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A B S T R A C T   

Aortic aneurysm and dissection (AAD) are leading causes of death in the elderly. Recent studies have demon-
strated that silicate ions can manipulate multiple cells, especially vascular-related cells. We demonstrated in this 
study that silicate ions as soluble form of bioactive ceramics effectively alleviated aortic aneurysm and dissection 
in both Ang II and β-BAPN induced AAD models. Different from the single targeting therapeutic drug approaches, 
the bioactive ceramic derived approach attributes to the effect of bioactive silicate ions on the inhibition of the 
AAD progression through regulating the local vascular microenvironment of aorta systematically in a multi- 
functional way. The in vitro experiments revealed that silicate ions did not only alleviate senescence and 
inflammation of the mouse aortic endothelial cells, enhance M2 polarization of mouse bone marrow-derived 
macrophages, and reduce apoptosis of mouse aortic smooth muscle cells, but also regulate their interactions. 
The in vivo studies further confirm that silicate ions could effectively alleviate senescence, inflammation, and cell 
apoptosis of aortas, accomplished with reduced aortic dilation, collagen deposition, and elastin laminae 
degradation. This bioactive ceramic derived therapy provides a potential new treatment strategy in attenuating 
AAD progression.   

1. Introduction 

The world’s population is aging rapidly. According to the most recent 
World Population Prospects (2019) from United Nations, the population 
over the age of 65 years has been more than 727 million (~9.3% of the 
world population) and will increase to over 1.54 billion (~15.9% of the 
world population) in 2050 [1]. In this age group, cardiovascular diseases 
(CVDs) result in 40% of all deaths since age constitutes the crucial risk 
factor for the development of CVDs [2]. Taking aortic aneurysm and 
dissection (AAD) diseases as an example, more than 4% of men over the 
age of 65 years are affected by AAD, which accounts for over 1% of 
deaths [3]. Although surgical treatments can significantly prevent aortic 

rupture and have saved thousands of AAD patients, the early mortality 
rate of post-surgical patients remains high (~9–25%), and the small 
asymptomatic AADs (<55 mm diameter in men and <50 mm diameter 
in women) are not recommended for surgery [4,5]. Further, serious 
post-surgical complications such as stroke, spinal cord infarction, and 
myocardial infarction may occur, which bring huge physical, mental, 
and economic burdens to the patients [6,7]. Therefore, it is urgent to 
develop new therapies for AAD treatment. 

AADs are pathologically related to the endothelial dysfunction and 
degradation of the medial layer of aortic walls [8], which are more likely 
to appear in elderly people due to vascular senescence [9]. A typical 
AAD process is initiated by the overproduction of cytokines/chemokines 
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triggered by aging endothelial cells (ECs), which induce redundant in-
flammatory cell (IC) infiltration, resulting in abnormal apoptosis of 
vascular smooth muscle cells (SMCs), and destruction of extracellular 
matrix (ECM) [10–12]. In addition, an abundance of macrophages also 
infiltrate into aortic tunica media induced by inflammatory SMCs when 
AAD occurred [13]. These events lead to progressive dilation of the 
aortic wall, resulting in the formation of AAD and ultimately lethal 
aortic rupture. Therefore, regulation of vascular associated cells, espe-
cially from the aspects of alleviating EC senescence, regulating ICs, and 
protecting SMCs from apoptosis, is the key to suppressing the initiation 
and progression of AAD. 

Currently, several drug therapies have been reported to restrict AAD 
progression through the regulation of transforming growth factor-beta 
(TGF-β) [14] or renin-angiotensin system (RAS) signaling pathways 
[15–17]. For example, statins are found to depress AAD formation by 
reducing the secretion of pro-inflammatory proteins, including matrix 
metalloproteinase (MMP)-9, monocyte chemoattractant protein 
(MCP)-2, and epithelial neutrophil-activating peptide (CXCL5) through 
the inhibition of the Rac1/NF-κB pathway [18]. Angiotensin-converting 
enzyme (ACE) inhibitors are found to suppress AAD in mice by attenu-
ating aortic wall connective tissue destruction due to the inhibition of 
RAS activation [19,20]. Unfortunately, none of these medications, 
including statins and ACE inhibitors have been proved to efficiently 
attenuate AAD growth or rupture in the clinic after adjusting for other 
risk factors such as smoking and hypertension [16,21]. Since AAD pro-
gression is a multi-stage process including EC senescence, inflammation 
and SMC apoptosis, therapies targeting one stage of the processes may 
not be effective enough for AAD treatment. In our previous studies of 
biomaterials for regenerative medicine, we found that the silicate ions 
derived from bioactive calcium silicate bioceramics play a significant 
role in regulating microenvironment related to damaged tissues/organs, 
which contributes to the tissue/organ regeneration by provoking 
cellular activities of multiple cells including the stimulation of EC pro-
liferation and angiogenesis [22,23], as well as the regulation of 
macrophage polarization and cell apoptosis [24,25]. These findings 
suggest that silicate ions derived from CaSiO3 bioceramics might be able 
to regulate cells involved in three main stages of the AAD progression 
simultaneously including the regulation of ECs, macrophages, SMCs, 
and their interaction in the AAD progression more effectively. 

To verify our hypothesis, we studied the effects of silicate ions 
derived from CaSiO3 bioceramics on EC senescence, macrophage po-
larization, SMC apoptosis as well as the interaction between ECs (or 
SMCs) and ICs. Moreover, both angiotensin II (Ang II) and beta- 
aminopropionitrile (β-BAPN) induced AAD mouse models were estab-
lished to verify the therapeutic effects of silicate ions derived from sil-
icate bioceramics on reducing the mortality and AAD incidence rate, as 
well as reducing the aortic dilation, collagen deposition, elastin laminae 
degradation, senescence, inflammation, and cell apoptosis of aorta. Such 
a proof-of-concept study provides a new strategy for the development of 
AAD therapy. 

2. Materials and methods 

2.1. Preparation of silicate ions derived from CaSiO3 bioceramics 

According to ISO/EN 10993-12, the silicate ions extracts were pre-
pared by soaking 1 g of calcium silicate ceramic powder (Kunshan 
Chinese Technology New Materials Co., LTD, Jiangsu, China) in 5 mL of 
serum-free high glucose Dulbecco’s Modified Eagle Medium (DMEM) or 
saline and incubated at 37 ◦C for 24 h. The suspension was then 
centrifuged at 5000 rpm for 15 min and the supernatant was collected 
for sterilizing using a 0.22 μm filter (Millipore, USA). Silicate ions ex-
tracts diluted in DMEM with different dilution ratios (1/8, 1/16, 1/32, 
and 1/64) were prepared for cell experiments. Silicate ions extracts 
diluted in saline were prepared for animal experiments. An inductively 
coupled plasma mass spectrometer (ICP-MS, Agilent 7850, USA) was 

used to determine the concentrations of calcium and silicate ions in 
extracts. 

2.2. Cell isolation and culture 

The mouse bone marrow-derived macrophages (MBMMs) were iso-
lated and differentiated using a standard protocol [26]. Briefly, primary 
MBMMs were isolated from 2-mouth-old mice and cultured in high 
glucose DMEM supplemented with 10% fetal bovine serum (FBS), 20% 
L929-conditioned medium, and 1% penicillin/streptomycin (P/S) for 
6–7 days for differentiation. Both the primary mouse aortic endothelial 
cells (MAECs) and the primary mouse aortic smooth muscle cells 
(MASMCs) were purchased from Mingzhou Biotechnology Co., LTD 
(Zhejiang, China) and cultured in high glucose DMEM medium supple-
mented with 10% FBS and 1% P/S in a humid atmosphere of 5% CO2 at 
37 ◦C. Monocytes (Tohoku Hospital Pediatrics-1,THP-1) cell line was 
acquired from Cell Bank of Chinese Academy of Sciences and cultured in 
RPMI-1640 medium supplemented with 10% FBS and 1% P/S in a 
humid atmosphere of 5% CO2 at 37 ◦C. The identity of MAECs and 
MASMCs was assessed by immunofluorescence staining of marker CD31 
(Abcam, ab28364), and α-SMA (Abcam, ab7817), respectively. Both 
MAECs and MASMCs from passage 3 to 10 were used in this study. For 
lipopolysaccharide (LPS) induced inflammatory cell model, MAECs 
were seeded at a density of 2 × 104 cells/cm2 in a six-well plate and 
cultured in high glucose DMEM supplemented with 10% FBS and 1% 
P/S for 12 h. Then, cells were cultured in LPS (10 μg mL− 1) containing 
media for 48 h and normal media for another 24 h in the absence/pre-
sence of silicate ions. Cells cultured in normal media for the whole time 
were used as control. For Angiotensin II (Ang II) induced cell apoptosis 
model, the MASMCs were seeded at a density of 2 × 104 cells/cm2 in a 
six-well plate and cultured in high glucose DMEM supplemented with 
10% FBS and 1% P/S for 12 h. Then, MASMCs were cultured in Ang II 
(10 μM L− 1) containing media for 48 h and normal media for another 24 
h in the absence/presence of silicate ions. Cells cultured in normal media 
for the whole time were used as control. 

2.3. Cell coculture 

In MAECs (or MASMCs)-MBMMs direct contact coculture experi-
ment, MAECs (or MASMCs) were seeded at a density of 2 × 104 cells/ 
cm2 in a six-well plate and cultured in high glucose DMEM supple-
mented with 10% FBS and 1% P/S for 12 h. Then, the medium was 
replaced by media with silicate ions, and cells were continuously 
cultured for 72 h. The silicate ion-free culture medium was used as a 
control. Subsequently, the MBMMs/monocytes (2 × 104/cm2) were 
seeded on the cultured MAECs (or MASMCs) and incubated for 1 h. PBS 
was applied to rinse cells 3 times to remove the unbounded MBMMs/ 
monocytes. 4–5 areas in each well were imaged and the number of 
bounded MBMMs was counted per image area. For LPS induced co- 
cultured cell model, MAECs were cultured in LPS (10 μg mL− 1) con-
taining media for 48 h and normal media for another 24 h in the 
absence/presence of silicate ions. MAECs cultured in normal media for 
the whole time were used as control. Then, THP-1 (2 × 104/cm2) cells 
were seeded on MAECs for 1 h and the number of bounded THP-1 cells 
was counted. In the MAECs-MBMMs indirect contact coculture experi-
ment, the MAECs were seeded at a density of 2 × 104 cells/cm2 in a six- 
well plate and cultured for 12 h. Then the culture medium was replaced 
by media with silicate ions for 72 h. Subsequently, the conditioned 
medium collected from MAECs was used to culture MBMMs for 48 h. 
Similarly, in the MBMMs-MASMCs indirect contact experiment, the 
isolated MBMMs were seeded at the density of 105 cells/cm2 in a six-well 
plate and cultured for 6–7 days for differentiation, then the culture 
medium was replaced by the media with silicate ions for 72 h. The sil-
icate ion-free culture medium was used as a control. The conditioned 
medium collected from MBMMs was further used to culture MASMCs for 
48 h. 

Y. Que et al.                                                                                                                                                                                                                                     



Bioactive Materials 25 (2023) 716–731

718

2.4. Cell counting kit-8 (CCK8) analysis 

The MAECs and MASMCs were seeded on the 96-well plates at a 
density of 3 × 103 cells/cm2 and cultured for 12 h in high glucose DMEM 
supplemented with 10% FBS and 1% P/S. Subsequently, the culture 
medium was replaced by media with silicate ions in different concen-
trations (diluted as 1/2, 1/8, 1/32, and 1/128), and cultured for 72 h. 
The silicate ion-free culture medium was used as a control. The cell 
viability was measured by a CCK8 assay kit (Dojindo, Kumamoto, Japan) 
according to the manufacturer’s instructions. The absorbance was 
detected using a microplate reader (Synergy 2, BioTek, USA) at the 
wavelength of 450 nm. 

2.5. Senescence-associated β-galactosidase (SA-β-gal) staining 

The MAECs at passage 10 were seeded at a density of 2 × 104 cells/ 
cm2 in a six-well plate and cultured in high glucose DMEM supple-
mented with 10% FBS and 1% P/S for 12 h. Then, the medium was 
replaced by media with silicate ions, and cells were continuously 
cultured for 72 h. The silicate ion-free culture medium was used as a 
control. The pre-treated MAECs were washed with PBS 3 times followed 
by fixation with 4% paraformaldehyde (PFA). Then, SA-β-Gal staining 
assay was carried out using an SA-β-Gal staining kit (Beyotime, 
Shanghai, China) according to the manufacturer’s instructions. The 
percentage of SA-β-Gal positive cells was estimated by counting at least 
100 cells per replicate sample using the Image J software (National In-
stitutes of Health, USA). 

2.6. ELISA assay 

Transforming growth factor-beta (TGF-β) was quantified using a 
mouse TGF-β ELISA kit (Dakewe Biotech Co., Ltd., Beijing, China) ac-
cording to the manufacturer’s instruction. Briefly, the conditioned me-
dium collected from silicate ions treated MBMMs was diluted 10 times 
with PBS and added to a mouse TGF-β IgG coated 96-well plate and 
incubated for 1.5 h at room temperature. Then, the plate was rinsed 4 
times with wash buffer provided in the kit and followed by the addition 
of the anti-mouse TGF-β antibody conjugated to horseradish. After 1 h 
incubation, the plate was washed 3 times with wash buffer and incu-
bated for another 30 min with the substrate. The reaction was halted by 
the stopping buffer, and the optical density was recorded using a 
microplate reader (Synergy 2, BioTek, USA) at the wavelength of 450 
nm. Data were calculated using the standard curve obtained from serial 
dilution of the standard substrate provided by the kit. 

2.7. Protein isolation and Western blot analysis 

Cells were lysed in cell lysis buffer (Beyotime Biotechnology, 
Shanghai, China). The obtained proteins were subjected to dodecyl so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 
and immunoblotted with specific antibodies against sirtuin-1 (Pro-
teintech, 13161-1-AP), phospho-γH2A.X (Servicebio, GB111841), 
p65NF-κB (Proteintech, 10745-1-AF), Ac-NF-κB (Abbkine, ABP0029), 
VCAM1 (Santa Cruz, sc-13160), ICAM1 (Santa Cruz, sc-8439), caspase3 
(Proteintech, 10380-1-AP), caspase9 (Proteintech, 19677-1-AP), or 
GAPDH (Abbkine, A01021). Proteins were visualized with an X-Ray film 
system (SUPER RX-N-C, Fujifilm, Japan) or a ChemiDoc™ XRS + System 
(Bio-Rad, USA). Densitometry analysis was performed using the Image J 
software (National Institutes of Health, USA), and the protein expression 
levels were normalized to GAPDH. 

2.8. Flow cytometric analysis 

For the analysis of MBMM polarization, PE anti-mouse F4/80 (Bio-
Legend, 123109) and brilliant violet 650 anti-mouse CD206 (BioLegend, 
C068C2) antibodies were used. Briefly, more than 1 × 104 MBMMs were 

incubated with F4/80 antibody for 30 min at 4 ◦C and then treated with 
Cyto-Fast Fix/Perm (Biolegend, B335149) for cell membrane rupture. 
Subsequently, CD206 antibody was used to label MBMMs at 4 ◦C for 40 
min. After the unbound antibodies were washed out, the labeled cells 
were analyzed using a BD FACS Celesta system (CytoFLEX, Beckman 
Coulter, USA). The percentage of M2 phenotype macrophages was 
defined as CD206+ F4/80+ cells gated from single cells. For the analysis 
of MASMCs apoptosis, an Annexin V-FITC Apoptosis Detection Kit 
(Beyotime, Shanghai, China) was used. Briefly, the silicate ions treated 
cells were re-suspended in apoptosis-positive control solution (195 μL) 
and then mixed with Annexin V-FITC (5 μL) and propidium iodide (PI, 
10 μL), avoiding light for 20 min. The labeled cells were analyzed using a 
BD FACS Celesta system (CytoFLEX, Beckman Coulter, USA). 

2.9. Murine AAD model and silicate ions treatment 

Specific pathogen-free 49-day-old low-density lipoprotein receptor- 
deficient (LDLR-/-) male mice in C57BL/6J background and 21-day-old 
male C57BL/6J mice were obtained from Gempharmatech Co., Ltd 
(Nanjing, China). The animal protocol and experimental procedures 
were approved by the Animal Research and Ethics Committee of 
Wenzhou Institute of University of Chinese Academy of Sciences 
(Approval Issue No. WIUCAS21061702 and WIUCAS20111901). For the 
Ang II-induced mouse model, experiments were performed according to 
the previously described protocol [27]. Briefly, 49-day-old LDLR-/- male 
mice were fed with a high-fat diet (HFD) and then subcutaneously 
implanted with ALZET osmotic pumps (Model 2004, DURECT Corpo-
ration, USA) containing Ang II (1.44 mg/kg/min, Calbiochem, 
2787322) or PBS. After 7 days of Ang II or PBS infusion, 100 μL silicate 
ions contained saline or saline control was intravenously injected 7 
times every other day. The experimental groups are defined as Ang II +
Saline and Ang II + CS, respectively, while PBS + Saline was set as 
control. For beta-aminopropionitrile (β-BAPN)-induced mouse model, 
the experiment was performed according to the previously described 
protocol [28]. Briefly, 21-day-old male mice on a C57BL/6J background 
were fed with a regular diet and β-BAPN fumarate salt (0.8 g/kg/day, 
Sigma-Aldrich) containing water or free water for 4 weeks. After 7 days 
of β-BAPN administration, 100 μL silicate ions containing saline or saline 
control was intravenously injected 7 times every other day (Design I) or 
14 times every day (Design II). The experimental groups are defined as 
β-BAPN + Saline β-BAPN + CS (Design I), and β-BAPN + H-CS (Design 
II), respectively, while H2O + Saline was set as control. AAD analysis 
was performed after 28 days of Ang II or β-BAPN infusion and an autopsy 
was performed to determine the cause of death whenever the mouse 
dies. AAD is defined as a more than 50% increase in the maximal di-
ameters of the suprarenal abdominal aorta or aortic arch by ultrasound 
imaging [29]. The whole aortas were isolated, and images were recor-
ded with a stereomicroscope (SZ61TR, Nikon, Japan). 

2.10. Blood pressure (BP) measurements 

Arterial BP (systolic BP, diastolic BP and mean BP) was measured 
noninvasively on conscious mice by tail-cuff plethysmography (BP- 
2010A, Softron Biotechnology, Beijing, China) as previously described 
[30]. Briefly, each mouse was placed on a heating pad (37 ◦C) for 10 min 
to detect tail artery pulsations and pulse levels. Then, it was put in a 
plastic restrainer with its tail wrapped in a cuff containing a pneumatic 
pulse sensor. Before the official test, mice were trained for BP mea-
surements every day for one week. Systolic BP, diastolic BP, and mean 
BP were measured at least five times and the averaged value was 
calculated, respectively. 

2.11. Aortic ultrasonography monitoring 

Ultrasound was performed with a high-resolution Vevo 2100 system 
(Visua Isonics, Toronto, Canada) equipped with a 30-MHz transducer 
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after mice were anesthetized. The maximal diameters of internal aortic 
arches or abdominal aortas were measured using the Vevo 2100 soft-
ware (version 1.5.0). All recordings were made by a cardiologist or 
technician blinded to the experimental groups. 

2.12. Histological analysis 

Aortas were isolated, fixed with 4% PFA, embedded in optimal cut-
ting temperature (OCT) compound (Sakura Finetek, USA) and stored at 
− 80 ◦C. Seven-micrometer serial frozen sections were cut and stained 
with hematoxylin/eosin (HE) (Solarbio, G1120) for morphological 
analysis, Masson’s trichrome (Solarbio, G1345) for collagen deposition, 
or modified Gomori (Solarbio, G1593) for elastin laminae degradation 
assessment. The collagen deposition was evaluated using a score of 1–4, 
where 1 = less than 25% area in medium layer was occupied by 
collagen, 2 = 25–50% collagen deposition, 3 = 50–75% collagen 
deposition, and 4 = > 75% collagen deposition. Elastin laminae 
degradation was evaluated by using a grade of I-IV as previously re-
ported [13], where I = intact internal elastic lamina, II = mild elastin 
fragmentation, III = severe elastin digestion, and IV = severe elastin 
digestion with a visible ruptured site. The collagen deposition and 
elastin laminae degradation of aortic sections were quantified by 4 in-
dividual observers blinded to the experimental groups. The senescence 
of aortas was evaluated using SA-β-gal staining. Briefly, the fresh tissue 
section was fixed in 4% PFA for 10 min and then incubated with SA-β-gal 
working solution for 24 h at 37 ◦C followed by eosin counterstaining for 
30 s. Images were captured and the percentage of SA-β-gal positive area 
versus total area was analyzed using the Image J software (National 
Institutes of Health, USA). 

2.13. Immunohistochemistry and immunofluorescence staining 

The obtained sections were heated for antigen retrieval in 10 mM 
citrate acid buffer before being blocked in goat serum. For immuno-
chemistry, sections were incubated overnight at 4 ◦C with one of the 
following primary antibodies: rabbit anti-mouse VCAM1 (1:100), rabbit 
anti-mouse ICAM1 (1:100), rabbit anti-mouse caspase3 (1:200) or rabbit 
anti-mouse caspase9 (1:200). Then, the secondary antibody (bio-
tinylated goat anti-rabbit IgG, Zsbio, pv-6001) was added and incubated 
at room temperature for 30 min. The immune complexes were visualized 
according to the staining procedure of the HRP-DAB kit (CWBIO, Bei-
jing, China) and IgG acted as negative intensity control. The positive 
area (brown) was scored using a score of 0–4, where 0 = negative in-
tensity, 1 = weak intensity, 2, 3 = medium intensity, and 4 = strong 
intensity as previously reported [31]. The staining of VCAM1, ICAM1, 
caspase3, and caspase9 were all quantified by 4 individual observers 
blinded to the experimental groups. For immunofluorescence, the sec-
tions or cells on glass coverslips were blocked with 5% BSA containing 
0.1% Tween-20 for 60 min. Then the primary antibodies against F4/80 
(Santa Cruz, sc-377009, 1:200) or γH2A.X (Servicebio, GB111841, 
1:200) were incubated overnight at 4 ◦C followed by incubation with the 
secondary antibody of Cy3-conjugated Affinipure Goat Anti-Rabbit IgG 
(H + L) (Proteintech, SA00009-2, 1:400) or Fluorescein (FITC)-conju-
gated Affinipure Goat Anti-Mouse IgG (H + L) (Proteintech, SA00003-1, 
1:400) for 120 min at room temperature. Cell nuclear was stained with 
4′6-diamidino-2-phenylindole (DAPI, Solarbio, C0065) for 10 min. The 
fluorescence signals were monitored by a Nikon A1 confocal microscopy 
(Nikon, Japan) and analyzed by the NIS-Elements Viewer software 
(version 5.21.00). The percentage of γH2A.X positive cells was counted 
using the Image J software (National Institutes of Health, USA). 

2.14. TUNEL staining 

The TUNEL staining was applied using a TUNEL Apoptosis Assay kit 
(Beyotime, Shanghai, China). Briefly, sections of the aortas were fixed 
with 4% PFA for 10 min and then washed with PBS 3 times. The 

obtained sections were incubated with the TUNEL working solution 
provided in the kit at 37 ◦C for 2 h under dark conditions followed by the 
nuclear staining with DAPI. Fluorescence signals at 550 nm were 
monitored by a Nikon A1 confocal microscopy (Nikon, Japan) and 
analyzed by the NIS-Elements Viewer software (version 5.21.00). The 
mean fluorescence intensity of a cross-section was analyzed using the 
Image J software (National Institutes of Health, USA). 

2.15. Toxicity evaluation 

Heart, liver, spleen, lungs, and kidneys were isolated, fixed with 4% 
PFA for 12 h, and embedded with paraffin to prepare sections. Five- 
micrometer serial sections were cut and stained with HE (Solarbio, 
G1120) and images were captured for morphological analysis. 

2.16. Statistical analysis 

Data were presented as the mean ± SEM. Fold change over control 
was used in Western blot and fluorescence intensity analysis to avoid 
larger variation among different experiments. Statistical analysis was 
performed using the GraphPad Prism7 (Beijing, China). A two-sided 
unpaired Student’s t-test was used to analyze data between the two 
groups. Nevertheless, differences were assessed by one-way analysis of 
variance (ANOVA) with Tukey’s multiple comparison test for more than 
or equal 3 groups. Non-normally distributed data were analyzed by non- 
parametric analysis. p < 0.05 is considered statistically significant. 

3. Results 

3.1. Silicate ions derived from CaSiO3 bioceramics alleviate senescence of 
the mouse aortic endothelial cells (MAECs) 

Biomaterials can regulate the fate of vascular-related cells in 
different aspects including cell morphology, viability, proliferation, 
migration, and differentiation [32]. Our previous studies proved that 
silicate biomaterials could also manipulate cell behaviors including 
endothelial cell proliferation and migration [33,34]. Here, to investigate 
the effect of silicate ions derived from CaSiO3 bioceramic on 
vascular-related cells, we first prepared silicate ion extracts with 
different dilution ratios similar to our previous studies [35,36]. The 
exact concentrations of silicate ions in the extracts with different dilu-
tion ratios were shown in Table S1. We found that the dilution ratios of 
1/8, 1/32, and 1/128 significantly promoted the proliferation of both 
MAECs and the mouse aortic smooth muscle cells (MASMCs), especially 
for the dilution ratio of 1/8 (Fig. S1, A and B). Therefore, the silicate ion 
extract with the dilution ratio of 1/8 (silicate ion concentration: 11.72 
± 0.69 μg mL− 1) was chosen for the subsequent cell studies. 

It is known that aging causes endothelial cell dysfunction and ac-
celerates the formation of AAD [37,38]. To determine the role of silicate 
ions derived from CaSiO3 bioceramics in inhibiting the senescence of 
MAECs, we treated the MAECs with silicate ions containing medium 
(CS) or control medium (Ctrl) for 72 h. A senescence-associated beta--
galactosidase (SA-β-Gal) staining was firstly applied, and the results are 
shown in Fig. 1A. It is clear to see that the percentage of SA-β-Gal pos-
itive cells significantly decreased from 30.32 ± 2.24% to 20.82 ± 1.16% 
after the treatment with silicate ions. Then, we specifically analyzed the 
effect of silicate ions on the expression of the longevity regulator 
sirtuin-1 (SIRT1) in MAECs, which is an NAD+-dependent deacetylase 
and normally downregulated in the aged aorta [39]. The Western blot 
(WB) assay showed that protein expression of SIRT1 was higher in the CS 
treated MAECs as compared to Ctrl (Fig. 1B). Moreover, the expression 
of DNA damage biomarker phosphorylated H2A.X (γH2A.X) was also 
evaluated by WB analysis, which was significantly reduced after the 
treatment of CS as compared to Ctrl (Fig. 1C). Since the nucleation of 
γH2A.X is closely correlated with aortic senescence [40], we further 
detected its nucleus expression using immunofluorescence staining. The 
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corresponding quantitative analysis confirmed that the expression of 
γH2A.X in CS treated MAECs was also significantly reduced since the 
percentage of γH2A.X positive cells decreased from 31.1 ± 2.26% to 
14.14 ± 3.85% after the treatment of silicate ions (Fig. 1D). These ob-
servations implied that silicate ions derived from CaSiO3 bioceramic 
may be protective against senescence of MAECs. 

3.2. Silicate ions derived from CaSiO3 bioceramics alleviate MAECs 
inflammation and promote mouse bone marrow-derived macrophages 
(MBMMs) polarization 

The elevated expression of inflammatory cytokines, which are 
caused by senescent endothelial cells has been found to play a key role in 
vascular aging, leading to the initiation, progress, and advancement of 
cardiovascular disease [37]. Since nuclear factor kappa-B p65 (p65) is 
the core inflammatory transcription factor and its acetylation at lysine 
310 (Ac-p65) is essential for the enhancement of the transcriptional 
activity [41], we firstly analyzed the effect of silicate ions on the 
expression of Ac-p65 in MAECs using WB assay. As shown in Fig. 2A, the 
expression of Ac-p65 was significantly reduced in MAECs after the 
treatment of silicate ions for 72 h. To confirm the anti-inflammatory 
effect of silicate ions on MAECs, we also evaluated the expression of 
the downstream effectors of p65 (vascular cell adhesion molecule 1 
(VCAM1) and intercellular adhesion molecule 1 (ICAM1)) in MAECs 
with or without lipopolysaccharide (LPS, an inflammation mediator) 
treatment using WB assay. It is noted that without LPS treatment, the 
ICAM1 was significantly decreased in CS treated MAECs compared with 
Ctrl, although the expression of VCAM1 was comparable between those 
two groups (Fig. S2). After the LPS treatment, the expression of both 
ICAM1 of VCAM1 in MAECs was significantly increased (Fig. 2B). 
Interestingly, we found that the treatment of silicate ions only signifi-
cantly down-regulated the expression of ICAM1, which was consistent 

with the result obtained in the cells without LPS treatment. Apart from 
MAECs, MBMMs also play a vital role in the inflammatory response 
during AAD progression and the induction of macrophage polarization 
to M2 phenotype is a commonly used anti-inflammatory strategy [42, 
43]. As shown in Fig. 2C, the percentage of M2 phenotype MBMMs was 
sharply increased from 5.92 ± 1.23% to 73.69 ± 6.82% after the 
treatment with silicate ions for 72 h, which was calculated using flow 
cytometric analysis with staining of phenotypic markers F4/80 (M0) and 
CD206 (M2). Moreover, the enhanced M2 phenotype polarization of CS 
treated MBMMs was further confirmed by ELISA assay of transforming 
growth factor-beta (TGF-β), which is an anti-inflammatory cytokine 
secreted by M2 phenotype macrophage [44] (Fig. 2D). 

In the AAD progression, a typical inflammatory response is usually 
initiated by the crosstalk between MAECs and MBMMs/monocytes 
involving MBMM/monocytes adhesion and pro-inflammatory polariza-
tion by aging MAECs. To investigate the effect of silicate ions derived 
from CaSiO3 bioceramics on the crosstalk between MAECs and immune 
cells, we conducted two co-culture modes. In the direct contact co- 
culture model, MAECs were pretreated with CS or Ctrl for 72 h with 
or without LPS, then MBMMs or monocytes were added and co-cultured 
with MAECs for 1 h (Fig. 2E). The count of MBMMs adhered to the CS 
(52 ± 6 counts/field) treated MAECs without LPS induction was only 
about half of that in the Ctrl group (95 ± 9 counts/field) (Fig. S3). Also, 
a similar suppression effect of silicate ions on monocytes (THP-1 cells) 
attaching to LPS stimulated MAECs was observed in Fig. 2F, indicating 
an inhibiting effect of silicate ions on MAEC triggered MBMM/monocyte 
infiltration. In the indirect contact co-culture model, MAECs were pre-
treated with Ctrl or CS for 72 h, then the conditioned medium from 
MAECs was used to culture MBMMs for 48 h (Fig. 2G). The flow cyto-
metric analysis exhibited that the percentage of CD206+ F4/80+ sub- 
population were significantly increased from 3.68 ± 0.67% to 49.54 
± 8.93% when MBMMs were cultured in CS treated MAECs-conditioned 

Fig. 1. Silicate ions as soluble form of bioactive ce-
ramics alleviate senescence of MAECs. (A) SA-β-Gal 
(blue, senescence marker) staining and quantitative 
analysis of SA-β-Gal staining (presented as the per-
centage of SA-β-Gal positive cells) in cultured MAECs 
treated with Ctrl (n = 6) or CS (n = 6) for 72 h. (B) 
Representative Western blots of SIRT1 (senescence- 
associated protein) and quantitative analysis of pro-
tein levels presented as mean ratio values quantified 
from protein bands of SIRT1 versus GAPDH (an 
endogenous control for protein expression) in 
cultured MAECs treated with Ctrl (n = 5) or CS (n =
5) for 72 h. (C) Representative Western blots of γH2A. 
X (DNA damage-associated protein) and quantitative 
analysis of protein levels presented as mean ratio 
values quantified from protein bands of γH2A.X 
versus GAPDH in cultured MAECs treated with Ctrl 
(n = 6) or CS (n = 7) for 72 h. (D) Representative 
immunofluorescence images of γH2A.X (red)/DAPI 
(blue) and quantitative analysis of γH2A.X nuclear 
expression presented as the percentage of γH2A.X 
positive cells in cultured MAECs treated with Ctrl (n 
= 5) or CS (n = 5) for 72 h. The top left corner images 
show the γH2A.X staining of MAECs. Scale bars, 100 
μm (A) and 50 μm (D). MAECs, mouse aorta endo-
thelial cells. Ctrl, control medium. CS, silicate ions 
containing medium. All data are presented as mean 
± SEM. Statistical analysis was performed using un-
paired Student’s t-test, **P < 0.01.   
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medium (CS-MAECs) (Fig. 2H), indicating the suppression effect of sil-
icate ions on MAEC triggered MBMM inflammation. All these results 
suggested that silicate ions derived from CaSiO3 bioceramics alleviated 
MAECs inflammation, suppressed MBMMs/monocytes adhered to 
MAECs and promoted polarization of MBMMs towards M2 phenotype 
directly or by cell crosstalk. 

3.3. Silicate ions derived from CaSiO3 bioceramics reduce the apoptosis of 
the mouse aortic smooth muscle cells (MASMCs) 

Apoptosis of aortic smooth muscle cells has been considered as a 
symptom of the later stage in AAD progression [45]. Therefore, we 
firstly investigated whether the silicate ions could regulate the apoptosis 
of smooth muscle cells directly. The anti-apoptosis effect of silicate ions 
on MASMCs was evaluated with or without Ang II treatment by flow 
cytometric analysis using apoptotic marker Annexin V-FITC and cell 

Fig. 2. Silicate ions as soluble form of bioactive ceramics alleviate inflammation of MAECs and MBMMs. (A) Representative Western blot of acetylated p65 
(inflammation-associated protein, Ac-p65) and quantitative analysis of protein levels presented as mean ratio values quantified from protein bands of Ac-p65 versus 
total p65 (Total-p65) in cultured MAECs treated with Ctrl (n = 3) or CS (n = 3) for 72 h. (B) Representative Western blots of ICAM1 and VCAM1 (inflammation- 
associated proteins) and their quantitative analysis of protein levels represented as mean ratio values quantified from protein bands of ICAM1 and VCAM1 versus 
GAPDH in cultured MAECs treated with Ctrl, LPS or LPS + CS (n = 5). (C) Representative flow cytometric analysis of MBMM polarization and quantitative analysis of 
MBMM polarization (presented as the percentage of CD206+ F4/80+ cells) treated with Ctrl (n = 4) or CS (n = 4) for 72 h using phenotypic markers F4/80 (M0) and 
CD206 (M2). (D) The secreted TGF-β levels detected by Elisa assay in cultured MBMM conditioned medium treated with Ctrl (n = 4) or CS (n = 4) for 72 h. (E) 
Schematic diagram of direct contact coculture model: MAECs were pretreated with Ctrl or CS for 72 h, then MBMMs were added and co-cultured with MAECs for 1 h. 
(F) Representative images and quantitative cell count of THP-1 adhered to MAECs pretreated with Ctrl, LPS or LPS + CS in direct contact co-culture model. (n = 3). 
Scale bar, 100 μm. (G) Schematic diagram of indirect contact co-culture model: MAECs were pretreated with Ctrl or CS for 72 h, then the conditioned medium was 
used to culture MBMMs for 48 h. (H) Representative flow cytometric images and quantitative analysis of MBMM polarization (presented as the percentage of CD206+

F4/80+ cells) treated with conditioned medium from Ctrl pretreated MAECs or CS pretreated MAECs (n = 4) using phenotypic markers F4/80 (M0) and CD206 (M2) 
in indirect contact co-culture model. MBMMs, mouse bone marrow-derived macrophages. All data are presented as mean ± SEM. Statistical analysis was performed 
using (A, C, E, G and H) unpaired Student’s t-test, (B and F) one-way ANOVA *P < 0.05 or **P < 0.01 vs. Ctrl, #P < 0.01 vs. LPS. ns: no significant difference. 
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viability dye propidium iodide (PI). The results showed that the un-
treated MASMCs have a certain degree of apoptosis, and after the Ang II 
treatment, the percentage of the apoptotic MASMCs were significantly 
increased, while silicate ions dramatically decreased the percentage of 
the apoptotic MASMCs for both untreated (Fig. S4) and Ang II treated 
cells (Fig. 3Aand S5). To confirm the result, the expressions of apoptotic 
markers (cleaved-caspase3 and cleaved-caspase9) of MASMCs were 
further assessed using WB assay. Both proteins were significantly 
decreased in CS treated MASMCs as compared to the Ctrl group 
(Fig. 3B), which was corresponding with the results of flow cytometric 
analysis. 

Apart from the programmed apoptosis of MASMCs, inflammation 
initiated MASMC apoptosis plays an important role in AAD progression, 
which is usually mediated by the crosstalk between MASMCs and 
MBMMs including MBMM infiltration into the aortic tunica media 
driven by the inflammatory cytokines (e.g., VCAM1) secreted from 
MASMCs, and the induction of MASMC apoptosis triggered by the 
overproduced cytokines (e.g., TNF-α) from MBMMs [13,46]. To inves-
tigate the crosstalk between MASMCs and MBMMs, we conducted two 
co-culture modes. In the direct contact co-culture model, MASMCs were 
pretreated with CS for 72 h, then MBMMs were added and co-cultured 
with MASMCs for 1 h in order to determine the inhibitory effect of CS 
on MBMM adhesion through regulation of MASMCs (Fig. 3C). As shown 
in Fig. 3D, silicate ions significantly diminished the count of MBMMs 
adhered to MASMCs as only 85 ± 10 cells/field adhesion in CS group 
compared with Ctrl (143 ± 5 cells/field), indicating a suppression effect 
of silicate ions on MBMM infiltration. In the indirect contact co-culture 
model, MBMMs were pretreated with Ctrl or CS for 72 h, then the 
conditioned medium from MBMMs was used to culture MASMCs for 48 h 
(Fig. 3E). The flow cytometric analysis showed that the apoptosis of 
MASMCs was significantly decreased from 21.23 ± 0.65% to 14.92 ±
0.61% after the treatment with MBMMs-conditioned medium with CS 
pretreatment (CS-MBMMs) (Fig. 3F), indicating a suppression effect of 
silicate ions on MBMM induced MASMC apoptosis. All these results 

demonstrated that silicate ions derived from CaSiO3 bioceramics could 
inhibit the apoptosis of smooth muscle cells directly or by cell crosstalk. 

3.4. Silicate ions derived from CaSiO3 bioceramics alleviate the AAD 
progression in the Ang II-induced AAD model 

To verify our hypothesis that silicate ions may play a vital role in the 
effective treatment of AAD, we established a classical Ang II-induced 
AAD model in mice. Ang II is a common reagent for inducing AAD in 
rodents, which causes the occurrence of AAD (mainly occurs in 
abdominal aorta) through hyper lipid metabolism abnormalities and 
hemodynamic changes [13]. Briefly, 49-day-old male mice were fed a 
high-fat diet (HFD) and then implanted with osmotic pumps containing 
Ang II (1.44 mg/kg/day) or PBS at day 56 for 28 days. Silicate 
ion-containing saline (silicate ion concentration: 77.6 ± 0.16 μg mL− 1) 
or saline control (silicate ion concentration: 0.16 ± 0.01 μg mL− 1) were 
intravenously injected in mice 7 times every other day after 7 days’ Ang 
II or PBS infusion. Experimental groups are defined as Ang II + Saline 
and Ang II + CS, respectively, and PBS pumping plus saline injection was 
used as control (PBS + Saline) (Fig. 4A). Firstly, the heart rate and blood 
pressure (BP) including the systolic BP, diastolic BP, and mean BP of 
mice after different treatments were evaluated. As shown in Fig. S6, both 
heart rate and BP showed a significant increase after Ang II infusion for 
28 days as compared to the control group, while no significant differ-
ences of those parameters were observed between Ang II + Saline group 
and Ang II + CS group, indicating that silicate ions do not affect the 
heart rate and BP. The mice mortality rate displayed a mild decrease 
from 54.5% (6 death of 11, in Ang II + Saline group) to 45.5% (5 death 
of 11, in Ang II + CS group) after silicate ions treatment (Fig. 4B). 
Interestingly, although the AAD incidence rate was identical in both Ang 
II + Saline group and Ang II + CS group (100%, 11 out of 11), the 
severity of AAD was significantly relieved in Ang II + CS group as 
compared to Ang II + Saline group (Fig. 4C). The ultrasound (US) im-
aging analysis confirmed the results as Ang II infusion for 28 days 

Fig. 3. Silicate ions as soluble form of bioactive ce-
ramics reduce MASMC apoptosis. (A) Flow cytometric 
quantification analysis of apoptosis in MASMCs after 
treatment with Ctrl, Ang II or Ang II + CS using 
Annexin V-FITC and PI. (n = 7) (B) Representative 
Western blots of Cleaved-Cas3 and Cleaved-Cas9 
(apoptotic-associated proteins) and their quantita-
tive analysis of protein levels presented as mean ratio 
values quantified from protein bands of Cleaved-Cas3 
and Cleaved-Cas9 versus GAPDH in cultured MASMCs 
treated with Ctrl (n = 5) or CS (n = 5) for 72 h. (C) 
Schematic diagram of direct contact co-culture 
model: MASMCs were pretreated with Ctrl or CS for 
72 h, then MBMMs were added and cocultured with 
MASMCs for 1 h. (D) Representative images and 
quantitative cell counts of MBMMs adhered to 
MASMCs pretreated with Ctrl (n = 6) or CS (n = 6) in 
direct contact co-culture model. Scale bar, 100 μm. 
(E) Schematic diagram of indirect contact co-culture 
model: MBMMs were pretreated with Ctrl or CS for 
72 h, then the conditioned medium was used to cul-
ture MASMCs for 48 h. (F) Representative flow cyto-
metric images and quantitative analysis of MASMC 
apoptosis (presented as the percentage of Annexin V+

cells) treated with conditioned medium from Ctrl 
pretreated MBMMs (Ctrl-MBMMs, n = 5) or CS pre-
treated MBMMs (CS-MBMMs, n = 5) using apoptotic 
markers Annexin V-FITC and PI in indirect contact co- 
culture model. MASMCs, mouse aorta smooth muscle 
cells. All data are presented as mean ± SEM. Statis-
tical analysis was performed using (A) one-way 
ANOVA, (B–F) unpaired Student’s t-test, **P < 0.01, 
***P < 0.001 vs.Ctrl, #P < 0.01 vs. Ang II.   
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provoked a remarkable increase in the maximal diameter of abdominal 
aorta from 0.7 ± 0.02 mm to 1.99 ± 0.06 mm, which was greatly 
attenuated to 1.44 ± 0.13 mm after silicate ions treatment (Fig. 4D). 
Furthermore, the histological analysis of HE and Masson’s trichrome 
staining was applied to show the aortic architectures in different groups, 
which were obviously protected by silicate ions treatment since the 
aortic architectures in Ang II + CS group were closer to the PBS + Saline 
group as compared to Ang II + Saline group. Also, significant inhibition 
of collagen deposition was observed after the treatment with silicate 
ions as the collagen deposition score calculated from the Masson’s 

trichrome staining decreased from 3.8 ± 0.46 in Ang II + Saline group to 
2.08 ± 0.15 in Ang II + CS group (Fig. 4E). Moreover, modified Gomori 
staining displayed the serious degradation of elastin laminae in 
abdominal aorta after Ang II infusion, and the results showed that the 
treatment of silicate ions decreased the percentage of grade IV (33.4%) 
as compared with Ang II + Saline group (60%), indicating a clear 
reduction of elastin laminae degradation of the abdominal aortas 
(Fig. S7). These results implied that silicate ions derived from CaSiO3 
bioceramics can attenuate the AAD progression by the inhibition of 
aortic dilation, collagen deposition, and elastin laminae degradation of 

Fig. 4. Silicate ions as soluble form of bioactive ceramics reduce the aortic dilation and collagen deposition of abdominal aorta in the Ang II-induced AAD model. (A) 
Schematic diagram of experimental design: 49-day-old mice were fed a high-fat diet and then implanted with osmotic pumps containing Ang II (1.44 mg/kg/day) or 
PBS at day 56 for 28 days. Silicate ions-containing saline or saline control were intravenously injected into mice 7 times (every other day) after 7 days’ Ang II or PBS 
infusion. Experimental groups were designated as Ang II + Saline, and Ang II + CS, respectively, and PBS pumping plus saline injection were used as control (PBS +
Saline). (B) The mortality rate and AAD incidence rate after different treatments (n = 5 for PBS + Saline, n = 11 for Ang II + Saline and Ang II + CS). (C) 
Representative photographs of the whole aortas after different treatments. Red arrows show AADs. (D) Representative ultrasound (US) images and quantified 
maximal diameters of abdominal aortas. White lines and values represent the maximal diameters of abdominal aortas (n = 4 for PBS + Saline, n = 5 for Ang II +
Saline, and n = 6 for Ang II + CS). (E) Representative HE and Masson’s trichrome staining images and summary collagen deposition score calculated from the 
Masson’s trichrome staining (n = 4 for PBS + Saline, n = 5 for Ang II + Saline, and n = 6 for Ang II + CS). Scale bars, 5 mm (C), 1 mm (D) and 200 μm (E). All data 
are presented as mean ± SEM, one-way ANOVA, ***P < 0.001 vs. PBS + Saline, ##P < 0.01 vs. Ang II + Saline. 
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abdominal aorta. 
To confirm the role of silicate ions derived from CaSiO3 bioceramics 

in attenuating AAD progression, we further detected the senescence of 
aortas in different groups using SA-β-gal staining. The result showed that 
the SA-β-gal positive staining visibly appeared after the Ang II infusion 
and was significantly decreased after the treatment of silicate ions. The 
corresponding quantitative analysis confirmed the result as the per-
centages of the SA-β-gal positive areas were 0%, 19.3 ± 6.60%, and 4.46 
± 1.22% in the group of PBS + Saline, Ang II + Saline and Ang II + CS, 
respectively (Fig. 5A). Then, we examined the inflammation of aortas in 
different groups using immunohistochemical analysis of ICAM1 and 
VCAM1. As shown in Fig. 5B, the protein expression of both ICAM1 and 
VCAM1 were lower in abdominal aortas of Ang II + CS group as 
compared to Ang II + Saline group, and a significant reduction was 
observed in the expression of ICAM1. Finally, we evaluated the anti- 
apoptosis effect of silicate ions using immunohistochemical analysis of 
two apoptotic markers (caspase3 and caspase9). The expression of both 
caspase3 and caspase9 in the abdominal aorta was potently increased 
after Ang II infusion, while this increase was prominently reduced with 
the treatment of silicate ions (Fig. 5C). The immunofluorescence assay of 
TUNEL was further conducted, which verified the anti-apoptosis effect 
of silicate ions as much fewer apoptotic cells were observed in the 
abdominal aorta of Ang II + CS group (mean density value: 1.26 ±

0.28%) as compared with the Ang II + Saline group (mean density value: 
11 ± 3.3%) (Fig. S8). These results indicated that silicate ions derived 
from CaSiO3 bioceramics indeed attenuated the Ang II-induced AAD 
progression by inhibiting the senescence, inflammation, and apoptosis 
of aorta. 

3.5. Silicate ions derived from CaSiO3 bioceramics alleviate the AAD 
progression in the β-BAPN induced AAD model 

To further confirm the therapeutic effect of silicate ions on AAD, we 
conducted a secondary classical AAD model induced by β-BAPN. β-BAPN 
is a lysyl oxidase inhibitor, which induces the occurrence of AAD 
(mainly occurs in aortic arch) by disrupting the cross-linking of elastin 
and collagen [47]. We firstly designed a treatment method of silicate 
ions similar to that implemented in the mentioned Ang II-induced AAD 
model above, termed as Design I. Briefly, 21-day-old male mice were 
administrated with β-BAPN (0.8 g/kg/day) containing water for 28 
days, and followed with intravenous injection of silicate ions containing 
saline or saline control 7 times every other day after 7 days’ β-BAPN 
administration (Fig. 6A). The experimental groups were defined as 
β-BAPN + Saline, and β-BAPN + CS, respectively, and pure water 
feeding plus saline injection was used as control (H2O + Saline). As 
shown in Fig. 6B, the mice mortality rate was mildly decreased from 

Fig. 5. Silicate ions as soluble form of bioactive ceramics reduce senescence, inflammation, and cell apoptosis of the aortas in the Ang II-induced AAD model. (A) 
Representative images of SA-β-gal positive staining (blue) and quantitative results (presented as percentage SA-β-gal positive area versus total area) in abdominal 
aortas. Red boxed areas are expanded to show representative high-power fields (n = 4 for PBS + Saline, n = 5 for Ang II + Saline and Ang II + CS). (B) Representative 
immunohistochemistry images and summary scores of inflammation-associated proteins ICAM1 and VCAM1 in abdominal aortas after different treatments (n = 4 for 
PBS + Saline, n = 3 for Ang II + Saline, and n = 5 for Ang II + CS). (C) Representative immunohistochemistry images and summary scores of caspase 3 and caspase 9 
(apoptosis-associated proteins) in abdominal aortas (n = 3 for PBS + Saline and Ang II + Saline, and n = 4 for Ang II + CS). Scale bars, 200 μm (A), and 100 μm (B 
and C). All data are presented as mean ± SEM, one-way ANOVA. *P < 0.05, **P < 0.01 or ***P < 0.001 vs. PBS + Saline, #P < 0.05 or ##P < 0.01 vs. Ang II + Saline. 
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69.2% (9 death of 13, in β-BAPN + Saline group) to 61.5% (8 death of 
13, in β-BAPN + CS group) and the AAD incidence rate declined from 
100% (13 out of 13, in β-BAPN + Saline group) to 92.3% (12 out of 13, in 
β-BAPN + CS group) after the treatment of silicate ions. Although the 
reduction of mortality rate or AAD incidence rate was gentle after the 

administration of silicate ions, the progression of AAD was apparently 
depressed as much less severe AADs were observed in β-BAPN + CS 
group as compared to β-BAPN + Saline group (Fig. 6C). The maximal 
diameter of aortic arch was calculated from US images, which was 1.21 
± 0.06 mm, 2.05 ± 0.08 mm, and 1.64 ± 0.06 mm in the groups of H2O 

Fig. 6. Silicate ions as soluble form of bioactive ceramics administrated in the mode of Design I suppress β-BAPN induced AAD formation: reducing mortality rate 
and AAD incidence rate as well as inhibiting the aortic dilation and elastin laminae degradation of the aortic arches. (A) Schematic diagram of treatments in Design I: 
21-day-old mice were administrated with β-BAPN (0.8 g/kg/day) containing water or free water for 28 days. Silicate ions-containing saline or saline control were 
intravenously injected in mice 7 times (every other day) after 7 days’ β-BAPN administration. Experimental groups were designated as β-BAPN + Saline and β-BAPN 
+ CS, respectively, and pure water feeding plus saline injection were used as control (H2O + Saline). (B) The mortality rate and AAD incidence rate after different 
treatments (n = 5 for H2O + Saline, n = 13 for β-BAPN + Saline and β-BAPN + CS). (C) Representative photographs of whole aortas in Design I. Red arrows show 
AADs. (D) Representative US images and quantitative maximal diameters of aortic arches in Design I. White lines and values represent the maximal diameters of 
aortic arches (n = 5 for H2O + Saline, β-BAPN + Saline, and β-BAPN + CS). (E) Representative photographs and quantification of the percentage of different degrees 
of the elastin laminae degradation in aortic aortas using modified Gomori staining in Design I. Red boxed areas are expanded to show representative high-power 
fields. Elastin laminae gradation grades: intact internal elastic lamina (I), mild elastin fragmentation (II), severe elastin digestion (III), and severe elastin diges-
tion with a visible ruptured site (IV). (n = 3 for H2O + Saline, n = 6 for β-BAPN + Saline and β-BAPN + CS). Scale bars, 5 mm (C), 2 mm (D) and 500 μm (E). Data are 
presented as mean ± SEM, one-way ANOVA, ***P < 0.001 vs. H2O + Saline, ##P < 0.01 vs. β-BAPN + Saline. 
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+ Saline, β-BAPN + Saline, and β-BAPN + CS, respectively. (Fig. 6D). To 
determine the degradation of elastin laminae in different groups, 
modified Gomori staining was conducted. The result displayed that the 
elastin laminae degradation in aortic arch was serious in β-BAPN +
Saline group, and this effect was visibly reversed with the treatment of 
the silicate ions as the percentage of grade IV were 0, 66.7% and 33.3% 
in H2O + Saline, β-BAPN + Saline and β-BAPN + CS, respectively. 
(Fig. 6E). To verify the crucial role of silicate ions on the regulation of 
inflammatory response in AAD progression, we further detected 
macrophage accumulation (F4/80-positive cells) in aortic arches among 

different groups. The results showed that much fewer macrophages were 
observed in the aortic wall in β-BAPN + CS group as compared to the 
β-BAPN + saline group, indicating that silicate ions reduced the 
macrophage infiltration into the aortic wall (Fig. S9A). Moreover, the 
immunohistochemistry assay of ICAM1 and VCAM1 (Fig. S9B) further 
confirmed the anti-inflammatory effect of silicate ions since the 
expression of ICAM1 in aortic arches was significantly decreased in the 
β-BAPN + CS group as compared to β-BAPN + saline group. Finally, the 
immunofluorescence assay of TUNEL was applied to investigate the 
anti-apoptosis effect of silicate ions. A dramatic decline of the mean 

Fig. 7. Silicate ions as soluble form of bioactive ceramics administrated in the mode of Design II suppress β-BAPN induced AAD formation: reducing mortality rate 
and AAD incidence rate as well as inhibiting the aortic dilation and collagen deposition of the aortic arches. (A) Schematic diagram of treatments in Design II: 21-day- 
old mice were administrated with β-BAPN (0.8 g/kg/day) containing water or free water for 28 days. Silicate ions-containing saline or saline control were intra-
venously injected in mice 14 times every day after 7 days’ β-BAPN administration. Experimental groups were designated as β-BAPN + Saline and β-BAPN + H-CS, 
respectively, and pure water feeding plus saline injection were used as control (H2O + Saline). (B) The mortality rate and AAD incidence rate after different treatment 
(n = 6 for H2O + Saline, n = 18 for β-BAPN + Saline, and n = 13 for β-BAPN + CS). (C) Representative photographs of whole aortas in Design II. Red arrows show 
AADs. (D) Representative US images and quantitative maximal diameters of aortic arches in Design II. White lines and values represent the maximal diameters of 
aortic arches (n = 5 for H2O + Saline, β-BAPN + Saline, and β-BAPN + CS). (E) Representative HE and Masson’s trichrome staining images and summary collagen 
deposition score of aortic arches (n = 4 for H2O + Saline, n = 4 for β-BAPN + Saline, and n = 6 for β-BAPN + CS). Scale bars, 2 mm (C), 1 mm (D) and 200 μm (E). All 
data are presented as mean ± SEM, one-way ANOVA. ***P < 0.001 vs. PBS + Saline, #P < 0.05 or ##P < 0.01 vs. β-BAPN + Saline. 
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fluorescence density value (from 4.52 ± 0.95 to 1.97 ± 0.32) was shown 
in the β-BAPN + CS group as compared to β-BAPN + Saline group 
(Fig. S10), indicating much fewer apoptotic cells in the aortic arches 
after the treatment of silicate ions. All these results clearly revealed the 
beneficial effect of silicate ions derived from CaSiO3 bioceramics against 
β-BAPN induced AAD progression. 

Then, we further investigated the dose-dependency of silicate ions 
treatment by designing another animal experiment with increased 
treatment times using the same β-BAPN induced AAD model, termed as 
Design II. Briefly, 21-day-old male mice were administrated with 
β-BAPN (0.8 g/kg/day) containing water for 28 days. Then, silicate ions 
containing saline were intravenously injected in mice every day for 14 
times after 7 days’ β-BAPN administration (Fig. 7A). The experimental 
groups were defined as β-BAPN + Saline and β-BAPN + H-CS, respec-
tively, and pure water feeding plus saline injection was set as control 
(H2O + Saline). As shown in Fig. S11, A and B, there were no significant 
differences in the heart rate and BP among the three groups. However, 
silicate ions employment decreased the mice mortality rate from 72.2% 
(13 death of 18, in β-BAPN + Saline group) to 61.5% (8 death of 13, in 
β-BAPN + H-CS group). Also, the AAD incidence rate declined from 
100% (18 out of 18, in β-BAPN + Saline group) to 76.9% (10 out of 13, in 
β-BAPN + H-CS group) after the treatment of enhanced silicate ions 
(Fig. 7B). It is worth mentioning that the reduction of mice mortality 
rate increased from 7.7% (in design I) to 10.7% (in design II) with 
increased dosage (treatment times) of silicate ion treatment. Also, the 
reduction of AAD incidence rate increased from 7.7% (in design I) to 
23.1% (in design II), confirming that the increased dosage of silicate ions 
further improved the therapeutic effects and decreased both mortality 
and AAD incidence rate (Fig. S12 A and B). Similar to the results of 
design I, the severity of AAD was significantly alleviated in the β-BAPN 
+ H-CS group as compared to the β-BAPN + saline group, shown by the 
representative photographs of whole aortas in Fig. 7C. The maximal 
aortic arch diameter was significantly decreased in the β-BAPN + H-CS 
group (1.51 ± 0.05 mm) as compared to the β-BAPN + saline group 
(1.79 ± 0.09 mm) calculated from US images of aortic arches (Fig. 7D). 
Moreover, as shown in Fig. 7E, the histological analysis of HE and 
Masson’s trichrome staining demonstrated that the aortic architectures 
in β-BAPN + H-CS group were more integrated with less collagen 
deposition as compared to that in the β-BAPN + saline group considering 
the collagen deposition score decreased from 3.5 ± 0.34 to 1.83 ± 0.31 
after the treatment of silicate ions. The modified Gomori staining dis-
played more elastin laminae degradation in aortic arch after β-BAPN 
infusion and this effect was reversed with the silicate ions treatment as 
the percentage of grade IV were 0, 83% and 0% in H2O + Saline, 
β-BAPN + Saline and β-BAPN + H-CS, respectively (Fig. S13A). To affirm 
the anti-senescence effect of silicate ions, the SA-β-gal staining was 
conducted, and representative images and the corresponding quantita-
tive analysis exhibited that the percentage of SA-β-gal positive area in 
the aortic arch was significantly reduced from 25.58 ± 4.29% to 4.05 ±
2.64 after the treatment of silicate ions (Fig. S13B). All these data 
denoted that the effect of silicate ions derived from CaSiO3 bioceramics 
on AAD is dose-dependent, and increased administration of silicate ions 
may improve the therapeutic effects against AAD progression. 

After the investigation of the therapeutic effect of silicate ions, we 
examined the biosafety of silicate ions for AAD treatment in the model of 
design II, we performed the histological analysis of crucial organs 
including the heart, kidneys, liver, lungs, and spleen among different 
groups. Gross pathological and histopathological examination revealed 
that there was no sign of structural abnormalities were observed in 
β-BAPN + Saline and β-BAPN + H-CS groups as compared to H2O +
Saline group (Fig. S14). This finding indicated the biosafety of “silicate 
ion therapy”. 

4. Discussion 

Aging plays a vital role in CVDs, especially in the development of 

AAD [38,48]. The over-released inflammatory factors from senescent 
ECs may cause immune cells infiltration as well as abnormal apoptosis of 
SMCs, resulting in the formation of AAD [37,49,50]. Since the devel-
opment of AAD results from comprehensive effects of multiple cellular 
processes [51,52], the therapeutic approaches only targeting a single 
type of cells or one signaling pathway might have limited effectiveness 
and be unable to solve the problem fundamentally. Based on our pre-
vious studies that calcium silicate bioactive ceramics can regulate 
cellular behaviors of various types of cells (e.g., ECs [53], car-
diomyocytes [35,54], mesenchymal stem cells [55,56] and macrophages 
[57]), and their interactions (EC-cardiomyocytes [35], EC-macrophages 
[58], and macrophage-mesenchymal stem cell [25], etc.), we proposed a 
“silicate ion therapy” to systemically regulate the local aortic microen-
vironment, aiming at the three main stages of the AAD progression, 
including EC senescence, immune cells infiltration, and SMC apoptosis. 
Unlike traditional interventions that only target a specific type of cells, a 
specific signaling pathway or a particular phase of AAD, our results 
revealed that silicate ions could concurrently regulate a variety of cells 
(MAECs, MBMMs, and MASMCs) involved in AAD occurrence and 
attenuate AAD progression through constraining senescence, inflam-
mation, and cell apoptosis of aorta in both Ang II and β-BAPN induced 
AAD mouse models (Fig. 8). 

Since vascular senescence is a crucial factor relevant to the occur-
rence of AAD, alleviating the senescence of the aorta may reduce the 
development of AAD. Previous studies have shown that silicon supple-
mentation can prevent age-related alterations in the endothelium- 
dependent vascular relaxation through increasing the expression of ni-
tric oxide synthase and aquaporin-1 [59]. However, it is unknown 
whether and how silicate ions can inhibit aorta senescence at cellular 
level. Our previous studies have demonstrated the bioactivity of silicate 
ions released from CaSiO3 bioceramics could activate ECs and enhance 
various cellular functions, such as stimulation of proliferation, 
up-regulation of pro-angiogenic factors (e.g., vascular endothelial 
growth factor and vascular endothelial growth factor receptor) in 
vascular ECs [35]. Inspired by these findings, we think that silicate ions 
might be capable to delay the senescence of aortic ECs (AECs). In this 
study, we first explored the anti-senescence ability of silicate ions on 
MAECs in vitro and found that the treatment of silicate ions indeed 
significantly reduced the proportion of senescent MAECs (positive for 
SA-β-Gal), accomplished with up-regulated expression of longevity 
regulator SIRT1 and inhibited the nucleation of DNA damage marker 
γH2A.X. The further in vivo studies verified that silicate ions derived 
from CaSiO3 bioceramics significantly reduced the SA-β-Gal expression 
in aortas in both Ang II and β-BAPN induced AAD mouse models, indi-
cating the potential role of silicate ions in alleviating vascular aging. We 
believe that these findings exhibit great significance not only for the 
prevention and treatment of AAD, but also for the intervention of other 
aging-related vascular diseases, although further extensive studies are 
required to investigate the anti-senescence effect of bioactive ions for 
other vascular tissues. 

In addition to delaying the senescence of AECs, inhibiting apoptosis 
of aortic smooth muscle cells (ASMCs) is also a critical approach to resist 
the progression of AAD [60,61]. ASMCs are highly plastic arterial 
vascular cells located in the media of aorta, which coordinate the 
function of vasoconstriction/vasodilatation and maintain vascular ten-
sion and elasticity [62]. The abnormal apoptosis of ASMCs is a typical 
pathological feature of AAD formation [63]. Therefore, inhibition of 
ASMC apoptosis might be an efficient therapeutic strategy for the 
treatment of AAD. Our previous studies have shown that silicate ions 
derived from CaSiO3 bioceramic can inhibit apoptosis of various cells, 
including cardiomyocytes [35], and macrophages [24]. However, it is 
still unknown whether silicate ions have anti-apoptosis effect on ASMCs. 
In this study, we first found that silicate ions derived from CaSiO3 bio-
ceramic reduced the apoptosis and expression of apoptosis-related pro-
teins (cleaved-caspase 3 and cleaved-caspase 9) in cultured MASMCs, 
indicating that silicate ions could not only affect the senescence of AECs, 
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but also protect ASMCs from apoptosis. One possible mechanism is that 
silicate ions may inhibit cell apoptosis through regulating 
apoptotic-associated ERK1/2 and p38 MAPK signaling pathways, which 
was proved in our previous study as silicate ions could alleviate the 
glucose/oxygen deprivation induced cell apoptosis by stimulating the 
expression of phosphorylated ERK1/2 and decreasing the expression of 
phosphorylated p38 in NRCMs, respectively [35]. Further in vivo ex-
periments confirmed the effect of silicate ions in reducing the apoptotic 
cell proportion in aorta during the progression of AAD. These results 
suggest that the dual-functional regulation of two different types of cells 
(AECs and ASMCs) is possible by silicate ions, which may contribute to 
the enhanced therapeutic effect in the treatment of AAD. 

The pathogenesis of AAD is extremely complex, which involves a 
variety of cellular processes. Besides AEC injury and ASMC apoptosis, 
the excessive participation of immune cells is also a key factor to the 
formation of AAD [44,64]. A typical AAD development process is usu-
ally initiated by the dysfunction of ECs, which secret abundant inflam-
matory factors to trigger immune cells infiltration [65]. The adhered 
immune cells release a series of proteolytic enzymes (e.g., matrix met-
alloproteinases) [66] or differentiated towards M1 phenotype to pro-
duce pro-apoptotic factors (e.g., TNF-α) [44], which eventually cause 
the apoptosis of ASMCs and induce the formation of AAD. Therefore, the 
regulation of macrophage/monocyte adhesion to MAECs (or MASMCs) 
and macrophage polarization are the important therapeutic target for 
the treatment of AAD. Although many drugs (e.g., statins) have been 
reported to promote macrophages to M2 polarization [67], no satisfac-
tory therapeutic effect has been shown in the clinical trials, which 
suggests that this kind of single-target approach might not be effective 
enough to inhibit AAD progression. In fact, the initiation and progres-
sion of AAD are the results of multiple cell and cell-cell communications 
including macrophage-AECs and macrophage-ASMCs interactions [51]. 
However, limited attention has been paid to the interaction of the im-
mune cells and aortic related cells. In contrast to the single-target 
approach for macrophage polarization, our study found that silicate 
ions can not only directly promote M2 polarization of MBMMs, reduce 
inflammation of MAECs and apoptosis of MASMCs, but also regulate the 
interaction between MAECs (or MASMC) and MBMMs/monocytes, and 

systematically improve the local microenvironment for vascular 
repairing. It is worth noting that, to explore the anti-adhesion effect of 
silicate ions on early or late immune cells, we detect the adhesion ability 
of macrophages and monocytes to MAECs, respectively. We found that 
silicate ions could decrease the adhesion of both macrophages and 
monocytes to MAECs simultaneously. Furthermore, we found that sili-
cate ions can reduce the secretion of inflammatory cytokines ICAM1 in 
MAECs. Such an inhibitory effect is usually achieved by regulating the 
inflammation-related NF-κB signal pathway in ECs and significantly 
contributes to the enhanced M2 polarization of MBMMs via paracrine 
mechanisms. Also, our in vitro data revealed that silicate ions derived 
from CaSiO3 bioceramics can reduce the adhesion of MBMMs to MAECs 
and MASMCs, which might be the reason why silicate ions diminish 
macrophage aggregation and excessive infiltration in aortic walls. 
Moreover, such alleviated macrophage infiltration and reduced adhe-
sion on ASMCs further depressed the apoptosis of ASMCs and attenuated 
the progression of AAD. These results suggest that silicate ions derived 
from CaSiO3 bioceramics can regulate the interaction between 
vascular-related cells and macrophages, benefit the local microenvi-
ronment of aortas, and inhibit the occurrence and development of AAD 
through immune regulation and paracrine mechanisms. 

It is worth mentioning that in the present study we applied silicate 
ions through dissolution of CaSiO3 bioceramics, which is critical for the 
application of ion therapy. The extracts of CaSiO3 bioceramics consist of 
calcium and silicate ions, and theoretically, a solution with same cal-
cium and silicate ion concentration might be obtained by using solutions 
of soluble calcium salt and silicate. However, the solution of soluble 
calcium salt such as calcium chloride, and the only soluble silicate, 
namely sodium silicate, contains not only calcium and silicate ions, but 
also other cations and anions such as chloride and sodium ions, which 
may cause negative effects for therapy. So, one of the advantages of the 
application of bioactive silicate ceramics is that ionic solution with 
specific ion combinations and concentration can be obtained without 
unwanted ion contamination by selection of silicate bioactive ceramics 
with specific chemical composition. Therefore, although in the present 
study we used the simplest calcium silicate ceramic, it is possible to 
extend this approach by using bioactive silicate ceramics with different 

Fig. 8. Scheme describing the “silicate ion therapy” 
on AAD. (A) Intravenous injection of silicate ions as 
soluble form of bioactive ceramics attenuates both 
Ang II and β-BAPN induced AAD progression, 
including reduced mortality rate, AAD incidence rate, 
aortic dilation, collagen deposition and elastin 
degradation. (B) Silicate ions as soluble form of 
bioactive ceramics modulate the vascular microenvi-
ronment by inhibiting senescence, inflammation, and 
apoptosis of aorta. (C) Silicate ions as soluble form of 
bioactive ceramics alleviate MAEC senescence and 
inflammation, promote polarization of MBMMs to-
wards M2 phenotype, inhibit the adhesion of MBMMs 
to MAECs (or MASMCs) and the apoptosis of MASMCs 
directly or by mediating cell-cell crosstalk.   
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compositions for treatment of other diseases which may need different 
silicate ion composition due to different pathogenesis. 

5. Conclusions 

Collectively, “silicate ion therapy” based on the application of 
bioactive ceramics in soluble form is proposed to treat AAD for the first 
time. Such a strategy focused on the systemic regulation of local vascular 
microenvironment, aiming to manipulate cells and cell-cell interactions 
in three main pathological stages of AAD simultaneously, including 
senescence, inflammation, and cell apoptosis of aorta. The in vitro 
studies demonstrated that injection of silicate ions derived from CaSiO3 
bioceramic alleviated MAEC senescence and inflammation, promote 
polarization of MBMMs towards M2 phenotype and inhibited the 
apoptosis of MASMCs directly or by mediating cell-cell crosstalk. 
Furthermore, the in vivo studies verified the therapeutic effect of the 
multiple comprehensive regulatory functions of silicate ions and 
demonstrated the effective prevention of the development of AAD 
induced in both Ang II and β-BAPN mouse models by alleviating the 
aortic dilation, collagen deposition, and elastin laminae degradation of 
aortas through the inhibition of aortic senescence, inflammation, and 
cell apoptosis. The therapeutic effect was dose-dependent, and an 
increased dose of treatment significantly reduced the mortality and AAD 
incidence rate. This proposed application of the soluble form of bioac-
tive ceramics not only opens a new avenue for the treatment of AAD but 
might also be applied for the treatment of other aging-related vascular 
diseases. 
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