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Abstract

Background: It has been reported that smoking is one of the strongest positive risk factors for 

abdominal aortic aneurysms (AAAs). Although many studies have been directed to decipher the 

effect of smoking on AAA, its effect on macrophage activation has not yet been explored.

Objectives: We have reported the importance of osteoclastogenesis (OCG) in aneurysm 

formation. Therefore, we examined the effect of cigarette smoking on OCG and arterial 

aneurysmal formation by using cigarette smoke extract (CSE) in this study.

Methods: Macrophage cell lines were stimulated with CSE, and their activation and 

differentiation were examined in vitro. Since macrophages activated through the OCG pathway are 

identified by tartrate-resistant acid phosphatase (TRAP) expression, these cells are referred to as 

TRAP-positive macrophages (TPMs) in this study. We also applied CSE-contained PBS in the 

calcium chloride-induced mouse carotid aneurysm model in vivo.

Results: Macrophages stimulated with CSE expressed significantly higher levels of nuclear 

factor of activated T-cells cytoplasmic 1 (NFATcl), TRAP, cathepsin K, matrix metalloproteinase-9 

and membrane-type metalloproteinase (MT1-MMP). CSE-treated mouse aneurysms showed 

increased aneurysm size with increased TPM infiltration and protease expression compared to 

non-CSE-treated mouse aneurysms.

Conclusions: These results suggest that CSE intensifies OCG in macrophages and promotes 

arterial aneurysmal progression.
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Introduction

Abdominal aortic aneurysm (AAA) is one of the most common aneurysmal diseases, and a 

Swedish study showed that the prevalence of AAAs was 2.2% [1]. This ratio can be lowered 

by the modification of several risk factors for AAA [2]. There is a great need for noninvasive 

therapeutic strategies for AAA since invasive surgical repair, by open or endovascular 

surgery, is still the gold standard for AAA therapy [3, 4]. Therefore, it is important to 

understand the pathophysiology of AAA to elucidate potential therapeutic targets. 

Aneurysmal degeneration of the aortic wall is caused by the degradation of elastin [3]. One 

of the known pathogenic features underlying this process is the upregulation of proteases, 

mainly from macrophages [4].

Cigarette smoking is identified as a strong positive risk factor for AAA [5]. Many studies 

have been directed at understanding the effect of cigarette smoke on the progression of 

arterial plaque and calcification typically found in coronary artery disease and peripheral 

artery disease patients [6–8]. Previous studies have shown that cigarette smoke extract (CSE) 

promotes the activation of macrophages through several kinds of pathways [9, 10]. 

Previously, studies demonstrated the capacity of whole cigarette smoke, CSE, or 

components of cigarette smoke, such as nicotine and 3,4-benzopryene, to stimulate 

aneurysm formation [11–13]. Therefore, several components of cigarette smoke alone, or in 

combination could affect the initiation of AAA. Our group has focused on the dysregulation 

of proteases in AAA through osteoclastogenesis (OCG) in activation of macrophages [14–

17]. During OCG, receptor activator of NF-κB (RANK) ligand (RANKL) can activate 

macrophages through binding to its receptor, RANK, on the surface of macrophages. This 

RANKL-RANK complex subsequently accelerates down-stream signaling pathways, which 

lead to the expression of OCG-related genes, such as tartrate-resistant acid phosphatase 

(TRAP), matrix metalloproteinase-9 (MMP-9), and cathepsin K [18, 19]. TRAP expression 

is the main characteristic of OCG, therefore, we refer to these activated macrophages as 

TRAP-positive macrophages (TPMs) in this article.

To evaluate the effect of CSE on OCG and arterial aneurysmal progression, our current study 

tests the effect of CSE on macrophages and their protease expression in vitro. In addition, 

we applied CSE to the mouse calcium chloride (CaCl2)-induced carotid aneurysm model 

and examined its effect on the progression of arterial aneurysms and OCG in vivo.

Materials and Methods

Cell Culture and Treatments

A mouse macrophage cell line (RAW 264.7) was purchased from the American Type 

Culture Collection (ATCC, Manassas, VA, USA) and maintained in DMEM containing 10% 

FBS, 100 IU/ mL penicillin, and 100 μg/mL streptomycin. For macrophage activation, 
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macrophage cells were maintained in MEMα supplemented with 10% charcoal-stripped 

FBS, penicillin and streptomycin, and stimulated with or without CSE. To induce the OCG, 

we treated macrophages with 50 ng/mL recombinant murine soluble RANKL (sRANKL) 

(Peprotech, Rocky Hill, NJ, USA). Furthermore, 100 ng/mL of anti-mouse RANKL 

neutralizing monoclonal antibody (Oriental Yeast Co., Tokyo, Japan) was added to 

neutralize the effect of sRANKL.

Methylthiazol Tetrazolium Assay

RAW 264.7 cells were seeded in 96-well plates (10,000 cells per well) 1 day before 

treatment and were cultured. Cells were then treated with 1–10% CSE or untreated for 24 h. 

After 24 h, cell viability was analyzed with the methylthiazol tetrazolium (MTT) cell 

proliferation assay kit (Cayman chemical, Ann Arbor, MI, USA). Briefly, 10 μg of MTT 

reagent was added to each well, mixed gently, and allowed to incubate for 4 h at 37 ° C in a 

CO2 incubator. Next, 100 μL of dimethylsulfoxide (Sigma-Aldrich, St. Louis, MO, USA) 

was added to each well, and the absorbance was read at 570 nm using a FlexStation 3 

microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Preparation of CSE and Treatment

CSE protocol was prepared using a modification of a previous report [20]. One full-strength 

Marlboro cigarette (Philip Morris USA, Richmond, VA, USA) with a filter was directly 

connected to one end of a tube, and the other end of the tube was emerged in 10 mL of PBS 

in a vacuum glass vessel. The cigarette was ignited, and the smoke allowed to permeate the 

PBS by application of a vacuum to the vessel. The CSE-PBS solution was filtered through a 

0.22-μm filter (Millipore, Bedford, MA, USA). The CSE was prepared immediately before 

each experiment. An optical density was read at 320 nm, and 1.0 of optical density was 

defined as 100% CSE. Moreover, a plot of the optical density versus CSE was examined and 

shown to be linear. We added the CSE solution to make the various concentrations of CSE in 

culture medium. We also added PBS without CSE to the culture medium of cells as control.

Western Blotting

Protein extraction was performed at 0–4 ° C. Protein from cultured cells was extracted with 

a radioimmunoprecipitation assay buffer with protease inhibitor cocktail (Cell Signaling 

Technology, Danvers, MA, USA). Twenty-microgram samples were separated on 8 or 12% 

polyacrylamide gels in Laemmli buffer and transferred electrophoretically onto 

polyvinylidene difluoride membranes. Primary antibodies used for Western blotting included 

mouse NFATc1 antibody (MA3–024; Thermo Fisher Scientific, Rockford, IL, USA), rabbit 

TRAP antibody (ab191406; Abcam, Cambridge, UK), mouse cathepsin K antibody 

(sc-48353; Santa Cruz Biotechnology), rabbit MMP-9 antibody (sc-10737; Santa Cruz 

Biotechnology), rabbit MT1-MMP antibody (#13130; Cell Signaling Technology), and 

mouse a-tubulin antibody (sc-23948; Santa Cruz Biotechnology). These primary antibodies 

were detected by horseradish peroxidase-conjugated secondary antibodies and visualized 

with SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific). 

Relative protein expression levels for Western blotting were quantified and compared 

between the groups.
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Quantitative Reverse Transcription Polymerase Chain Reaction

Total RNA was extracted from the RAW 264.7 cells using PureLink RNA Mini Kit (Thermo 

Fisher Scientific) according to the manufacturer’s instructions. Concentrations of RNA were 

determined by reading the absorbance at 260 nm. Reverse transcription for RNA to make 

cDNA was performed using iScript cDNA Synthesis kit (Bio-Rad, Hercules, CA, USA). 

Quantitative realtime PCR was performed with SYBR Green dye using the 7500 Fast Real-

Time PCR instrument (ABI, Foster City, CA, USA). Sequences of primers used were as 

follows: TRAP, F: 5’-TCC TGG CTC AAA AAG CAG TT-3’, and R: 5’-ACA TAG CCC 

ACA CCG TTC TC-3’; MMP-9, F: 5’-CAT TCG CGT GGA TAA GGA GT-3’, and R: 5’-

GTT CAC CTC ATG GTC CAC CT-3’; MT1-MMP, F: 5’-AGA GAG TCT GGT GGC TTG 

GA-3’, and R: 5’-CTT CAG GTC CTG CTG TCT CC-3’; NFATcl, F: 5’-TGG CTA CCG 

ACA TGT GTT GT-3’, and R: 5’-GAC CAG GGG AGC TAT GAA CA-3’; GAPDH, F: 5’-

AAC TTT GGC ATT GTG GAA GG-3’, and R: 5’-ACA CAT TGG GGG TAG GAA 

CA-3’. The expression level for each gene was normalized to the GAPDH expression level 

in the same sample and analyzed by the 2−ΔΔCt method.

Flow Cytometry

For in vitro experiments, RAW 264.7 cells were cultured as previously described, and 2.5 × 

105 cells were stained for flow cytometric analysis. For in vivo experiments, mouse carotid 

arteries were harvested and incubated at 37 ° C with shaking for 1 h in digestion buffer 

containing 450 U/mL collagenase I (Sigma-Aldrich), 125 U/mL collagenase XI (Sigma-

Aldrich), 60 U/ mL hyaluronidase (Worthington Biochemical, Lakewood, NJ, USA), and 60 

U/mL deoxyribonuclease I (Worthington), as previously described [21]. The digested tissue 

was then dissociated to obtain a single-cell suspension by passage through a 70 μm cell 

strainer, and 2.5 × 105 cells were stained for flow cytometric analysis as follows. Cells were 

washed with FACS wash buffer (PBS, 3% FBS) and simultaneously stained for surface 

expression of CD11b and live/dead stained with anti-CD11b-BV711 antibody (563168; BD 

Biosciences, Franklin Lakes, NJ, USA) and Ghost 510 (Tonobo, San Diego, CA, USA), 

respectively, for 30 min at 4° C. Cells were then washed and resuspended in fixation buffer 

(Invitrogen, San Diego, CA, USA), and allowed to fix for 15 min at room temperature. Cells 

were washed in permeabilization buffer (Invitrogen), and resuspended in permeabilization 

buffer containing the following primary antibodies: anti-TRAP-Alexa Fluor 488 (ab216934; 

Abcam), anti-cathepsinK-Alexa Fluor 647 (sc-48353; Santa Cruz Biotechnology), and anti-

MMP-9-PE (sc-13520; Santa Cruz Biotechnology). Primary antibodies and cells were 

incubated for 30 min at room temperature. Following incubation, the cells were washed with 

permeabilization buffer and resuspended in FACS wash buffer. Cells were analyzed on an 

Attune NxT Flow Cytometer (Invitrogen). Fluorescence minus one controls were prepared 

and analyzed for each fluorochrome used.

Osteoclast Formation Assay

To evaluate osteoclast formation, we performed TRAP staining. Briefly, 3,000 RAW 264.7 

macrophages per well were seeded in 96-well plates, and these macrophages were cultured 

in MEMα with 10% cFBS. CSE or 50 ng/mL of sRANKL were added to induce OCG for 5 

days. Then, cells were stained with a commercialized TRAP staining kit (Sigma-Aldrich) 
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according to the manufacturer’s instruction. We defined red and multinucleated (>3 nuclei) 

cells as TRAP-positive cells and counted the number of osteoclasts in each well.

The Mouse Arterial Aneurysmal Model and Treatments

Ten-week-old male C57BL/6 mice were obtained from the Jackson Laboratory (Bar Harbor, 

ME, USA). The procedures for creating our modified CaCl2-induced mouse model of 

arterial aneurysm were previously described [22]. Briefly, 0.5 M CaCl2-soaked gauze was 

applied perivascularly for 20 min on the carotid artery as indicated. The gauze was replaced 

with another PBS-soaked or CSE-contained PBS-soaked gauze for 10 min, and the incised 

area was sutured. The mice were divided into two groups; CaCl2 and PBS-soaked model (n 
= 10), and CaCl2 and CSE-contained PBS-soaked model (n = 10). The mice were sacrificed 

7 days after surgery, and the arteries were measured with an electronic digital caliper (VWR 

International, West Chester, PA, USA) and collected for histological examinations after 

fixing by perfusion with 4% PFA. For the flow cytometric analysis, the mice were also 

divided into two groups; CaCl2 and PBS-soaked model (n = 5), and CaCl2 and CSE-

contained PBS-soaked model (n = 5). To obtain live cells for flow cytometry, the arteries 

were not fixed, but perfused with DMEM. All animal procedures were conducted in 

accordance with experimental protocols that were approved by the Institutional Animal Care 

and Use Committee at the University of Wisconsin, Madison (Protocol M005383).

Statistical Analysis

Data are reported as the means ± standard deviation. Statistical analysis was performed with 

the GraphPad Prism program, version 7.0 (GraphPad Software Inc., San Diego, CA, USA). 

Differences between the groups were compared by the Student’s t test or one-way analysis 

of variance (one-way ANOVA) with repeated measures followed by Turkey’s comparison 

test for multiple comparisons. p values less than 0.05 were accepted as statistically 

significant.

Results

CSE Affects Cell Viability

Examination of macrophage cell viability following exposure to various concentrations of 

CSE showed that CSE was toxic to cells in a dose-dependent manner as evaluated by the 

MTT assay (Fig. 1). While most of the macrophages (84.7 ± 13.4%) survived in 2% CSE 

medium, only half of cells (55.1 ± 4.18%) survived in 3% of CSE medium. Therefore, we 

decided to stimulate RAW 264.7 cells using 2% CSE, unless otherwise noted.

CSE Treatment Induces an OCG-Associated Transcription Factor, with Increases in OCG-
Associated Protein and mRNA Expression

One of the master transcription factors of macrophage activation is nuclear factor of 

activated T-cells cytoplasmic 1 (NFATc1) [23]. There are other proteins involved in OCG, 

including TRAP, cathepsin K and MMP-9. Furthermore, it has been reported that 

membrane-type 1 MMP (MT1-MMP) plays one of the key roles to induce OCG [24], and 

infiltrating macrophages show higher expression of MT1-MMP [25]. Therefore, we 

examined the expression levels of these proteins after stimulating macrophages with 2% 
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CSE. The protein expression level of NFATcl was significantly higher in the CSE-treated 

group than the control group (10.6 ± 1.75 vs. 1.00 ± 0.42, p < 0.01) (Fig. 2a). Furthermore, 

there was significantly higher TRAP expression in the CSE-treated group compared to 

control (1.97 ± 0.48 vs. 1.00 ± 0.11, p < 0.05) (Fig. 2b). The expressions of cathepsin K, 

MMP-9, and MT1-MMP were also significantly higher in the CSE-treated group compared 

to the control group (1.70 ± 0.28 vs. 1.00 ± 0.04, p < 0.05, 1.97 ± 0.48 vs. 1.00 ± 0.11, p < 

0.01, and 5.95 ± 1.37 vs. 1.00 ± 0.34, p < 0.01, respectively) (Fig. 2c–e). The expression 

level of mRNA was significantly higher in the CSE-treated group (2.68 ± 0.35 vs. 1.00 

± 0.14, p < 0.01) (Fig. 2f). There were also statistically significant differences in the mRNA 

expression levels of MMP-9 and MT1-MMP between the control and CSE-treated groups 

(1.00 ± 0.10 vs. 11.9 ± 1.64, p < 0.01, and 1.00 ± 0.17 vs. 18.3 ± 2.93, p < 0.01, 

respectively) (Fig. 2g, h). These results showed that CSE treatment promotes OCG, which 

was demonstrated by increased expression of NFATc1, TRAP, cathepsin K, MMP-9, and 

MT1-MMP.

CSE Treatment Stimulates TPM Protease Expression

To delineate the protease expression of TPMs compared to non-TPMs, we performed flow 

cytometric analysis. CSE treatment induced a statistically significant increase in the 

percentage of TPMs compared with the control group in vitro (4.94 ± 2.26 vs. 0.27 ± 0.27%, 

p < 0.05) (Fig. 3a). Furthermore, the percentage of cathepsin K- and MMP-9-positive cells 

were higher in the CSE-treated group than controls in vitro (3.65 ± 1.70 vs. 0.24 ± 0.19%, p 
< 0.05 and 5.42 ± 1.78 vs. 0.54 ± 0.20%, p < 0.05, respectively) (Fig. 3b, c). Next, we 

compared the fluorescence intensity of cathepsin K and MMP-9 between TPMs (CD11b+, 

TRAP+) and non-TPMs (CD11b+, TRAP) in the CSE-treated group. Even though there was 

no significant difference in the median fluorescence intensity (MFI) of cathepsin K between 

non-TPMs and TPMs (4,817 ± 1,092 vs. 8,534 ± 2,412, p = 0.07), we found the trend that 

TPMs showed a higher level of expression of cathepsin K than non-TPMs (Fig. 3d). 

Moreover, TPMs exhibited a higher MFI of MMP-9 compared to non-TPMs (3,450 ± 553.7 

vs. 2,094 ± 449.4, p < 0.05) (Fig. 3e).

The Effect of Anti-RANKL Neutralizing Antibody on CSE-Treated TPM Activation

As mentioned above, classical OCG is induced through RANKL-RANK pathway. 

Therefore, macrophages were stimulated with CSE or sRANKL under the anti-RANKL 

neutralizing antibody. Even though the protein expression of NFATc1 in the sRANKL-

treated group was significantly inhibited by neutralizing antibody (1.58 ± 0.27 vs. 19.5 

± 3.79, p < 0.01) (Fig. 4a), CSE-induced TPM activation was not inhibited by anti-RANKL 

antibody (CSE treatment group vs. anti-RANKL antibody treatment group, 14.1 ± 4.33 vs. 

11.3 ± 2.41, p = 0.49) (Fig. 4b). The mRNA expression of NFATc1 in the anti-RANKL 

antibody treatment group was statistically lower compared to the sRANKL treatment group 

(5.95 ± 0.05 vs. 7.71 ± 1.07, p < 0.05) (Fig. 4c); however, the CSE-induced mRNA 

expression of NFATc1 was not attenuated by anti-RANKL antibody (CSE treatment group 

vs. anti-RANKL antibody treatment group, 2.51 ± 0.19 vs. 2.36 ± 1.07, p = 0.93) (Fig. 4d). 

Furthermore, the number of osteoclasts in the sRANKL treated group was statistically 

lowered by anti-RANKL neutralizing antibody (0.50 ± 0.55 vs. 140.0 ± 18.2, p < 0.01); 

however, the number of TPMs in the CSE treatment group did not change with neutralizing 
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antibody (CSE treatment group vs. anti-RANKL antibody treatment group, 22.0 ± 7.38 vs. 

21.0 ± 10.9, p = 0.99) (Fig. 4e). These results indicate that CSE-stimulated OCG is not 

dependent on the RANKL-RANK pathway. We have already reported that there could be a 

mechanism to induce OCG independently of the RANKL-RANK pathway [15]. Therefore, 

CSE might involve an alternative mechanism to induce OCG for macrophages.

CSE Promotes Aneurysm Formation in the CaCl2-Induced Model

We examined the effect of CSE on carotid arterial aneurysmal formation using the mouse 

CaCl2-induced model [15]. In brief, we applied CaCl2 perivascularly for 20 min, followed 

by CSE-contained PBS, or PBS only as a control, perivascularly for 10 min. As shown in 

Figure 5a–c, CSE induced the progression of arterial aneurysm compared to control. The 

fold increase of aneurysm diameter was significantly higher in the CSE-treated group 

compared to the control group (2.23 ± 0.30 vs. 1.56 ± 0.13, p < 0.01).

Addition of CSE to the CaCl2 Aneurysmal Model Induces Enhanced TPM Activation

To further investigate the promotive effect of CSE in aneurysm formation, we harvested 

aneurysmal tissues from mice, and used flow cytometric analysis. First, we investigated 

myeloid cell infiltration via the presence of CD11b-positive cells. There was no significant 

difference in the number of CD11b-positive cells between the control and CSE-treated 

groups (3.41 ± 1.37% vs. 5.61 ± 2.58%, p = 0.13) (Fig. 6a). This may indicate that CSE 

treatment does not increase the recruitment of myeloid cells, but functions to augment their 

activation, as there were more TRAP-positive cells in the CSE-treated group than the 

conventional CaCl2-induced model (3.30 ± 1.50% vs. 1.61 ± 0.53%, p < 0.05) (Fig. 6b). 

Furthermore, we analyzed the direct effect of CSE by treating carotids only with CSE (no 

CaCl2). Treatment with CSE alone was unable to increase the number of TRAP-positive 

cells compared to the CaCl2− and CaCl2+CSE-treated groups (Fig. 6b). Even though CSE 

alone was not enough to induce aneurysmal change and TPM activation, exposure to CSE 

after degenerative remodeling of arteries by CaCl2 treatment might promote the 

enhancement of aneurysmal change. In further examinations, we evaluated the expression of 

cathepsin K and MMP-9 in our treatment groups. The percentage of cathepsin K positive 

cells was also higher in the CSE-treated group compared to the control group (7.69 ± 1.64% 

vs. 3.87 ± 1.08%, p < 0.01) (Fig. 6c). Interestingly, the expression of MMP-9 was not 

different between the control and CSE-treated groups (11.1 ± 5.90% vs. 11.5 ± 4.59%, p = 

0.92) (Fig. 6d). Furthermore, we compared the fluorescence intensity of cathepsin K and 

MMP-9 in TPMs between the control and CSE-treated groups. The CSE-treated group 

showed a higher MFI of cathepsin K and MMP-9 compared to the control group (7,513 

± 1,648 vs. 4,603 ± 902.3, p < 0.01, and 10,227 ± 2,484 vs. 5,863 ± 1,808, p < 0.05, 

respectively) (Fig. 6e, f).

Discussion

It has been shown that cigarette smoking is one of the strongest positive risk factors for 

arterial disease, including AAA [5]. Our results showed that CSE stimulated the activation 

of macrophages both in vitro and in vivo. We have shown that CSE stimulation induced 
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OCG with up-regulation of NFATc1 and promoted expression of the OCG-related proteases 

TRAP, cathepsin K, and MMP-9.

Several reports have showed that CSE induces proinflammatory cytokines and proteases 

which lead to macrophage activation. Yang et al. [26] reported that CSE augments an 

inflammatory response via the NF-κB pathway. Chen et al. [27] also reported that 

macrophages cultured in CSE-supplemented medium increased the expression of monocyte 

chemotactic protenin-1, MMP-9, IL-8, and TNF-α at both protein and mRNA levels. These 

proinflammatory mediators and proteases are closely related to OCG [28]. Therefore, we 

hypothesized that CSE promotes OCG and the induction of arterial aneurysms, including 

AAA, through the activation of OCG-related proteases and proinflammatory mediators. 

Interestingly, Ghosh et al. [29] reported that the cell culture medium from CSE-treated aortic 

endothelial cells or aortic smooth muscle cells induced the production of MMP-9 in 

macrophages. However, this result did not demonstrate the direct effect of CSE on 

macrophages. Furthermore, TRAP and cathepsin K are more osteoclast-specific proteases 

than MMP-9. Therefore, we added CSE solution directly to macrophages and examined its 

effect on OCG. Our in vitro study proved that CSE treatment by itself was sufficient to 

induce OCG as indicated by the expression of the osteoclast-specific proteases TRAP and 

cathepsin K [27]. Furthermore, we showed that topical application of CSE enhanced 

aneurysmal progression in the mouse CaCl2 arterial aneurysm model. These results proved 

our hypothesis that CSE induces OCG with increased TPMs that produce higher levels of 

proteases, which are correlated with the induction of arterial aneurysms. This is the first 

study to prove the causal nexus of pathogenesis behind the effect of cigarette smoking on 

macrophage activation in arterial aneurysms.

Among the many proteases, MMP-9 has proven to be one of the most important in aneurysm 

formation and development [30]. Interestingly, our in vivo study did not show significant 

difference in the number of MMP-9 positive cells by CSE treatment. However, the MFI of 

MMP-9 in TPMs induced by CSE was higher compared to the control in vivo, and we 

observed the same result in vitro. The level of MFI also provided the expression levels of 

proteases, including MMP-9 [31–33]. Therefore, these results showed that CSE significantly 

increased the expression of MMP-9 in TPMs, which might enhance aneurysm formation 

compared to the non-CSE condition. Furthermore, CSE treatment induced a higher number 

of cathepsin K positive cells and higher MFI of cathepsin K in TPMs in vitro and in vivo. 

Cathepsin K is known to be one of the strongest proteases typically produced by osteoclasts. 

Of the many inhibitors of cathepsin K available, odanacatib was an attractive option for use 

in humans to treat osteoporosis. Odanacatib reduces the resorptive activity of osteoclasts 

without loss of function for bone remodeling [34]. Therefore, future studies to explore the 

possibility of targeting cathepsin K as a novel pharmacological therapy for arterial 

aneurysmal formation could be interesting.

There are some limitations of this study. First, we treated the macrophage cells with 2% 

CSE. There are some papers in which several concentrations of CSE were added as 

treatment [20, 35], however, it is unclear how CSE concentration relates to human exposure 

through cigarette smoking. Therefore, 2% CSE might not be the most appropriate 

concentration to approximate exposure through smoking. In the animal experiments, we 
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used a modified CaCl2-induced carotid mouse model of aneurysm instead of the CaCl2-

induced AAA mouse model in this study. We have already shown that the modified CaCl2-

induced carotid mouse model could induce aneurysmal change in the carotid artery, and 

OCG [14, 15]. This modified CaCl2-induced carotid aneurysmal model is much easier and 

safer to induce than the CaCl2-induced AAA mouse model. The abdominal aorta is located 

on the inferior vena cava, which can make the common CaCl2-induced AAA mouse model 

more difficult to induce without injuries or experimental bias. Several authors have also 

previously attempted to apply this type of CaCl2-induced carotid arterial aneurysmal model 

to arterial aneurysmal models including AAA [36, 37]; however, there might be possible 

pathophysiological differences between abdominal and carotid aneurysmal models and it is a 

limitation of this study. CD11b is a surface marker that is not exclusive to macrophages, 

therefore, other cell types such as natural killer cells, neutrophils, granulocytes, and B cells 

might be included in the representation of CD11b+ cells in our in vivo flow cytometry 

experiments [38, 39]. However, CD11b is a reliable murine and human marker for cells of 

the myeloid lineage, which are the precursors of the osteoclast-like cells central to this study 

[40]. Furthermore, CD11b expression is found on both resident and inflammatory monocyte 

populations in mice and humans, therefore, CD11b represents a reliable marker of osteoclast 

precursors that may be derived from either tissue-resident or migratory monocyte 

populations [41]. Additionally, commonly used macrophage markers such as CD68 and 

F4/80 may not be ideal markers for our purposes due to demonstrations that their expression 

may inhibit OCG [42, 43]. We also rely on coexpression of CD11b and TRAP to identify 

TPMs in this study, as cells of the monocyte/macrophage lineage are the primary cell type 

known to express high levels of TRAP [44].

Conclusion

In this study, we showed that: (1) CSE treatment promotes TPM activation with higher levels 

of proteases; (2) CSE treatment induced enhanced aneurysm progression and increased TPM 

activation; (3) TPMs stimulated by CSE showed higher expression of cathepsin K and 

MMP-9. Further studies are necessary to elucidate the signaling pathways by which CSE 

induces OCG.
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Fig. 1. 
Effects of CSE on the cell viability of RAW 264.7 cells. RAW 264.7 cells were cultured in 

various concentrations of CSE for 24 h. To examine the cytotoxicity of CSE, an MTT assay 

was performed. Values are presented as mean ± SD for 4 replicates. CSE, cigarette smoke 

extract; SD, standard deviation.
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Fig. 2. 
CSE stimulates the protein and mRNA expression correlated with macrophage activation. 

(a) RAW 264.7 cells were incubated in medium with or without 2% CSE for 2 days for 

Western blotting analysis. Relative protein expression level of NFATc1 in the CSE-treated 

group showed a statistically significant difference compared with the untreated group. 

Macrophage cells were cultured with or without 2% CSE to examine TRAP protein (b), 

cathepsin K protein (c), and MMP-9 protein (d) levels for 3 days, and MT1-MMP for 2 days 

(e) by Western blotting analysis. The mRNA expression of TRAP (f) and MMP-9 (g) were 

examined after being cultured in 2% CSE-contained medium for 3 days, and MT1-MMP for 
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2 days (h). Values are presented as means ± SD for at least 3 replicates. * p < 0.05, ** p < 

0.01. CSE, cigarette smoke extract; NFATc1, nuclear factor of activated T-cells cytoplasmic 

1; TRAP, tartrate-resistant acid phosphatase; MMP-9, matrix metalloproteinase-9; MT1-

MMP, membrane-type 1 matrix metalloproteinase; SD, standard deviation.
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Fig. 3. 
CSE treatment promotes the activation of macrophage cells. Flow cytometric analysis 

showed that the percentages of live cells positive for TRAP (a), cathepsin K (b), and MMP-9 

(c) were higher in the CSE treatment group (cultured for 5 days) than in the nontreated 

group. In the CSE treatment group, TPM showed higher levels of expression of cathepsin K 

(d) and MMP-9 (e) compared to non-TPM. Values are presented as means ± SD for at least 

3 replicates. * p < 0.05. ns, not significant; CSE, cigarette smoke extract; TRAP, tartrate-

resistant acid phosphatase; MMP-9, matrix metalloproteinase-9; TPM, TRAP-positive 

macrophage; MFI, median fluorescence intensity; SD, standard deviation.
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Fig. 4. 
Effect of anti-RANKL neutralizing antibody on osteoclastogenic macrophage activation. To 

induce osteoclastogenesis, RAW 264.7 cells were incubated in medium with 50 ng/mL of 

sRANKL or 2% CSE for 2 days. Furthermore, 100 ng/mL of anti-mouse RANKL 

neutralizing monoclonal antibody was added to inhibit the RANKL-RANK pathway. By 

Western blotting analysis, the protein expression levels of NFATc1 were compared in the 

sRANKL treatment group (a) and CSE treatment group (b). NFATcl gene expression levels 

were evaluated in the sRANKL treatment group (c) and CSE treatment group (d). 
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Macrophages were also cultured and stimulated by sRANKL or CSE with or without anti-

RANKL antibody for 5 days, and the number of TRAP-positive macrophages was counted 

(e). Values are presented as means ± SD for at least 3 replicates. * p < 0.05, ** p < 0.01. ns, 

not significant; RANK, receptor activator of NF-κB; RANKL, receptor activator of NF-κB 

ligand; sRANKL, soluble RANKL; CSE, cigarette smoke extract; NFATc1, nuclear factor of 

activated T-cells cytoplasmic 1; TRAP, tartrate-resistant acid phosphatase; SD, standard 

deviation.
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Fig. 5. 
Mice were subjected to carotid aneurysm induction via the CaCl2 or CaCl2+CSE models. a 
Aneurysmal dilatation of left carotid arteries via CaCl2 or CaCl2+CSE induction. b 
Representative images of hematoxylin and eosin-stained control and aneurysmal mouse 

carotid sections. c The fold increase in diameter 1 week after surgery was higher in the 

CaCl2+CSE mouse aneurysmal model than the CaCl2 aneurysmal model. Values are 

presented as means ± SD for at least 3 replicates. ** p < 0.01. Scale bar, 200 μm (b). CSE, 

cigarette smoke extract; SD, standard deviation.
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Fig. 6. 
Dissociated cells from mouse aneurysmal samples collected 1 week after induction surgery 

were examined by flow cytometry. a To investigate myeloid cell infiltration, we used CD11b 

as surface marker. b To evaluate the effect of CSE, we applied CSE without CaCl2 to carotid 

arteries to compare TRAP-positive cells with CaCl2− and CaCl2+CSE-treated groups. In 

further analysis, the percentages of live cells positive for cathepsin K (c) were higher in the 

CaCl2+CSE group than the CaCl2 group. d On the other hand, there was no significant 

difference in the percentage of MMP-9-positive cells between the groups. Among the TPMs, 
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the expression levels of cathepsin K (e) and MMP-9 (f) were higher in the CaCl2+CSE 

group than in the CaCl2 group. Values are presented as means ± SD for at least 3 replicates. 

* p < 0.05, ** p < 0.01. ns, not significant; CSE, cigarette smoke extract; TRAP, tartrate-

resistant acid phosphatase; MMP-9, matrix metalloproteinase-9; MFI, median fluorescence 

intensity; SD, standard deviation.

Igari et al. Page 21

J Vasc Res. Author manuscript; available in PMC 2019 September 27.

H
ealth R

esearch A
lliance A

uthor M
anuscript

H
ealth R

esearch A
lliance A

uthor M
anuscript


	Abstract
	Introduction
	Materials and Methods
	Cell Culture and Treatments
	Methylthiazol Tetrazolium Assay
	Preparation of CSE and Treatment
	Western Blotting
	Quantitative Reverse Transcription Polymerase Chain Reaction
	Flow Cytometry
	Osteoclast Formation Assay
	The Mouse Arterial Aneurysmal Model and Treatments
	Statistical Analysis

	Results
	CSE Affects Cell Viability
	CSE Treatment Induces an OCG-Associated Transcription Factor, with Increases in OCG-Associated Protein and mRNA Expression
	CSE Treatment Stimulates TPM Protease Expression
	The Effect of Anti-RANKL Neutralizing Antibody on CSE-Treated TPM Activation
	CSE Promotes Aneurysm Formation in the CaCl2-Induced Model
	Addition of CSE to the CaCl2 Aneurysmal Model Induces Enhanced TPM Activation

	Discussion
	Conclusion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Fig. 5.
	Fig. 6.

