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INTRODUCTION 
 

Atherosclerosis (AS) is a chronic inflammatory disease 
of the vascular wall, which contributes to high morbidity 

and mortality of cardiovascular diseases [1, 2]. It is an 

arterial disease associated with multiple risk factors such 

as obesity, high-saturated fat diets, hypercholesterolemia, 

hypertension and aging [3–5]. During AS formation, 

inflammation-derived endothelial dysfunction is the 
first step, followed by the recruitment of inflammatory 

cells (macrophage and T cells), the degeneration of 

extracellular matrix, and the disruption of elastic lamina 
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ABSTRACT 
 

Objective: Notch-1 signaling is significantly associated with the occurrence and development of atherosclerosis 
(AS). However, the molecular mechanisms underlying the specific deletion of Notch-1 in AS-associated 
macrophages are not fully understood. This study aimed to investigate the effects of Notch-1 in AS. 
Methods and Results: Tissue samples were obtained from atherosclerotic segments of human carotid arteries. 
Immunofluorescence staining showed that Notch-1 was significantly colocalized with macrophages (CD68+), 
and Notch-1 staining was increased in human vulnerable plaques. Notch-1MAC-KO/ApoE−/− mice were generated 
in which Notch-1 was selectively inactivated in macrophages, and WT for littermate control mice 
(ApoE−/−/Notch-1WT). A control group was then established. All mice fed with a high-fat and Oil Red O, Movat, a-
SMA, CD68, and Sirius red staining were used to evaluate the morphology. Specific deletion of Notch-1 in 
macrophages repressed the pathophysiology of AS. Immunofluorescent staining and Western blotting revealed 
that Notch-1MAC-KO repressed M1 and M2 responses in AS. Here, GSEA revealed that Notch-1 activation and PI3K 
signaling were statistically significantly correlated with each other, and Notch-1 was involved in the regulation 
of the PI3K signaling pathway. In the in vitro experiments, the secretion of Arg-1 and exosomes was classified 
by peritoneal macrophages of Notch-1MAC-KO/ApoE−/− and Notch-1WT/ApoE−/− mice. Immunohistochemistry 
staining and Western blotting were used to measure the expression levels of Notch1, PI3K, p-PI3K, AKT, p-AKT, 
Arg-1, IL-6, CD36, SREBP-1, CD206, iNOS, cleaved-caspase-3/-9, Bax, CD9, Alix and TSG101 in the peritoneal 
macrophages and exosomes, respectively. 
Conclusions: The specific deletion of Notch-1 in macrophage represses the formation and development of AS 
via the PI3K/AKT signaling pathway. 
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and collagen networks, which weakens the arterial wall 

and ultimately results in the formation of atherosclerotic 

plaques [6–8]. 

 

Although many types of cells are involved in the 

development and progression of AS, macrophages  

play a fundamental role. They mainly exist in two 

functionally distinct phenotypes, classically activated or 

M1 macrophages (pro-inflammatory) and alternatively 

activated or M2 macrophages (anti-inflammatory) 

[9, 10]. Accumulation of macrophages in the artery  

wall is a prominent feature of atherosclerotic plaques. 

M1 macrophages predominate in the unstable plaques, 

whereas the fibrous cap encompassing the necrotic  

lipid core contains both M1 and M2 macrophages  

[11]. Macrophage phenotype polarization has been  

well recognized in AS, but the underlying mechanism 

remains elusive. 

 

Notch is a family of single-pass transmembrane 

receptors. The Notch signaling pathway is highly 

conserved in mammals and is involved in a wide  

variety of life activities such as development and  

tissue homeostasis [12]. As a member of the Notch 

receptor family, Notch homolog 1 (Notch-1) is involved 

in inflammation-mediated AS as a key regulator of 

chronic inflammation [13]. Previous studies have shown 

that inhibiting the Notch-1 signaling pathway with 

Notch-1 inhibitor DAPT or siRNA in cultured human 

monocytes increased M1 macrophage population [14]. 

However, the effects of macrophage Notch-1 signaling in 

vivo remain undetermined. The present study examined 

Notch-1 expression in human atherosclerotic lesions 

and investigated the effects of macrophage-specific 

deletion of Notch-1 on macrophage phenotype polari-

zation and AS in mice. 

 

To investigate the downstream signaling molecules  

of Notch-1, bioinformatics analysis was performed  

using AS datasets downloaded from the GEO database 

to determine the association between Notch-1 and 

PI3K/AKT pathway, a pathway crucial for macrophage 

polarization [15–17]. Furthermore, in vivo experiments 

were performed to verify the impact of macrophage-

specific deletion of Notch-1 on vascular PI3K/AKT 

activity, and an anti-PI3K neutralizing antibody LY-

294002 was employed to confirm the mediation role of 

PI3K in Notch-1-derived M2 polarization. 

 

MATERIALS AND METHODS 
 

Collection of human carotid segments from AS 

patients 
 

Human samples were obtained from Hebei  

General Hospital. The samples and data of patients  

are used under the full protection of the privacy of 

patients (Table 1). The samples used in this study  

are discarded after routine clinical treatment, which has 

no impact on the diagnosis and treatment of patients.  

No additional examinations or tests will be performed  

for the patients due to their participation in the study,  

which will not cause harm to the patients. Therefore,  

an exemption from informed consent was applied  

for and approved by the Hospital Ethics Committee  

before the study. After successful anesthesia, EEG, 

somatosensory evoked potential and cerebral blood  

flow TCD were monitored in a supine position. The 

head rest was used to fix the head and fully expose  

the affected side of the neck. The incision about 6 cm 

long was made along the front of the affected side of  

the neck. The surgical area was routinely disinfected  

with iodine and sterile surgical drapes were laid. The  

skin, subcutaneous tissue and platysma muscle were  

cut along the marked line, and the carotid triangle  

was bluntly separated along the medial side of 

sternocleidomastoid muscle. The tissue continued to be 

peeled deep along the inner edge of sternocleidomastoid 

muscle to the carotid sheath, the tissue was cut around 

the carotid sheath, the common carotid artery was 

carefully separated, exposed, and dissociated upward to 

the bifurcation of the internal carotid artery, so as to 

fully expose the common carotid artery, internal carotid 

artery, external carotid artery and superior thyroid 

artery. Lidocaine was injected into the arterial wall  

at the bifurcation of the common carotid artery. After 

the common carotid artery, external carotid artery and 

internal carotid artery were clamped in turn, the cerebral 

blood flow monitoring showed that the ipsilateral  

MCA blood flow decreased significantly, close to the 

baseline, with bypass indication. The common carotid 

artery and internal carotid artery were cut off, and  

the intraoperative bypass system was inserted into the 

common carotid artery and internal carotid artery.  

The temporary clamp was removed, normal saline  

was injected into the balloon, and the bypass tube was 

fixed. The shunt was successful (temporary occlusion 

for about 3 minutes and transient recovery of cerebral  

blood flow). The hyperplastic intima and plaque were 

removed (the surgical area was repeatedly washed with 

heparin saline during dissection and resection), the 

common carotid artery stump was cleaned, the internal 

carotid artery stump was treated, and the plaque was 

removed and sent for pathological examination. opened, 

cerebral blood flow The arterial wall was tightly sutured 

with 7-0 gel vascular suture. The bypass tube was 

removed and the internal carotid artery was opened. 

After the blood vessel was monitoring showed that  

the blood flow of ipsilateral MCA increased (less  
than 100%) as compared to that before. The common 

carotid artery was temporarily blocked again, followed 

by moderate reduction of blood pressure, and it was 
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Table 1. Clinicopathological characteristics of AS patients. 

Characteristics Stable group Vulnerable group 

Age 65.84 ± 4.125 N = 5 68.41 ± 5.43 N = 5 

Gender Male: 4/Female: 1 Male: 4/Female: 1 

Hyperlipidemia N = 5 N = 5 

Diabetes N = 2 N = 3 

Hypertension N = 1 N = 2 

Maximum diameter under ultrasound (mm) 1.121 ± 0.125 N = 5 3.692 ± 0.1543 N = 5** 

**P < 0.01, Stable group vs. Vulnerable group. 
 

opened after the blood flow was stable. The wound 

was covered with instant gauze to stop bleeding.  

After no active bleeding was detected, the carotid 

sheath was sutured, a subcutaneous drainage tube was 

placed outside the sheath, and finally the muscles, 

subcutaneous tissues and skin were sutured layer by 

layer. 

 

Construction of Notch-1MAC-KO and ApoE−/−/Notch-

1MAC-KO mice 

 

Floxed Notch-1 mice (Notch-1 flox/flox, LoxP sites 

were inserted on both sides of the exon 3–4 of Notch-1 

gene to construct floxed Notch-1 mice) and mice 

expressing the Cre recombinase under the control  

of the lysozyme 2 (Lyz2) promoter (Lyz2-Cre; both 

purchased from the JAX Laboratory) were used to 

construct myeloid-specific Notch-1 knockout (Notch-

1MAC-KO) mice (knockout of the Notch-1 gene exon  

3–4) [18]. Mouse genotyping was carried out using  

a standard protocol described in the JAX Genotyping 

Protocol Database. To generate mice with a double 

knockout of ApoE and Notch-1 (ApoE−/−/Notch-1MAC-

KO), and littermate control (ApoE−/−/Notch-1WT), 

Notch-1MAC-KO and Notch-1WT mice were crossed with 

ApoE−/− mice, respectively. A control group was then 

established. Male mice at 6–8 weeks of age were used 

in the present study. 

 

Mouse model of AS 

 

All mice were housed at room temperature of (22 ± 

2°C), relative humidity of 40–60% and 12 h light/dark 

cycle. ApoE−/−/Notch-1WT mice were defined as W.T. 

control group; ApoE−/−/Notch-1MAC-KO mice as K.O. 

group, 20 mice per group. A high-fat diet was used to 

induce AS. On day 28, the mice were anesthetized 

with sodium pentobarbital (40 mg/kg) and sacrificed 

through cervical dislocation. All animal procedures 

were approved by the Animal Experiment Committee 

of Hebei General Hospital in accordance with the 

Guide for the Care and Use of Laboratory Animals 

published by the US National Institutes of Health (8th 

Edition, 2011). 

Acquisition and culture of mouse peritoneal 

macrophages  

 

Peritoneal macrophages were prepared and cultured as 

described previously [19]. Briefly, the mice were fixed 

in a supine instantly after euthanasia, the abdominal 

skin was disinfected with 70% ethanol, a small incision 

was made to peel the skin off and expose the peritoneal 

wall, 7 mL of cold phosphate-buffered saline (PBS) was 

injected into the peritoneal cavity, the abdomen was 

gently massaged, and the fluid was withdrawn, followed 

by centrifugation at 400 g for 5 minutes. The cell pellet 

was collected. Then the cells were resuspended and 

plated in 24-well culture plates at a cell density of 

1 × 106 cells/mL. After 24 h, the cells were rinsed with 

PBS, counted, and processed for further experiments. 

 

Macrophage cell line culture 

 

The mouse macrophage cell line RAW264.7 was cultured 

in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% FBS, 100 U/ml pen/strep, 1 × 

nonessential amino acids (NEAA) and streptomycin 100 

U/mL, and cultured at 37°C in a 5% CO2 humidified 

atmosphere. The cells were incubated with LPS (1 μg/mL) 

and ox-LDL (10 μg/mL) overnight at 37°C respectively to 

induce an inflammatory response. At the time points 

indicated, the supernatants and cell lysates were collected 

and stored in 1 mL aliquots at −70°C for further analyses. 

 

Western blotting 

 

The protein levels of p-PI3K (Abcam, ab182651, 

1:1000), PI3K (Abcam, ab191606, 1:1000), p-Akt 

(Abcam, ab81283, 1:10000), Akt (Abcam, ab179463, 

1:10000), Arginase-1 (Abcam, ab124917, 1:1000), 

CD206 (Abcam, ab64693, 1:1000), iNOS (Abcam, 

ab178945, 1:1000), IL-6 (Abcam, ab259341, 1:1000), 

cleaved-caspase-3 (Abcam, ab214430, 1:5000), caspase-

9 (Abcam, ab184786, 1:1000), Bax (Abcam, ab263897, 

1:1000), CD36 (Abcam, ab252922, 1:1000), SREBP-1 

(Abcam, ab313881, 1:1000), Alix (Abcam, ab186429, 

1:1000), TSG101 (Abcam, ab133586, 1:1000) and CD9 

(Abcam, ab307085, 1:1000) were examined by Western 
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blotting. First, descending aortic tissue and peritoneal 

macrophages were lysed in RIPA buffer containing 

protease and phosphatase inhibitors on ice. Second,  

the protein concentration was measured using a BCA 

protein assay kit. Third, the total proteins were separated 

on 5% SDS-PAGE and transferred onto the nitrocellulose 

membrane. The membrane was then blocked with 15% 

non-fat milk at room temperature for 1.5 h, and then 

incubated with the primary antibodies (Abcam) at  

4°C for 24 h. Finally, the bands were visualized by  

an enhanced chemiluminescence kit (ECL; Amersham 

Pharmacia Biotech, Piscataway, NJ, USA). The assay 

was repeated three times. 

 
Immunohistochemistry and double 

immunofluorescence staining assay 

 
Histological and morphological examinations were 

performed as previously described [7]. Immuno-

histochemical staining was performed to examine 

Notch-1, CD68 (a marker for macrophages) and α-SMA 

(a marker for activated fibrotic cells) in AS tissues.  

The aorta segments (carotid artery and thoracic aorta) 

from AS patients or mice were dissected, fixed in 10% 

formalin, embedded in Optimum Cutting Temperature 

Medium (OCT) and sectioned into 5 μm-thick slices 

with a cryostat, followed by staining with primary 

antibodies against Notch-1 (Abcam, USA), CD68 

(Abcam) or α-SMA (Abcam), and horseradish peroxidase 

(HRP)-labeled secondary antibodies. Then they were 

visualized by 3,3′-diaminobenzidine (DAB) chromogenic 

reaction and counterstained with hematoxylin. In  

double immunofluorescence staining, the sections were 

incubated with mouse anti-CD68 (ab955), Arginase-1 

(D4E3M™) XP® Rabbit mAb #93668 and Rabbit 

monoclonal (E6) to Notch1 (ab245686) primary 

antibodies at 4d incubated co-incubated 3 times and 

then incubated with Goat Anti-Mouse IgG H&L  

(Alexa Fluor® 647) (ab150115), Donkey Anti-Rabbit 

IgG H&L (Alexa Fluor® 488) (ab150073) and Goat 

Anti-Rabbit IgG H&L (Alexa Fluor® 488) (ab150077) 

at room temperature away from light for 45 minutes. 

Immunofluorescent monostain was performed using 

Mouse monoclonal (NOS-IN) to iNOS (ab49999) as  

the primary antibody and Goat Anti-Mouse IgG H&L 

(Alexa Fluor® 647) (ab150115) as the secondary anti-

body. Then the image was acquired under a fluorescence 

microscope. All data were analyzed by Image-Pro Plus 

software version 5.1 (Media Cybernetics, Rockville, 

MD, USA). 

 
Movat staining and Sirius red staining for aortic 

roots and oil red O staining for descending aorta 

 

After fixation with paraffin, heart sections were exposed 

to alcoholic dehydration, incubated with 0.1% Sirius red 

solution for 50 min, and sliced into 5 µm-thick sections. 

The sections were randomly assigned to conduct Movat 

pentachrome staining and oil red O staining. Movat 

pentachrome staining was conducted using the above 

method [20, 21]. Computer aided morphometry was 

used to determine the cross-sectional area of the five-

color stained sections of Movat. Sirius red staining  

was performed for 1 h. Finally, the nuclei were stained 

with Mayer hematoxylin solution for 10 min, and the 

sections were sealed with neutral gum and analyzed 

with a polarization microscope. Sirius red staining was 

used to assess the collagen levels in atherosclerotic 

lesions. After longitudinal dissection of descending 

aorta, oil red O working solution was added to the 

arteries for 10 minutes. Then, 6% isopropyl alcohol was 

used to wash away the working fluid and the sections 

were sealed with glycerin gelatin. The total surface  

area and ORO-positive lesion area were measured  

using NIS-element software. The total plaque size was 

measured on Movat pentachrome-stained specimens, 

and the lipid deposition area was measured on oil  

red O-stained specimens. Representative images were 

evaluated by Image-Pro Plus software (open the image 

in the software, click Measure-count/size, select colors, 

select the red area in the image in the automatic area, 

click close after selection, and finally click count) 

[19, 22]. 

 
Serum cytokine ELISA assay 

 

The levels of mouse serum IL-6, TNFα, IL-10 and Arg-

1 were measured using commercially available ELISA 

kits (Abcam, USA). Standard and serum samples were 

prepared and assayed according to the manufacturer’s 

instructions for the corresponding ELISA kit. The 

concentrations of IL-6, TNFα, IL-10 and Arg-1 were 

expressed as pg/mL and ng/L. The assay sensitivity  

was less than 2 pg/mL for both IL-6, TNFα, IL-10  

and Arg-1. There was no cross-reactivity with any other 

cytokines present in the serum sample. 

 
Statistical analysis 

 

Statistical significance between two groups was 

assessed with unpaired Student’s t-test. One-way 

ANOVA was performed for comparisons among 

groups, and SAS 9.0 software (SAS Institute Inc., Cary, 

NC, USA) was used. All values were represented as 

mean ± SEM. P < 0.05 was considered statistically 

significant. 

 
Data availability 

 

The data that support the findings of this study  

are available from the corresponding author upon 

reasonable request. 
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RESULTS 
 

Increased Notch-1 and iNOS expressions in human 

vulnerable atherosclerotic lesions 

 

To explore the effect of macrophage Notch-1 in  

human AS, the Notch-1 expression was first examined 

in human carotid tissues with vulnerable or stable 

atherosclerotic lesions. Representative Movat staining 

images of vulnerable atherosclerotic lesions and stable 

lesions in human carotid arteries are shown in Figure 

1A. The intra-plaque hemorrhage, necrotic cores as well 

as extensive lipid deposition in the intima were found  

in vulnerable plaques rather than in stable plaques 

according to the pathological classification of previous 

methods [23, 24]. The results of Western blotting 

showed that the Notch-1 protein level was significantly 

increased by approximately 6–7 folds in vulnerable 

lesions compared with that in stable lesions (Figure 1B, 

r < 0.05). The double immunostaining results of Notch-

1 and macrophages (CD68+) and iNOS (inflammatory 

factor) immunofluorescence monostain showed that  

the macrophages in vulnerable lesions expressed more 

abundant Notch-1 and iNOS than those in stable lesions 

(Figure 1C). These results showed elevated levels of 

Notch-1 and iNOS in macrophages of human vulnerable 

atherosclerotic lesion, indicating a functional role of 

macrophage Notch-1 in unstable AS. 

 

Macrophage-specific Notch-1 deletion repressed AS 

 

To examine the potential causal relationship between 

macrophage Notch-1 elevation and AS progression, 

ApoE−/− mice were crossed with Notch-1MAC-KO mice 

to generate ApoE−/−/Notch-1MAC-KO mice for induction 

of AS. The littermate ApoE−/−/Notch-1WT mice served 

as controls. In accordance with previous literature [25, 

26], all the ApoE−/− mice, regardless of the presence or 

absence of macrophage Notch-1 knockout, developed 

AS after being fed a high-fat diet. Compared with  

the control (W.T. group), the Notch-1MAC-KO mice 

(K.O. group) showed a significant decrease in oil  

red O-positive area (Figure 2A, r < 0.05), indicating 

that AS severity is reduced by macrophage Notch-1 

deletion. 

 

The morphological features of plaques in thoracic 

aortas were further observed by the Movat staining, 

immunostaining, and Sirius red staining. As shown  

in Figure 2B, the plaque morphology revealed that  

KO exposure alleviated AS by decreasing plaque 

cellularity (Movat staining) and macrophage infiltration 

(CD68 positive) rather than the smooth muscle cell 

content (α-SMA positive) and fibrotic lesions (Sirius 

red staining). The quantitative analysis of staining 

results revealed that compared with the W.T. group, 

KO exposure significantly reduced the plaque 

cellularity and macrophage content (Figure 2B, r < 

0.05). These results suggest that specific deletion of 

Notch-1 in macrophages attenuates AS development in 

high-fat diet-fed ApoE−/− mice. 

 
Notch-1MAC-KO enhanced M1-to-M2 transition and 

inhibited apoptosis 

 

To explore how Notch-1MAC-KO affects macrophage 

phenotype and vascular inflammation, M1/M2 makers 

of macrophages, and inflammatory cytokine markers 

were detected. ELISA results showed that the contents 

of IL-6 and TNFα in the Notch-1MAC-KO group were 

significantly reduced and the contents of IL-10 and  

Arg-1 were significantly increased compared to the 

Notch-1WT group. Compared with the Notch-1WT group 

and the Notch-1MAC-KO group, the content of IL-6, 

TNFα, IL-10 and Arg-1 in the control group was 

significantly reduced (Figure 3A, 3B). The results of 

immunofluorescence staining showed that the CD68-

positive area in atherosclerotic lesions in atherosclerotic 

lesions were significantly decreased in Notch-1MAC-KO 

mice, suggesting decreased macrophage accumulation 

and decreased vascular inflammation. In contrast,  

the immunostaining for Arg-1 (an M2 marker) was 

increased. Furthermore, co-staining of Arg-1 and CD68 

showed large amounts of Arg-1 in macrophages, which 

was increased by Notch-1MAC-KO (Figure 3C). 

 

Consistent with the immunostaining results, the 

Western blotting results showed that the protein levels 

of M1 markers interleukin-6 (IL-6) and iNOS were 

down-regulated, whereas those of M2 markers CD206, 

Arg-1, SREBP-1 and CD36 were up-regulated in the 

atherosclerotic lesions and peritoneal macrophages  

of Notch-1MAC-KO mice. The expression of apoptosis-

associated proteins cleaved-caspase-3, caspase-9 and 

Bax in the Notch-1MAC-KO group was also significantly 

reduced (Figure 3D). 

 

Taken together, these results demonstrate that Notch-

1MAC-KO reduces M1 and enhances M2 phenotype of 

macrophages, and has an anti-inflammatory effect in 

protecting ApoE−/− mice from developing AS. 

 
Correlation between Notch-1 and PI3K in AS 

 

To investigate the signaling mechanism of  

Notch-1, the PI3K/AKT pathway was preferentially 

investigated, as it acts as the main pathway mediating 

signals from multiple receptors and plays a crucial  

role in macrophage polarization and AS [27]. First, 

bioinformatics analysis was performed to determine 

the association between Notch-1 and PI3K, using 

GSE155842 downloaded from the GEO database. 
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GSE155842 were bone marrow-derived macrophages 

(BMDM) RNA-seq dataset from Mus musculus cell 

line, including stimulated macrophages AS group 

samples and control group samples. The gene 

expression levels from GSE155842 were standardized 

using quartile division, and the pre-standardization and 

 

 
 

Figure 1. Notch-1 was significantly increased in the human vulnerable atherosclerotic lesion. (A) Representative images of the 

human vulnerable atherosclerotic lesion and stable lesion. In the representative images of the human vulnerable atherosclerotic lesion, 
thinning of fibrous caps, enlargement of lipid core and necrotic sites, and macrophage increase could be observed. (B) Western blotting and 
quantitative analysis revealed that the Notch-1 expression was significantly enhanced in the human vulnerable atherosclerotic lesion. **P < 
0.01: human vulnerable atherosclerotic lesion vs. stable lesion. (C) Immunofluorescence microscopy, and quantitative analysis revealed 
increased immunofluorescence of Notch-1 and iNOS in macrophages of the human vulnerable atherosclerotic lesion compared with the 
stable lesion. **P < 0.01: human vulnerable atherosclerotic lesion vs. stable lesion. 
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post-standardization data were exhibited in Figure  

4A and Supplementary Table 1. We identified  

270 up‐regulated differentially expressed genes 

(DEGs) and 436 down‐regulated DEGs were obtained  

using criteria of |logFC| > 2, P adj < 0.05 (Figure  

4B). Hierarchical clustering analysis exhibited an 

intense distinction on differentially expressed genes as 

indicated in the heat map (Figure 4C). Furthermore, 

the Notch-1 gene was expressed at a high level in  

the AS group (Figure 4D, r < 0.05). Notably, the co-

expression analysis showed that the Notch-1 mRNA 

level showed an inverse correlation with PI3K (Figure 

4F, r < 0.05, R < −0.3). To further assess whether 

Notch-1 activated genes showed statistical significance 

 

 
 

Figure 2. Specific deletion of Notch-1 in macrophage repressed AS. (A) Oil red O staining in thoracic aortas and quantitative 

analysis revealed that Notch-1MAC-KO significantly decreased the atherosclerotic plaques compared with Notch-1WT. **P < 0.01: 
ApoE−/−/Notch-1MAC-KO vs. ApoE−/−/Notch-1WT. (B) Movat, α-SMA, CD68 and Sirius red staining and quantitative analysis revealed that Notch-
1MAC-KO could decrease plaque cellularity (Movat staining) and macrophage infiltration (CD 68) compared with Notch-1WT. However, there 
was no significant difference in smooth muscle cell content (α-SMA staining) and fibrotic lesions (Sirius red staining) between the two 
groups. **P < 0.01: ApoE−/−/Notch-1MAC-KO vs. ApoE−/−/Notch-1WT. 
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Figure 3. Notch-1MAC-KO repressed pro-inflammatory (M1) responses and stimulated anti-inflammatory (M2) effects in AS. 
(A, B) IL-6 and TNFα (M1 markers) were decreased in K.O. mice, whereas Arg-1 and IL-10 (M2 markers) were increased in K.O. mice. (**P < 
0.01: ApoE−/−/Notch-1MAC-KO vs. ApoE−/−/Notch-1WT). (C) The aortic roots were collected, and immunofluorescent staining showed decreased 
staining of positive macrophages (CD68) and increased staining of Arg-1 in Notch-1MAC-KO mice. (D) Western blotting and quantitative 
analysis revealed down-regulated Notch-1, IL-6 (from peritoneal macrophages), iNOS (from peritoneal macrophages), cleaved-caspase-3, 
caspase-9 and Bax, and up-regulated CD206, Arg-1, CD36, SREBP-1, CD206 (from peritoneal macrophages) and Arg-1 (from peritoneal 
macrophages) in Notch-1MAC-KO mice. **P < 0.01: ApoE−/−/Notch-1MAC-KO vs. ApoE−/−/Notch-1WT. 
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with PI3K, GSEA was carried out (Figure 4E).  

As shown in Figure 4F, a statistically significant 

association between Notch-1 activation and PI3K 

expression was found. In brief, these results suggest 

that Notch-1 gene expression is negatively correlated 

with PI3K in AS, indicating that Notch-1 may mediate 

PI3K signaling. 

 

Next, an anti-PI3K neutralizing antibody LY-294002 

was employed to examine the mediation role of  

PI3K pathway in Notch-1-derived M2 polarization. 

LY-294002 (10 μmol/L) was added to macrophages. 

As shown in Figure 5, PI3K and AKT were both 

inactivated in the aortic tissue of W.T. mice receiving 

LY-294002. Meantime, the expression of the Arg-1, an 

effector of PI3K/AKT activation [28], was inhibited  

by LY-294002. For the K.O. mice, the over-activation  

of PI3K and AKT was prevented, and the up-regulated 

expression of Arg-1, CD36, SREBP-1 reversed by 

LY-294002. These results suggest that Notch-1MAC-KO 

induced M2 anti-inflammatory effects via the PI3K/ 

AKT pathway. Considering that exosomes serve as an 

important means for Arg-1 delivery [29–31], the effects 

of Notch-1 on exosome Arg-1 secretion through the 

PI3K/AKT pathway were examined. Finally, whether 

the peritoneal macrophages of Notch-1MAC-KO mice 

 

 

 

Figure 4. Correlation between PI3K and Notch-1 signaling activation. GSE155842 and GSE155745 datasets were downloaded from 

the GEO database, which contained AS samples. (A) The gene expression levels from GSE155842 were standardized using quartile division. 
(B) We identified 270 up‐regulated differentially expressed genes (DEGs) and 436 down‐regulated DEGs were obtained using criteria of 
|logFC| > 2, P adj < 0.05; (C) Based on GSE155842, the hierarchical clustering analysis exhibited a great difference in DEGs as indicated in 
the heat maps. (D) The survival analysis demonstrated that the survival time of patients with high expressions of Notch-1 was significantly 
shorter than those with low expressions. (E) The Notch-1 expression was also at a high level in the AS group. (F) Co-expression analysis 
revealed that Notch-1 was negatively associated with PI3K. 
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secreted more exosomes and induced M2 polarization 

was determined. Exosomes were isolated from the 

supernatant of peritoneal macrophages of Notch-1MAC-

KO and Notch-1WT mice via ultracentrifugation.  

The levels of CD9, TSG101, Alix (the markers for 

exosomes), iNOS, IL-6, CD206, and Arg-1 were com-

pared using Western blotting. The results showed that 

their expression levels were significantly enhanced  

in peritoneal macrophages of Notch-1MAC-KO mice, 

which were reversed by LY-294002 (Figure 6A, 6B), 

suggesting that the PI3K/AKT signaling pathway  

is involved in and restrains M2 polarization (r <  

0.05). Compared with the W.T. group, the expression 

levels of CD9, TSG101, Alix, CD206 and Arg-1 were 

enhanced in the K.O. group, but the expression of  

the M1 markers iNOS and IL-6 was reversed (Figure  

6B, r < 0.05). To sum up, these results implied that  

the PI3K/AKT signaling pathway is involved in the 

Notch-1MAC-KO-induced M2 polarization and further 

reduces the inflammatory response in AS (Figure 7). 

 

 
 

Figure 5. Notch-1MAC-KO reduced the secretion of PI3K and caused M2 anti-inflammatory effect. (A) Western blotting revealed 

that the expression levels of Notch-1, p-PI3K, p-AKT, CD36, SREBP-1 and Arg-1 were markedly enhanced in the peritoneal macrophages of 
Notch-1MAC-KO mice, which were reversed by an anti-PI3K neutralizing antibody (LY-294002). (B) Quantitative analysis of relative protein 
levels revealed that Notch-1, p-PI3K, p-AKT and Arg-1 were increased in the peritoneal macrophages of K.O. group compared with W.T. 
group, which were significantly reversed by LY-294002. **P < 0.01, ns P > 0.05: peritoneal macrophages of Notch-1MAC-KO mice vs. peritoneal 
macrophages of Notch-1WT mice. 
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DISCUSSION 
 

In the present study, it was proved that  

Notch-1MAC-KO successfully induced an M2 anti-

inflammatory phenotype characterized by a high 

expression of Arg-1. Besides, Notch-1MAC-KO activated 

the M2 anti-inflammatory effect via the PI3K 

signaling pathway in the repression of AS. To explain 

these, representative images of the human vulnerable 

atherosclerotic lesions and stable lesions were first 

presented. It was found that Notch-1 was significantly 

enhanced in the human vulnerable atherosclerotic 

lesion. The immunofluorescence microscopy revealed 

increased Notch-1 in the macrophages of the human 

vulnerable atherosclerotic lesions. To determine the 

causal relationship between the Notch-1 increase in 

macrophages and the progression of AS, the floxed 

Notch1 mice were crossed with mice expressing the 

Cre recombinase under the control of Lyz2 promoter 

to obtain Notch-1MAC-KO mice, with their Notch-

1flox/flox littermates as W.T. controls. All mice fed with 

a high-fat diet suffered from AS. Oil red O staining was 

used to mark AS. By estimating the percentage of oil 

red O-positive areas, significant atherosclerotic plaques 

were found in aortas in both groups, suggesting  

the AS models were established successfully. Most 

importantly, Notch-1MAC-KO significantly decreased the 

atherosclerotic plaques. Movat staining, α-SMA, CD68 

and Sirius red staining revealed that Notch-1MAC-KO 

could decrease plaque cellularity (Movat staining)  

and macrophage infiltration (CD68). However, there 

was no significant difference in smooth muscle cell 

content (α-SMA staining) and fibrotic lesions (Sirius 

red staining) between the two groups, suggesting that 

the specific deletion of Notch-1 in macrophages may 

inhibit the development of AS. 

 

Given that macrophages are present in two  

major subsets of M1 and M2 macrophages, typically  

activated M1 macrophages intermediate pro-inflam-

matory responses, whereas alternatively activated M2 

macrophages inhibit inflammatory responses [8]. In this 

 

 

 
Figure 6. PI3K/AKT signaling pathway was involved in the Notch-1MAC-KO-induced M2 polarization. (A) Western blotting showed 
that CD9, TSG101, Alix, CD206 and Arg-1 were significantly enhanced in peritoneal macrophages of Notch-1MAC-KO mice, but iNOS and IL-6 
were significantly reduced, which were reversed by LY-294002. Compared with W.T. group, the expression levels of CD9, TSG101, Alix and 
Arg-1 were enhanced in K.O. group; (B) statistical data for Western blot. *P < 0.05, **P > 0.01: Notch-1MAC-KO vs. Notch-1WT, Notch-1WT vs. 
Notch-1WT + LY-294002, Notch-1MAC-KO vs. Notch-1MAC-KO + LY-294002. 
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study, it was verified that IL6 and iNOS (M1 markers) 

were significantly down-regulated in Notch-1MAC-KO 

mice, whereas CD206 and Arg-1 were up-regulated  

in Notch-1MAC-KO mice, suggesting that Notch-1MAC-KO 

represses pro-inflammatory (M1) responses and 

enhances anti-inflammatory (M2) responses, and has 

an anti-inflammatory effect on the development of AS. 

 

Earlier work has shown that Notch-1 knockdown 

increases PTEN protein levels [4], and PTEN  

can inhibit PI3K signaling through dephosphory- 

lating PIP3 and producing phosphatidylinositol 4,5-

bisphosphate [9]. However, the relationship between 

Notch-1 and PI3K signaling pathways in AS has not 

been investigated previously. Thus, whether there was 

an association between PI3K activation and Notch- 

1 expression in AS was detected by bioinformatics 

analysis. GSE155842 and GSE155745 datasets 

containing AS samples were downloaded from the 

GEO database. The gene expression levels from 

GSE155842 and GSE155745 were standardized using 

quartile division, and the pre-standardization and post-

standardization data were exhibited. 670 DEGs were 

identified in the heat map. Furthermore, the survival 

analysis demonstrated that the survival time of patients 

with high expressions of Notch-1 was significantly 

shorter than those with low expressions. Notch-1 was 

also expressed at a high level in AS tissues (P < 0.05). 

Furthermore, it was found that Notch-1 was negatively 

associated with PI3K (P < 0.05, R < −0.3). GSEA 

revealed a statistically significant association between 

Notch-1 activation and PI3K expression, suggesting 

that Notch-1 activation is negatively associated with 

PI3K in AS. 

 

 
 

Figure 7. The PI3K/AKT signaling pathway was involved in the Notch-1MAC-KO-induced M2 polarization and further reduced 
apoptosis and inflammatory response in AS. 
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In vitro Western blotting revealed that p-PI3K, p-AKT, 

and Arg-1 were markedly enhanced in peritoneal 

macrophages of K.O. mice, consistent with the view 

that the PI3K/Akt signaling pathway can stimulate 

activation of M2 anti-inflammatory macrophage. To 

further explore whether PI3K signaling was involved in 

the Notch-1MAC-KO-induced AS repression, LY-294002, 

an inhibitor of PI3K, was injected into the peritoneal 

macrophages of Notch-1MAC-KO mice. It was found  

that the enhanced levels of p-PI3K, p-AKT, and Arg-1 

were reversed by LY-294002, suggesting that PI3K is 

activated and associated with Notch-1MAC-KO-induced 

AS repression. The expression of apoptosis protein was 

detected by Western blotting, and the results showed 

that the expressions of cleaved-caspase-3, caspase-9 

and Bax in Notch-1MAC-KO mice were significantly 

down-regulated, indicating that knocking out Notch- 

1 can inhibit apoptosis in AS [32, 33]. Exosomes  

are endosome-derived extracellular vesicles (E.V.), 

transporting various substances, such as proteins, 

mRNA and acids to adjacent cells, which may act in  

a paracrine manner to make different contributions, 

indicating a new interaction mode between cells  

[10]. Arg-1, a marker for the M2 anti-inflammatory 

macrophages, plays a crucial role in the treatment of 

AS [11, 12]. Therefore, in this study, whether exosomes 

derived Arg-1 from macrophages could inhibit M1 

polarization, promote M2 polarization, further reduce 

the inflammatory response and improve the re-

generation of arteriosclerotic lesions was investigated. 

Exosomes were isolated from the supernatant of 

peritoneal macrophages of Notch-1MAC-KO and Notch-

1WT mice via ultracentrifugation. The morphology of 

exosomes in peritoneal macrophages of AS pretreated 

with ox-LDL was observed by TEM. Increased oval 

exosome vesicles with enlarged diameter in the 

peritoneal macrophages of Notch-1MAC-KO mice were 

observed compared to W.T. group. Moreover, evidence 

from several studies has indicated that the PI3K/ 

AKT signaling pathway plays a role in the secretion  

of exosomes [34, 35]. To further explore whether  

Notch-1MAC-KO-induced increase in exosomes was 

achieved via the PI3K/AKT signaling pathway, LY-

294002 was injected into the peritoneal macrophages  

of Notch-1MAC-KO mice. Then it was found that such  

an increase was significantly reversed by LY-294002. 

In addition, the levels of CD9, TSG101, Alix, iNOS, 

IL-6, CD206, CD36, SREBP-1 and Arg-1 in exosomes 

were detected by Western blotting. The results showed 

that the expression levels of CD206 and Arg-1 in 

peritoneal macrophages of Notch-1MAC-KO mice were 

significantly enhanced, while the expression levels of 

iNOS and IL-6 were significantly reduced, which were 
reversed by LY-294002, suggesting that the PI3K/AKT 

signaling pathway is involved in the Notch-1MAC-KO-

induced M2 polarization. 

In conclusion, this study validated the protective effect 

of Notch-1MAC-KO against AS in vivo and in vitro. The 

PI3K/AKT signaling pathway is involved in the Notch-

1MAC-KO-induced M2 polarization and further reduces 

apoptosis and inflammatory response in AS. The present 

work revealed Notch-1 as a novel therapeutic target for 

AS through targeting the PI3K/AKT signaling pathway. 

Therefore, the Notch-1/PI3K/AKT signaling pathway 

may serve as a novel approach for prevention and 

treatment of AS. 
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SUPPLEMENTARY MATERIALS 
 

Supplementary Table 
 

Please browse Full Text version to see the data of Supplementary Table 1. 

 

Supplementary Table 1. GSE155842 is a bone marrow-derived macrophage (BMDM) RNA-seq dataset from a 
Mus musculus cell line. 

 


