/10.1100/tsw.2011.36
https://pubmed.ncbi.nlm.nih.gov/21336459
https://doi.org/10.1016/j.ebiom.2019.03.034
https://pubmed.ncbi.nlm.nih.gov/30905847
https://doi.org/10.1016/j.immuni.2006.10.014
https://pubmed.ncbi.nlm.nih.gov/17157040
https://doi.org/10.4049/jimmunol.0904016
https://pubmed.ncbi.nlm.nih.gov/20427764
https://doi.org/10.1371/journal.pone.0146565
https://pubmed.ncbi.nlm.nih.gov/26741694
https://doi.org/10.1016/j.vph.2015.09.006
https://pubmed.ncbi.nlm.nih.gov/26409318
https://doi.org/10.3892/mmr.2021.11869
https://pubmed.ncbi.nlm.nih.gov/33655339


www.aging-us.com 1191 AGING 

Analysis of host Toll-like receptor 3 and RIG-I-like 
receptor gene expression in patients with abdominal 
aortic aneurysm. J Vasc Surg. 2018; 68:39S–46S. 
https://doi.org/10.1016/j.jvs.2017.10.087 
PMID:29567028 

16. Vorkapic E, Lundberg AM, Mäyränpää MI, Eriksson P, 
Wågsäter D. TRIF adaptor signaling is important in 
abdominal aortic aneurysm formation. 
Atherosclerosis. 2015; 241:561–8. 
https://doi.org/10.1016/j.atherosclerosis.2015.06.014 
PMID:26100679 

17. Sharma N, Dev R, Ruiz-Rosado JD, Partida-Sanchez S, 
Guerau-de-Arellano M, Dhakal P, Kuivaniemi H, Hans 
CP. Pharmacological inhibition of Notch signaling 
regresses pre-established abdominal aortic 
aneurysm. Sci Rep. 2019; 9:13458. 
https://doi.org/10.1038/s41598-019-49682-0 
PMID:31530833 

18. Sachdeva J, Mahajan A, Cheng J, Baeten JT, Lilly B, 
Kuivaniemi H, Hans CP. Smooth muscle cell-specific 
Notch1 haploinsufficiency restricts the progression of 
abdominal aortic aneurysm by modulating CTGF 
expression. PLoS One. 2017; 12:e0178538. 
https://doi.org/10.1371/journal.pone.0178538 
PMID:28562688 

19. Zhuang X, Peng Y, Bardeesi AS, Bardisi ES, Liao X, Luo 
C. Vessel heterogeneity of TIMI frame count and its 
relation to P-wave dispersion in patients with 
coronary slow flow. J Thorac Dis. 2016; 8:476–81. 
https://doi.org/10.21037/jtd.2016.02.48 
PMID:27076943 

20. Guo W, Liu W, Chen Z, Gu Y, Peng S, Shen L, Shen Y, 
Wang X, Feng GS, Sun Y, Xu Q. Tyrosine phosphatase 
SHP2 negatively regulates NLRP3 inflammasome 
activation via ANT1-dependent mitochondrial 
homeostasis. Nat Commun. 2017; 8:2168. 
https://doi.org/10.1038/s41467-017-02351-0 
PMID:29255148 

21. Liu LL, Li FH, Zhang Y, Zhang XF, Yang J. Tangeretin 
has anti-asthmatic effects via regulating PI3K and 
Notch signaling and modulating Th1/Th2/Th17 
cytokine balance in neonatal asthmatic mice. Braz J 
Med Biol Res. 2017; 50:e5991. 
https://doi.org/10.1590/1414-431X20175991 
PMID:28746467 

22. Medzhitov R, Preston-Hurlburt P, Janeway CA Jr. A 
human homologue of the Drosophila Toll protein 
signals activation of adaptive immunity. Nature. 
1997; 388:394–7. 
https://doi.org/10.1038/41131 
PMID:9237759 

23. Jang JC, Li J, Gambini L, Batugedara HM, Sati S, Lazar 
MA, Fan L, Pellecchia M, Nair MG. Human resistin 
protects against endotoxic shock by blocking LPS-
TLR4 interaction. Proc Natl Acad Sci U S A. 2017; 
114:E10399–408. 
https://doi.org/10.1073/pnas.1716015114 
PMID:29133417 

24. Edfeldt K, Swedenborg J, Hansson GK, Yan ZQ. 
Expression of toll-like receptors in human 
atherosclerotic lesions: a possible pathway for plaque 
activation. Circulation. 2002; 105:1158–61. 
PMID:11889007 

25. Sun J, Zhang Q, Yang G, Li Y, Fu Y, Zheng Y, Jiang X. 
The licorice flavonoid isoliquiritigenin attenuates 
Mycobacterium tuberculosis-induced inflammation 
through Notch1/NF-κB and MAPK signaling pathways. 
J Ethnopharmacol. 2022; 294:115368. 
https://doi.org/10.1016/j.jep.2022.115368 
PMID:35589023 

26. Su J, Tao Y, Liu J, Sun J, Zeng Y, Meng X, Fan G, Zhang 
Y. Tibetan medicine Qi-Sai-Er-Sang-Dang-Song 
Decoction inhibits TNF-α-induced rheumatoid 
arthritis in human fibroblast-like synoviocytes via 
regulating NOTCH1/NF-κB/NLRP3 pathway. 
J Ethnopharmacol. 2023; 310:116402. 
https://doi.org/10.1016/j.jep.2023.116402 
PMID:36966850 

27. Chen YQ, Zhou Y, Wang QL, Chen J, Chen H, Xie HH, Li 
L. Conciliatory Anti-Allergic Decoction Attenuates 
Pyroptosis in RSV-Infected Asthmatic Mice and 
Lipopolysaccharide (LPS)-Induced 16HBE Cells by 
Inhibiting TLR3/NLRP3/NF-κB/IRF3 Signaling Pathway. 
J Immunol Res. 2022; 2022:1800401. 
https://doi.org/10.1155/2022/1800401 
PMID:36213326 

 

 

https://doi.org/10.1016/j.jvs.2017.10.087
https://pubmed.ncbi.nlm.nih.gov/29567028
https://doi.org/10.1016/j.atherosclerosis.2015.06.014
https://pubmed.ncbi.nlm.nih.gov/26100679
https://doi.org/10.1038/s41598-019-49682-0
https://pubmed.ncbi.nlm.nih.gov/31530833
https://doi.org/10.1371/journal.pone.0178538
https://pubmed.ncbi.nlm.nih.gov/28562688
https://doi.org/10.21037/jtd.2016.02.48
https://pubmed.ncbi.nlm.nih.gov/27076943
https://doi.org/10.1038/s41467-017-02351-0
https://pubmed.ncbi.nlm.nih.gov/29255148
https://doi.org/10.1590/1414-431X20175991
https://pubmed.ncbi.nlm.nih.gov/28746467
https://doi.org/10.1038/41131
https://pubmed.ncbi.nlm.nih.gov/9237759
https://doi.org/10.1073/pnas.1716015114
https://pubmed.ncbi.nlm.nih.gov/29133417
https://pubmed.ncbi.nlm.nih.gov/11889007
https://doi.org/10.1016/j.jep.2022.115368
https://pubmed.ncbi.nlm.nih.gov/35589023
https://doi.org/10.1016/j.jep.2023.116402
https://pubmed.ncbi.nlm.nih.gov/36966850
https://doi.org/10.1155/2022/1800401
https://pubmed.ncbi.nlm.nih.gov/36213326

