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Purpose: Vascular calcification is a hallmark of atherosclerosis (AS). We and others confirmed that carbonic anhydrase I (CA1) and 
CA2 increased expression and catalyzed calcium deposition in atherosclerotic aortas. Macrophages have been demonstrated to be 
strongly related to AS. This study aimed to clarify how and which macrophage subtypes regulate CA1 and CA2 expression to 
stimulate aortic calcification.
Methods and Results: THP-1 cells were induced to form M0, M1 and M2 macrophage subtypes. These cells and their culture 
supernatants were separately incubated with human vascular smooth muscle cells (VSMCs). Calcification was strongly increased in 
VSMCs treated with β-GP, a chemical inducer of cellular calcification, following incubation with M1 macrophages or their culture 
supernatants, and was much higher than that in VSMCs treated with β-GP alone. Meanwhile, the expression of CA1 and CA2, as well 
as calcification marker genes, including Runx2, BMP-2 and ALP, was increased in VSMCs during this process. TNF-α levels were 
also increased in the culture medium of M1 macrophages. M0 and M2 macrophages or their supernatants did not significantly 
stimulate calcification in VSMCs. Following transfection with anti-CA1 or CA2 siRNAs, β-GP-induced VSMCs showed decreased 
calcification, but the calcification level was partially increased when those VSMCs were incubated with the supernatants of M1 
macrophages, while CA1 and CA2 expression as well as TNF-α levels were also elevated. When VSMCs were treated with TNF-α 
without β-GP induction, calcification and the expression of CA1 and CA2 were also significantly increased.
Conclusion: The results of this study suggest that M1 macrophages can increase CA1 and CA2 expression to promote atherosclerotic 
calcification in VSMCs by secreting TNF-α.
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Introduction
Atherosclerosis (AS) is characterized by the presence of lesions called atheromatous plaques. A plaque is focal 
thickening of the intima that is caused by the proliferation of smooth muscle cells and the deposition of cholesterol, 
lipids, hydroxyapatite and fibrous connective tissue. The essential step in the process is calcium precipitation, which traps 
cholesterol as well as other plaque precursor matrices to form atherosclerotic lesions.1,2 There is a high correlation 
between calcification degree and AS severity.3 Thus, calcification is a clinical marker of AS.4,5 Although various factors 
have been studied and are thought to contribute to vascular calcification in AS, the exact mechanism by which 
calcification is induced needs to be further elucidated.

Carbonic anhydrases (CAs) are a group of isoenzymes that catalyze the reversible conversion of carbon dioxide into 
bicarbonate. Bicarbonic acid is unstable and quickly combines with calcium ions to form calcium carbonate deposits. 
CAs contribute to calcification in many human tissues, such as bone and soft tissue. This group of isoenzymes is also 
involved in pathological calcifications such as ankylosing spondylitis, dermatomyositis, bile and kidney stone formation 
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and carcinoma-associated calcification.6–8 We previously reported that CA1, which is a CA family member, stimulated 
AS by promoting calcium precipitation. In an AS model induced by a high-fat diet in apolipoprotein E (ApoE−/−) mice, 
CA1 expression was significantly increased in the aortic lesions, but its expression was dramatically decreased in mice 
that were treated with methazolamide (MZ), a CA inhibitor that can effectively treat glaucoma by reducing aqueous 
humor secretion, and the mouse AS symptoms were simultaneously relieved.9 Calcification is associated with vascular 
smooth muscle cells (VSMCs) and macrophages in AS.4 CA1 is highly expressed in human AS aortic tissues and in 
VSMCs with β-glycerophosphate (β-GP)-induced calcification. Inhibiting CA 1 expression with siRNA or MZ reduced 
calcification in β-GP-induced VSMCs.9 We also found that AS patients were more likely to suffer from glaucoma 
because CA1 expression is involved in both AS aortic tissues and glaucoma aqueous humor.10 Others also detected 
autoantigenicity of CA1 in patients with abdominal aortic aneurysm, which often occurs in AS.11 Additionally, a study 
detected CA2 expression near calcium deposits in atherosclerotic plaques.12 Thirty-five frequently used cardiac drugs 
showed potent inhibition of CA1 and CA2, especially drugs that were primarily used for AS treatment.13 These results 
demonstrated that CA1 and CA2 were involved in the regulation of calcification in AS progression. Our previous study 
did not detect the involvement of other CA members in AS progression.9 It is not clear how CA1 and CA2 expression in 
VSMCs is activated when they stimulate calcification in AS.

Macrophages have been considered to play an important regulatory role in the occurrence, development and vascular 
calcification in cardiovascular events.14 Macrophages can undergo two distinct polarization states: the proinflammatory 
M1 phenotype and the anti-inflammatory M2 phenotype. Both M1 and M2 macrophages are present in human AS 
plaques, and M1- and M2-type macrophage responses are predictive of adverse outcomes in human AS.15 Macrophage 
polarization in perivascular fat is associated with coronary AS.16 However, the molecular mechanisms of macrophages 
during plaque progression, especially the effect of macrophages on CA1 and CA2 expression in VSMCs during 
calcification, have not been well elucidated.

This study aimed to clarify which subtype and how macrophages regulate CA1 and CA2 expression in VSMCs 
to contribute to AS plaque calcification. In the present study, a model of macrophage polarization in THP-1 cells 
was established by routine methods. Three types of macrophages, including M0, M1 or M2 subtype macrophages, 
and their culture supernatants were collected and separately cultured with VSMCs to observe the induction of 
calcification in VSMCs. CA1 and CA2 expression, as well as the expression of calcification-related genes, was 
examined in VSMCs during the induction of calcification. To verify the key role of CA1 and CA2 in vascular 
calcification, anti-CA1 and anti-CA2 siRNA were used to treat VSMCs during calcification induction. 
Additionally, we measured proinflammatory cytokine production in the culture medium and investigated the effect 
of TNF-α on VSMC calcification. The study showed that M1 macrophages but not M0 or M2 macrophages 
stimulated CA1 and CA2 expression in VSMCs to promote atherosclerotic calcification by increasing TNF-α 
production.

Materials and Methods
Culture and Polarization of Macrophages
Human monocytic THP-1 cells were commercially obtained from Procell Life Science&Technology Co., Ltd. (Wuhan, 
China) and cultured in high-glucose Dulbecco’s modified Eagle medium (DMEM, Procell) with 10% fetal bovine serum 
(FBS, Procell). THP-1 monocytes were differentiated into macrophages (M0) by 24 h of incubation in serum-free 
DMEM containing 320 nM phorbol 12-myristate 13-acetate (PMA, Sigma, P8139). M1 macrophages were obtained by 
incubating M0 macrophages in serum-free DMEM containing 20 ng/mL IFN-γ (MCE, HY-P7025) and 10 ng/mL LPS 
(Sigma, L2280), and M2 macrophages were obtained by incubating M0 macrophages with serum-free DMEM containing 
20 ng/mL interleukin 4 (Il-4, MCE, HY-P7042) and 20 ng/mL interleukin 13 (IL-13, MCE, HY-P7033). The three 
subtypes of macrophages were washed with PBS and cultured in new serum-free DMEM for 24 h. The induction scheme 
refers to Rahal’s article.17
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Culture and Calcification of Human VSMCs
VSMCs were kindly provided by the Institute for Translational Medicine, Qingdao University, and the cells were 
cultured in DMEM (Procell) with 10% fetal bovine serum (FBS, Procell). VSMCs in the 3rd passage were plated at 
a density of 1×105 cells. Upon reaching 80% confluence, the cells were cultured in calcification-inducing medium that 
contained DMEM, 10% FBS and 10 mM β-GP (Sigma, USA) for 14 days, and the medium was changed every 2 days. 
The experimental design was based on the study by Bin-Yao Tian.18

Coculturing VSMCs and Macrophages
THP-1 cells (1x106 in each well) were seeded onto a 6-well plate and induced into M0, M1 or M2 cells as described 
above. After polarization was complete, the macrophages were carefully washed with PBS. VSMCs were seeded into 
wells (1x105 in each well) that contained each type of macrophage. The macrophage subtypes and VSMCs were 
cocultured for 14 days in calcification-inducing medium that contained 10 mM β-GP.

Coculturing VSMCs and Macrophage Subtypes in Transwells
THP-1 cells were seeded onto the upper chambers of a Transwell plate (3422, Corning, NY, USA) and then induced into 
the different macrophage subtypes (M0, M1 or M2) as described above. On the day before polarization was complete, 
VSMCs were seeded in the lower wells of another Transwell plate and allowed to attach overnight. After polarization 
was complete, macrophages in the upper chambers were carefully washed with PBS, and the upper chamber was 
transferred to the plate in which VSMCs had been seeded in the lower chambers. VSMCs and polarized macrophages 
were cocultured for 14 days in calcification-inducing medium that contained 10 mM β-GP.

Culturing VSMCs with Macrophage Culture Supernatants
Human VSMCs were placed into 6-well plates. After the cells had adhered, the culture medium was replaced with the 
supernatants of M0, M1 or M2 macrophages plus calcification-inducing medium containing 10 mM β-GP (1:1 
proportion).

Flow Cytometric Analysis of Macrophages
FITC-conjugated anti-human CD11b (Biolegend, USA) and PE-conjugated anti-human CD163 (Biolegend, USA) were 
used to detect phenotypic changes in macrophages. When the different types of macrophages were successfully induced, 
the cells were collected from the plate and centrifuged. The cells were resuspended in PBS and transferred to a 1.5 mL 
centrifuge tube. CD11b or CD163 antibodies were added and incubated with the cells at 4°C for 90 min without light. 
Then, PBS was used to suspend the cells following centrifugation, and the cells were examined using an ACEA flow 
cytometer (NovoCyte D2040R, USA).

Flow Cytometric Analysis of Cytokines
The culture supernatants of THP-1 cells, M0, M1, and M2 macrophages and VSMCs were collected by centrifugation. 
The supernatant was examined using LEGENDplex™ Human Inflammation Panel 1 (13-plex) (Biolegend Inc., USA), 
which is a multiplex bead-based assay that can detect 13 inflammatory cytokines, including IL-1β, IFN-α, IFN-γ, TNF-α, 
MCP-1 (CCL2), IL-6, IL-8 (CXCL8), IL-10, IL-12p70, IL-17A, IL-18, IL-23, and IL-33. Flow cytometry was performed 
using an ACEA (NovoCyte D2040R, USA). The raw flow cytometry data files were analyzed using FlowJo (BD 
Biosciences, USA) and the LEGENDplex chip platform, and the MCF was calculated according to the standard curve.

Alizarin Red S Staining
When induction of VSMC calcification was complete, the cells were washed with phosphate buffer saline (PBS), fixed 
with 95% ethanol for 60 min, and stained with 0.5% (w/v) alizarin red S (AR-S, Solabio) (pH = 4.2) for 30 min at room 
temperature. VSMCs were observed under a microscope to examine the formation of calcified nodules.
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Quantification of Calcification Using Cetylpyridinium Chloride
Cultured VSMCs were treated with 10% (W/V) cetylpyridine chloride and incubated at 37°C for 1 h. The optical density 
(OD) was measured at 562 nm using a spectrophotometer (Molecular device Tecan, Austria).

Western Blotting
Total protein samples were extracted from VSMCs, and the proteins were separated by 10% SDS/PAGE (20 μg for each 
total protein sample). The proteins were transferred to a PVDF membrane (Millipore, Burlington, MA, USA), which was 
then blocked with 5% nonfat milk for 2 h. The membrane was incubated overnight at 4°C with primary antibodies 
against CA1, CA2 (13198-2-AP/16961-1-AP, Proteintech) or GAPDH (AF0502, Elabscience). The membranes were then 
incubated with HRP–conjugated goat anti-rabbit IgG (SY0102, Elabscience) at room temperature for 1 h after being 
washed three times with 1× TBST. Immunostaining was performed using ECL substrate (Affinity, USA).

Quantitative Real-Time PCR
Total RNA was extracted from VSMCs using TRIzol reagent (TaKaRa, Dalian, China), followed by reverse transcription 
of the RNA into cDNA. Fluorescence real-time quantitative PCR was performed with a SYBR Green qPCR kit (Vazyme, 
Nanjing, China) to comparatively quantify the expression of CA1, CA2, Runx2, BMP2 and ALP. GAPDH expression 
was used to normalize the expression of the target genes. The primer sequences were designed as follows:

CA1: F: 5’-CTGACAGCTACAGGCTCTTTC-3’;
CA1: R: 5’-CTACGTGAAGCTCGGCAGAAT-3’;
CA2: F: 5’- TGTTGACATCGACACTCATACA-3’;
CA2: R: 5’-GTCATCAAACTCCACGTTGAAA-3’;
BMP2: F: 5’-ACTACCAGAAACGAGTGGGAA-3’;
BMP2: R: 5’-GCATCTGTTCTCGGAAAACCT-3’;
Runx2: F: 5’- CGCCTCACAAACAACCACAG-3’;
Runx2: R: 5’- TCACTGTGCTGAAGAGGCTG-3;
ALP: F: 5’-CCGCTATCCTGGCTCCGT-3’;
ALP: R: 5’- AGATTTCCCAGCGTCCTTGG-3’;
GAPDH: F: 5’-CAGAACATCATCCCTGCCTCTAC-3’;
GAPDH: R: 5’-TTGAAGTCAGAGGAGACCACCTG-3’.

SiRNA Transfection
VSMCs (1 × 105) were seeded in a six-well plate and cultured until they reached 80% confluence. VSMCs were 
transfected with siRNA using GenePharma SiRNA-MateTM (GenePharma, China.) according to the manufacturer’s 
instructions. The siRNA sequences used were as follows:

Anti-CA1: 5’-GCCACAGCCAAAGAAAUUATTUAAUUUCUUUGGCUGUGGCTT-3’; and
Anti-CA2: 5’-GGCAAAUCAAAGCUUCCUUTTAAGGAAGCUUUGAUUUGCCTT-3’.

Statistical Analysis
SPSS 19.0 (SPSS Inc., Chicago, USA) software was used for statistical analyses. The means ± SDss were calculated for 
the measurement data. ANOVA were performed to compare the data among different groups, and p < 0.05 was 
considered statistically significant.

Results
M1 Macrophages Stimulated Calcification in VSMCs
To determine whether macrophages can induce calcification, THP-1 cells were differentiated into M0, M1 and M2 macrophages. 
Macrophage polarization was confirmed by measuring the expression of surface markers using flow cytometry, and the subtypes 
were then induced to undergo calcification with β-GP. As shown in Supplementary Figure 1a, the expression of CD11b was 
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markedly upregulated in M1 macrophages, while the expression of CD163 was upregulated in M2 macrophages, indicating 
successful polarization of macrophages from THP-1 cells. The morphology of THP-1, M0, M1 and M2 cells is shown in 
Supplementary Figure 1b. In the culture medium, the levels of IL-1β, IL-6, IL-8, TNF-α, IFN-a2, MCP-1, IFN-γ, IL-18, IL-23 and 
IL-33 were significantly increased when THP-1 cells were induced into M0, M1 or M2 macrophages. The levels of Il-1β and Il-6 
were the highest in the M0 subtype, and these levels were decreased in the culture medium of the M1 and M2 subtypes compared 
with that of the M0 subtype. The level of TNF-α was the highest in the culture medium of the M1 subtype compared with that in 
the culture medium of M0 and M2 macrophages (Supplementary Figure 1c). M0, M1 and M2 macrophages were then cultured in 
DMEM supplemented with 10% FBS and 10 mM β-GP for 14 days to induce cellular calcification. Alizarin red staining did not 
detect obvious calcified nodules in any of the macrophage subtypes, regardless of the presence of β-GP (Supplementary 
Figure 1d). These results indicated that the three types of macrophages were not calcified regardless of β-GP induction and 
that M1 macrophages produced high levels of TNF-α.

To confirm calcification of VSMCs and the best experimental conditions for calcification induction, human VSMCs were 
cultured in calcification-induced medium (DMEM with 10% FBS and 10 mM β-GP). The culture medium was changed every 2 
days, and calcification was examined at 3, 5, 7, 10, 12 and 14 days following calcification induction. Calcified nodules were 
observed in VSMCs beginning on the 5th day following calcification induction, and the highest number of nodules was observed 
on the 14th day (Supplementary Figure 2a). Calcification quantification by cetylpyridinium chloride assay also detected increased 
absorbance of calcification at the 5th day following induction, and the calcification level remained high until the 14th day 
(Supplementary Figure 2b). The above observation indicated that calcification can occur in VSMCs following calcification 
induction, and calcification peaked on the 14th day following induction, but the level of calcification was generally low.

To determine whether macrophages can induce calcification in VSMCs, M0, M1 and M2 macrophages that were 
induced from THP-1 cells were seeded onto 6-well plates (1x106 cells in each well) and then cocultured with VSMCs 
(1x105 cells in each well). After 14 days of culture in calcification-inducing medium containing 10 mM β-GP, many 
calcification nodules were observed in the cells cocultured with M1 macrophages, and few calcification nodules were 
observed in the cells cocultured with M0 or M2 macrophages (Figure 1a). The cetylpyridinium chloride assay showed an 
increased ratio of absorbance to cell count in VSMC and M1 macrophage cocultures compared with VSMCs that were 

Figure 1 The effect of macrophages on VSMC calcification. VSMCs were cocultured with the 3 macrophage subtypes in calcification-inducing medium (ANOVA, ****Stands 
for p<0.0001). (a) Alizarin red staining revealed calcification in the cocultures of different macrophage subtypes and VSMCs (the location of calcification nodules was marked 
with black arrows). (b) Cetylpyridinium chloride assays were used to quantify calcification levels in the cocultures. M1 macrophages significantly induced calcification in 
VSMCs.
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cocultured with M0 or M2 macrophages, as well as VSMCs that were cultured alone (Figure 1b). The results indicated 
that M1 macrophages but not M0 or M2 macrophages could significantly stimulate calcification in VSMCs, although 
macrophages alone cannot undergo calcification.

To investigate whether macrophage subtypes affected VSMC calcification through indirect contact, VSMCs were 
cocultured with the 3 macrophage subtypes in transwells, and the expression of CA1 and CA2 in VSMCs, as well as the 
levels of proinflammatory cytokines in the culture medium, were measured. Polarized macrophages and VSMCs were 
separately cultured in the upper chamber and lower chamber of the Transwell without direct contact for 14 days in 
calcification-inducing medium that contained 10 mM β-GP. Alizarin red staining showed much more calcification in 
VSMCs that were cocultured with M1 macrophages than in VSMCs that were cocultured with M2 or M0 cells and 
VSMCs that were not cocultured (Figure 2a). The cetylpyridine chloride assay showed higher calcification levels in the 
coculture medium of VSMCs and M1 macrophages than in the coculture medium of M0 and M2 macrophages 
(Figure 2b). Real-time PCR showed an increase in CA1 and CA2 mRNA expression in VSMCs that were cocultured 
with M1 macrophages compared with VSMCs that were not cocultured or with those that were cultured with M0 or M2 
macrophages. Real-time PCR also showed increased levels of Runx2, BMP2 and ALP mRNA in cocultured VSMCs, 
indicating increased calcification in VSMCs that were cocultured with M1 macrophages (Figure 2c). Western blot 
analysis showed that CA1 and CA2 protein expression was significantly increased in VSMCs that were cocultured with 
M1 macrophages compared with that in VSMCs that were not cocultured or with those that were cocultured with M0 or 
M2 macrophages (Figure 2d). Additionally, the culture medium of VSMCs that were cocultured with M0 and M1 
macrophages, especially M1 macrophages, showed considerably increased levels of IL-1β, IL-6 and TNF-α compared 
with the medium of VSMCs that were not cocultured or those that were cocultured with M2 macrophages (Figure 2e). 
These results indicated that calcification was induced and significantly increased in VSMCs that were indirectly 
cocultured with M1 macrophages, and CA1 and CA2, as well as IL-1β, Il-6 and TNF-α, levels were increased in 
VSMCs that were cultured with M1 macrophages.

To further investigate how M1 macrophages affect calcification in VSMCs, VSMCs were separately cultured with the 
supernatants of the different macrophage subtypes. THP-1 cells were induced to differentiate into M0, M1 or M2 
macrophages. The culture supernatants were collected and cultured with VSMCs for 14 days in the presence of 
calcification-inducing medium that contained 10 mM β-GP (1:1 ratio of macrophage culture medium supernatant: 
calcification-inducing medium). Alizarin red staining showed a significant increase in calcification in VSMCs cultured 
with the supernatant of M1 macrophages compared with those that were cultured with M0 or M2 macrophage super-
natants, which was higher than that in VSMCs that were not cocultured. Very few calcified nodules were observed in 
VSMCs that were cultured with M0 or M2 macrophage culture supernatants (Figure 3a). The cetylpyridinium chloride 
assay showed similar results (Figure 3b). Real-time PCR showed a significant increase in the mRNA levels of BMthe P2, 
ALP and Runx2, three calcification-related genes, in VSMCs that were cultured with supernatant from M1 macrophages 
compared to those in VSMCs cultured with supernatants from M0 or M2 macrophages or that were not cocultured 
(Figure 3c), indicating that the culture supernatant of M1 macrophages strongly induced calcification in VSMCs. Real- 
time PCR also showed increased expression of CA1 and CA2 in VSMCs that were cultured with M1 macrophage 
supernatant compared with VSMCs that were cocultured with M0 or M2 supernatant (Figure 3d). Western blot analysis 
showed increased protein expression of CA1 and CA2 in VSMCs that were cultured with M1 macrophage supernatant 
compared with VSMCs that were cultured with M0 or M2 macrophage supernatants or that were not cocultured 
(Figure 3e). Additionally, the medium of VSMCs that were cultured with M1 macrophage supernatant showed 
significantly higher levels of IL-1β, IL-6 and TNF-α than the medium of VSMCs cultured with the supernatants of 
M0 or M2 macrophages (Figure 3f). TNF-α in the coculture medium of VSMCs and M1 macrophage supernatants had 
the highest levels among all the groups. These results indicated that the supernatants of M1 but not M0 or M2 
macrophages could significantly stimulate calcification in VSMCs and increase the expression levels of CA 1 and 
CA2 in cells. The supernatants of M1 macrophages also increased the levels of IL-1β, IL-6, and especially TNF-α in the 
culture medium.
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Figure 2 The effect of macrophages on calcification in VSMCs through indirect contact. VSMCs were cultured with M0, M1 or M2 macrophages in Transwells without cell 
contact in calcification-inducing medium (ANOVA, *Stands for p <0.05, **Stands for p<0.01, and ****Stands for p <0.0001). (a) Alizarin red staining of VSMCs cocultured 
with different macrophage subtypes (the location of calcification nodules was marked with black arrows). (b) Cetylpyridinium chloride assays showed calcification in the 
culture medium of the cocultures. (c) The CA1, CA2, Runx2, ALP and BMP mRNA levels in VSMCs were determined using real-time PCR. (d) CA1 and CA2 expression in 
VSMCs was determined using Western blotting. (e) The levels of IL-1β, IL-6 and TNF-α in the culture medium of VSMCs that were cocultured with different macrophage 
subtypes were examined using flow cytometry. M1 macrophages could stimulate calcification and elevate CA1 and CA2 expression in VSMCs by indirect contact, while M0 
and M1 macrophages, especially M1 macrophages, increased IL-1β, IL-6 and TNF-α levels in the cocultures.
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M1 Macrophages Stimulated Calcification in VSMCs by Regulating CA1 and CA2 
Expression
To determine the essential roles of CA1 and CA2 in VSMC calcification, VSMCs were transfected with anti-CA1 siRNA 
or anti-CA2 siRNA, and Allstar siRNA was used as a control. The cells were cultured in M1 supernatant and 
calcification-inducing medium containing β-GP (1:1 proportion). Other controls were prepared, including VSMCs 
cultured in normal culture medium plus 10% FBS and VSMCs cultured in DMEM plus 10% FBS and β-GP. Real- 
time PCR showed decreased CA1 and CA2 mRNA expression in VSMCs following siRNA transfection, indicating 
successful siRNA transfection (Figure 4a). After 14 days of culture, AR-S staining showed a few calcification nodules in 
VSMCs and Allstar siRNA-transfected VSMCs that were cultured in calcification-inducing medium, and quantification 
of calcification with a cetylpyridine chloride assay verified this observation, indicating successful calcification induction 
in VSMCs. The staining showed the most calcified nodules in VSMCs that were cultured with M1 supernatant plus 
calcification-inducing medium containing β-GP, although these VSMCs were transfected with Allstar siRNA. When 
VSMCs were transfected with anti-CA1 siRNA, the calcified nodules were significantly decreased even though the cells 
were cultured in calcification-inducing medium. When the anti-CA1 siRNA-transfected VSMCs were cultured in M1 

Figure 3 The effect of macrophage supernatants on VSMC calcification. VSMCs were separately cultured with the supernatant of M0, M1 or M2 macrophages and 
calcification-inducing medium (1:1 proportions) (ANOVA, *Stands for p<0.05, **Stands for p<0.01, ***Stands for p <0.001, and ****Stands for p <0.0001). (a) Alizarin red 
staining of VSMCs cocultured with supernatants from the different macrophages (the location of calcification nodules was marked with black arrows). (b) Cetylpyridinium 
chloride assays quantitated calcification levels in VSMCs cocultured with supernatants from the different macrophage subtypes. (c) The mRNA expression of calcification- 
related genes, including BMP2, ALP and Runx2, in VSMCs was examined by real-time PCR. (d) The mRNA expression of CA1 and CA2 in VSMCs was examined by real-time 
PCR. (e) CA1 and CA2 protein expression in VSMCs was examined by Western blot analysis. (f) The levels of IL-1β, IL-6 and TNF-α in the culture medium of VSMCs that 
were cultured with macrophage supernatant were examined by flow cytometry. M1 culture supernatant stimulated calcification, increased CA1 and CA2 expression in 
VSMCs, and elevated IL-1β, IL-6 and TNF-α levels in the cocultures.
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Figure 4 The effect of anti-CA1 and anti-CA2 siRNA on VSMC calcification. VSMCs were transfected with anti-CA1 and anti-CA2 siRNA and cultured in M1 macrophage 
supernatant and calcification-inducing medium (1:1) (ANOVA, *Stands for p<0.05, **Stands for p<0.01, ***Stands for p <0.001, and ****Stands for p <0.0001). (a) Real-time 
PCR indicated the successful inhibition of target gene expression in VSMCs by anti-CA1 and anti-CA2 siRNAs. (b) AR-S staining showed few calcified nodules in VSMCs that 
were transfected with anti-CA1, and M1 culture supernatants partially restored calcification levels (the location of calcification nodules was marked with black arrows). 
Quantification of calcification with a cetylpyridine chloride assay verified this result. (c) AR-S staining showed few calcified nodules in VSMCs that were transfected with anti- 
CA2 siRNA, and M1 culture supernatants partially restored calcification levels (the location of calcification nodules was marked with black arrows). Quantification of 
calcification with a cetylpyridine chloride assay verified this result. CA1 and CA2 expression plays an essential role in the calcification of VSMCs.
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supernatant plus calcification-inducing medium containing β-GP, the number of calcified nodules was increased, but the 
level was not as high as that in untransfected VSMCs (Figure 4b). VSMCs that were transfected with anti-CA2 siRNA 
showed similar results (Figure 4c). This observation indicated that CA1 and CA2 expression played essential roles in 
VSMC calcification, and M1 supernatant can alleviate the suppressive effect of anti-CA1 and anti-CA2 siRNA on VSMC 
calcification.

Real-time PCR and Western blotting showed the highest level of CA1 mRNA in VSMCs that were transfected with 
Allstar siRNA and incubated in M1 macrophage supernatant plus β-GP, and the level was lowest in VSMCs that were 
transfected with anti-CA1 siRNA and cultured in calcification-inducing medium. Moreover, M1 macrophage supernatant 
partially alleviated the suppressive effect of anti-CA1 siRNA on CA1 expression in VSMCs (Figure 5a and b). Real-time 
PCR and Western blotting showed similar CA2 expression levels in VSMCs transfected with anti-CA2 siRNA (Figure 5c 
and d). IL-1β, IL-6 and TNF-α levels were significantly increased in the medium of VSMCs that were cultured in M1 
supernatant plus calcification-inducing medium containing β-GP compared with the controls, and these levels were even 
higher than those in VSMCs cultured in calcification-inducing medium. The levels of IL-1β, IL-6 and TNF-α were 
decreased in the culture medium of VSMCs transfected with anti-CA1 siRNA, and M1 supernatant partially increased the 

Figure 5 The effect of anti-CA1 and anti-CA2 siRNA on CA1 and CA2 expression in VSMCs and proinflammatory cytokine production (ANOVA, *Stands for p<0.05, 
**Stands for p<0.01, ***Stands for p <0.001, and ****Stands for p <0.0001). (a) CA1 expression in VSMCs was examined by real-time PCR. (b) CA1 expression in VSMCs 
was examined by Western blotting. (c) CA2 expression in VSMCs was examined by real-time PCR. (d) CA2 expression in VSMCs was examined by Western blotting. Anti- 
CA1 or anti-CA2 siRNA treatment decreased CA1 and CA2 expression in VSMCs, respectively, and M1 supernatant alleviated the suppressive effects of anti-CA1 and anti- 
CA2 siRNA on the target genes. (e) The levels of IL-6, IL-1β and TNF-α in the culture medium of VSMCs after transfection with anti-CA1. (f) The levels of IL-6, IL-1β and 
TNF-α in the culture medium of VSMCs after transfection with anti-CA2. Anti-CA1 and anti-CA2 siRNA transfection reduced IL-6, IL-1β and TNF-α levels in the culture, 
and M1 supernatant alleviated the suppressive effects of anti-CA1 and anti-CA2 siRNA on proinflammatory cytokine production.
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levels of IL-1β, IL-6 and TNF-α in the culture medium (Figure 5e). The levels of IL-1β, IL-6 and TNF-α were decreased 
in the culture medium of VSMCs that were transfected with anti-CA2 siRNA. The levels of IL-1β, IL-6 and TNF-α were 
completely restored to their original levels in the culture of VSMCs that were transfected with Allstar siRNA and 
cultured in M1 supernatant (Figure 5f). These results indicated that anti-CA1 and anti-CA2 siRNA suppressed CA1 and 
CA2 expression in VSMCs and reduced IL-6, IL-1β and TNF-α levels in the culture medium. IL-6, IL-1β and TNF-α 
levels in the culture medium of VSMCs incubated in M1 supernatant and transfected with anti-CA1 or anti-CA2 siRNA 
were lower than those in the culture medium of VSMCs incubated with an equal volume of M1 supernatant, indicating 
that VSMCs also produced IL-1β, IL-6 and TNF-α under the control of CA1 and CA2 expression.

TNF-α Increased CA1 and CA2 Expression and Induced Calcification in VSMCs
To determine the stimulatory effect of TNF-α on calcification of VSMCs, VSMCs were treated with TNF-α at different 
concentrations (0, 2.5, 5, 10, and 100 ng/mL) for 24 h without β-GP induction. Real-time PCR demonstrated that TNF-α 
treatment increased the mRNA expression of CA1 and CA2, as well as the calcification-associated genes BMP2, ALP 
and Runx2, in VSMCs, and these levels were the highest when VSMCs were treated with 10 ng/mL TNF-α (Figure 6a). 
VSMCs were then cultured in DMEM containing FBS and TNF-α (10 ng/mL) for 14 days without β-GP induction. 
VSMCs cultured in M1 macrophage supernatant or DMEM plus FBS supplemented with β-GP were used as controls. 
VSMCs treated with TNF-α, M1 supernatant or β-GP showed calcification morphology by AR-S staining, although the 
levels in VSMCs treated with TNF-α were not as high as those in VSMCs induced with β-GP (Figure 6b). Quantification 

Figure 6 The effect of TNF-α on calcification and CA1 and CA2 expression in VSMCs (ANOVA, *Stands for p<0.05, **Stands for p<0.01, ***Stands for p <0.001, and 
****Stands for p <0.0001). (a) The expression of CA1, CA2 and three calcification-associated genes in VSMCs treated with different concentrations of TNF-α was examined 
by real-time PCR. (b) Alizarin red staining of VSMCs treated with TNF-α (10 ng/mL). (c) Quantification of calcification in VSMCs treated with TNF-α (10 ng/mL) (the 
location of calcification nodules was marked with black arrows). (d) CA1 and CA2 expression in VSMCs was examined by Western blot analysis. TNF-α could induce 
calcification and CA1 and CA2 expression in VSMCs without β-GP induction.
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of calcification using the cetylpyridinium chloride assay showed high calcification levels in VSMCs cultured with 
calcification-inducing medium, M1 macrophage supernatant or TNF-α (Figure 6c). Western blot analysis showed that 
TNF-α treatment increased CA1 and CA2 expression in VSMCs compared with VSMCs in normal culture without β-GP 
induction, although the level was not as high as that in the cells induced with β-GP or M1 macrophage supernatant 
(Figure 6d). These results indicated that TNF-α and the supernatant of M1 macrophages could induce calcification in 
VSMCs, as well as CA1 and CA2 expression.

Discussion
We and others found that CA1 and CA2 expression was upregulated in atherosclerotic aortas and stimulated aortic 
calcification.9,12,19 In this study, we investigated how CA1 and CA2 were regulated by macrophages to promote 
calcification in atherosclerotic aortas. Three subtypes of macrophages or their supernatants were separately cultured 
with VSMCs. The results indicated that M1 macrophages but not M0 and M2 macrophages stimulated VSMC calcifica-
tion and further found that M1 macrophages increased the production of certain proinflammatory cytokines, especially 
TNF-α, to stimulate calcification in VSMCs by upregulating their CA1 and CA2 expression.

In addition, M0, M1 and M2 macrophages were induced from THP-1 cells. These subtypes were directly cocultured 
with VSMCs in transwells. The culture supernatants of the 3 macrophage subtypes were also separately added to VSMC 
culture in calcification-inducing medium. M1 macrophages and their supernatants but not M0 and M2 macrophages or 
their supernatants enhanced VSMC calcification, and the calcification level was much higher than that in VSMCs that 
were treated with calcification-inducing medium alone. These results suggest that the secretions of M1 macrophages can 
promote VSMC calcification in the tissue microenvironment. A pathological accumulation of proinflammatory M1-like 
macrophages has been observed in AS coronary arteries.19 M1 macrophages are a prominent phenotype in unstable 
plaques, and plaques contain macrophages that mainly express M1 markers.20 The distribution of M1 and M2 macro-
phages in different types of atherosclerotic lesions indicates that macrophages exhibit a high degree of phenotypic 
plasticity in response to various conditions in the microenvironment.21 Reportedly, M1 macrophage deposition in 
VSMCs induces VSMCs to differentiate into osteoblasts.15 M1 macrophages promote microcalcification and ossification 
in VSMCs through vesicle-mediated mineralization as a result of macrophage and VSMC apoptosis.15 Our study further 
confirmed the stimulatory effect of M1 macrophages on calcification in VSMCs in the tissue microenvironment, which 
corresponded to the findings of others.

We further explored the mechanism by which M1 macrophages enhanced calcification. When VSMCs were cultured 
with the supernatants of M1 macrophages in the presence of β-GP, CA1 and CA2 expression in VSMCs was increased 
and was much higher than that in VSMCs induced by β-GP alone. The calcification levels were significantly decreased 
following transfection of anti-CA1 and CA2 siRNA in VSMCs, while the calcification level was partially restored when 
the transfected VSMCs were incubated with the supernatants of M1 macrophages, and the CA1 and CA2 expression 
levels were also partially recovered. This observation indicated that M1 macrophages stimulated VSMC calcification by 
increasing CA1 and CA2 expression in VSMCs, and CA1 and CA2 expression in VSMCs played an essential role in 
atherosclerotic aortic calcification. Furthermore, the calcification level and expression of calcification-related genes were 
significantly increased, and CA1 and CA2 expression was also increased when VSMCs were treated with TNF-α. When 
M1 macrophages were induced from THP-1 cells, TNF-α levels were also increased. These results indicated that M1 
macrophages stimulated VSMC calcification through TNF-α secretion. When VSMCs transfected with anti-CA1 and 
anti-CA2 siRNA were cultured with the supernatants of M1 macrophages, TNF-α levels were increased in the culture 
medium. Because VSMCs cultured with M1 supernatants showed lower IL-6, IL-1β and TNF-α levels following siRNA 
transfection than those cultured with an equal volume of M1 supernatant without siRNA transfection, the results showed 
that VSMCs also produced IL-1β, IL-6 and TNF-α under the control of CA1 and CA2 expression. We previously used 
acetazolamide (AZ), a CA inhibitor with a chemical structure similar to that of MTZ, to treat VSMCs. AZ markedly 
suppressed calcification and reduced CA1, IL-6, IFN-γ, GM-CSF, and TNF-α expression in cultured VSMCs. Anti-CA1 
siRNA significantly suppressed calcification, cell proliferation, and migration, promoted apoptosis of VSMCs, and 
reduced IL-6, IFN-γ, GM-CSF, and TNF-α secretion in cultured VSMCs.9 These results suggest that M1 macrophages 
secrete proinflammatory cytokines, especially TNF-α, to stimulate CA1 and CA2 expression in VSMCs, which promotes 
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calcification and TNF-α production in VSMCs. An inflammatory cytokine signature exists in AS. Increased levels of 
TNF-α and IL-6 were reportedly associated with myocardial infarction,22 and ApoE−/− mice fed a high-fat diet exhibited 
AS symptoms in the aorta and high serum levels of TNF-α and IFN-γ.23 Gonzalez et al found that TNF-α promotes and 
exacerbates calcification in heart valve myofibroblasts.24 Our study further confirmed that M1 macrophages stimulate 
VSMC calcification by secreting TNF-α to elevate CA1 and CA2 expression.

Many studies have confirmed that AS is a degenerative inflammatory disease of the vascular wall, and monocytes and 
macrophages play the most important role by accumulating redundant LDL particles in their oxidized form and 
producing proinflammatory cytokines.25 M1 macrophages are associated with an increased risk of coronary thrombosis 
and correlate with histological components of plaque progression and destabilization. M2 macrophages are correlated 
with plaque size, calcification, necrotic content and vasa vasorum in the adventitia layer.16 Importantly, M1 markers and 
Th1-associated cytokines are highly expressed in symptomatic plaques, whereas the expression of mannose receptor 
(MR) and CD163, M2 macrophage markers, and Th2 cytokines is inversely related to disease progression.15 TNF-α 
antagonists may have beneficial effects on preventing the progression of subclinical AS and arterial stiffness.26 Increased 
levels of TNF-α and the presence of polymorphisms in the TNF-α gene have been implicated in cardiovascular disease 
pathogenesis.22,27 These studies support that M1 macrophages promote calcification by increasing TNF-α secretion.

This study has limitations because most data in this study were derived from an in vitro cellular system. The 
constitution of AS aorta tissues is very complicated, and an in vitro culture system is a good model for the determination 
of relations and regulations between cells in the tissue.

Conclusion
Our results showed that M1 macrophages had increased TNF-α secretion to stimulate atherosclerotic calcification by 
increasing CA1 and CA2 expression in VSMCs. This finding may be helpful for understanding the regulatory mechanism 
of aortic calcification, which is a key step in AS progression.
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