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Stressor-Induced “Inflammaging” of Vascular Smooth Muscle Cells via Nlrp3-Mediated Pro-inflammatory Auto-Loop
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Calcification of the vessel wall as one structural pathology of aged vessels is associated with high cardiovascular mortality of elderly patients. Aging is linked to chronic sterile inflammation and high burden of reactive oxygen species (ROS), leading to activation of pattern recognition receptors (PRRs) such as Nlrp3 in vascular cells. The current study investigates the role of PRR activation in the calcification of vascular smooth muscle cells (VSMCs). Therefore, in vitro cell culture of primary rat VSMCs and ex vivo aortic stimulations were used to analyze osteogenic, senescence and inflammatory markers via real-time PCR, in situ RNA hybridization, Western Blot, photometric assays and histological staining. Induction of ROS and DNA-damage by doxorubicin induces a shift of VSMC phenotype toward the expression of osteogenic, senescence and inflammatory proteins. Induction of calcification is dependent on Nlrp3 activity. Il-1β as a downstream target of Nlrp3 induces the synthetic, pro-calcifying VSMC phenotype. Inhibition of PRR with subsequent reduction of chronic inflammation might be an interesting target for reduction of calcification of VSMCs, with subsequent reduction of cardiovascular mortality of patients suffering from vessel stiffness.
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INTRODUCTION

Cardiovascular disease (CVD) is the most critical age-related cause of death. Almost 70% of patients with new CVD are over 75 years old, so that the age might be the most prominent cardiovascular risk factor (1). One sign of structural pathology of the vessel wall associated with vascular aging is medial calcification, leading to increased vessel stiffness and pulse-wave velocity (2, 3). Medial calcification is common in patients with other comorbidities as e.g., chronic kidney disease (CKD) (2, 4, 5). Until now, no therapy exists to effectively reduce the increased cardiovascular risk associated with vessel calcification (3).

In particular involved in calcification of the medial layer of the vessel wall is the accumulation of senescent vascular smooth muscle cells (VSMCs) with a senescence-associated secretory phenotype (SASP) (6). Senescent cells express typical senescence markers [e.g., p53/p21, lysosomal senescence-associated β-galactosidase activity (SA-β-Gal), γH2A.X], and show an increased vulnerability to exogenous stressors (7–9). VSMCs physiologically have a contractile phenotype and express specific VSMC marker proteins (e.g., SM22α, Myh11, Cnn1, Acta2). Due to phenotype plasticity, VSMCs can adapt an osteoblast-like phenotype characterized by decreased expression of VSMC markers and increased expression of osteoblast markers e.g., core binding factor alpha-1 (Cbfa-1), tissue non-specific alkaline phosphatase (Alp), osteopontin (Opn), and bone morphogenetic protein-2 (Bmp-2) (9, 10). Recently, Shanahan's group pointed out that the DNA damage-induced calcification is dependent on activation of Cbfa1 in VSMCs (11). They found Cbfa1 to be involved in DNA damage response and therefore bridging osteogenic transition and apoptosis in the mineralization process (11).

During physiological aging, a chronic sterile inflammation, known as “inflammaging,” develops. This “inflammaging” is primarily based on mechanisms of the innate immune system that involve activation of pattern recognition receptors (PRRs) (12, 13). PRRs are a link between inflammation and cellular senescence. PRRs are mainly transmembrane toll-like receptors (Tlrs) and cytoplasmic Nod-like receptor (Nlr) inflammasomes (14). The Nlrp3 is the best characterized inflammasome and is expressed in VSMCs (15). The activation of Nlr inflammasomes induces the secretion of Il-1 cytokines e.g., Il-1β (16). Il-1β has strong pro-inflammatory effects by activating different Il-1 receptors (Il-1Rs). It induces the expression of other pro-inflammatory cytokines, especially Il-6, and can increase its own expression by a positive feedback mechanism (17). Cytokines and chemokines as major pro-inflammatory mediators can contribute to chronic inflammation and senescence (18).

Doxorubicin (DOX) is an anthracycline antitumor drug (19). DOX is known to induce several kinds of DNA damages by intercalation, generation of free radicals, DNA-binding, alkylation and cross-linking, DNA strands separation, influenced helicase activity and inhibition of topoisomerase II (19). Previous studies have not only investigated effects of DOX on stress-induced senescence (20) but also, induction of Alp activity upon DOX treatment; however, only after seven days of treatment (20). In addition, recent studies have shown the important role of DNA-damage response and the Cbfa1-dependent link to the calcification process of VSMCs (9, 11). Cobb et al. pointed out that the DNA damage-induced calcification is dependent on activation of Cbfa1 in VSMCs (11). They found Cbfa1 to be involved in DNA damage response and therefore bridging osteogenic transition and apoptosis in the mineralization process (11).

However, there are no detailed studies on the relationship of stress-induced senescence as e.g., caused by DOX, subsequent activation of Nlrp3-dependent pro-inflammatory signaling and calcification in VSMCs. We aim to show that stressor-induced senescence in VSMCs results in a pro-inflammatory response and induction of calcification. Accordingly, we used DOX as stressor. We are aware that DOX might not reflect the whole spectrum of senescence induction in VSMCs; however, DNA damage, upregulated under treatment with DOX, is a known and well-documented inducer of cellular senescence (9, 11).

Therefore, the current study investigates the effects of the stressor DOX on the initiation of processes of acute “inflammaging” and vascular calcification. The increase in calcification upon DOX treatment was dependent on the activation of the Nlrp3 inflammasome. Il-1β as Nlrp3 downstream effector amplifies its own expression. The initial stressor-induced acute “inflammaging” process then can be continued via a Nlrp3 inflammasome-mediated auto-inflammatory loop resulting in SASP and calcification of VSMCs.



MATERIALS AND METHODS

All cell culture components were obtained from Biochrom AG and Bio and Sell. DOX was obtained from Thermo Fisher. Recombinant rat Il-6 and Il-1β were purchased from PeproTech. VAS2870 was obtained from Sigma Aldrich and MCC950 from Invivogen. Tiron was purchased from Biozol and TAK242 from Biomol.


Animals

All experiments with animals were done under minimal animal suffering and in accordance with the EU Directive 2010/63/EU. The experiments were approved by the Landesamt fuer Gesundheit und Soziales Berlin (T0211/02), Germany and the Charité - Universitätsmedizin Berlin, Germany.

Wistar rats were purchased from Janvier Labs. Nlrp3−/− and Nlrp3+/+ (genetic background: C57BL/6) were bred at the Charité-Universitätsmedizin Berlin animal facility.

Euthanasia of animals was accomplished with intraperitoneal injection of sodium pentobarbital (rats: 400 mg/kg body weight, mice: 200 mg/kg body weight).



VSMCs Cell Culture

Primary rat VSMCs from aortic tissue (aortic arch and thoracic aorta) of Wistar rats (mean age 4 months, male/female) were cultured by the outgrowth technique described previously (21). VSMCs at passages 3 to 7 were used for experiments. Cells were cultured in a humidified incubator at 37°C with 5% carbon dioxide. If not stated otherwise, VSMCs were cultured in Dulbecco Modified Eagle Medium (DMEM) containing 1 g/l glucose, supplemented with 10% fetal calf serum (FCS), penicillin (100 U/ml) and streptomycin (0.1 mg/ml) (culture medium). For gene expression, ROS detection, protein secretion and immunohistology experiments, cells were serum-starved for 24 h and stimulated using DMEM with 4.5 g/l glucose (w/o phenol red), supplemented with 1% glutamine, penicillin (100 U/ml) and streptomycin (0.1 mg/ml).



Preparation of Aortic Rings for ex vivo Experiments

For ex vivo stimulation of aortic tissue, the adventitia was removed. Thoracic aortas of rats (mean age 4 months, male) or Nlrp3−/− and Nlrp3+/+ mice (mean age 11 months, male/female) were dissected into aortic rings of equal size and incubated in a well-plate with the respective stimulation medium for 24 h or 14 days, respectively. Each stimulation contained several aortic rings from different aortic parts (aortic arch, different segments of descending aorta proximal to distal), which were equally distributed between stimulation and respective controls. The incubation procedure of the tissue took place in a humidified incubator at 37°C and 5% carbon dioxide.



In vitro and ex vivo Calcification

Calcification was induced by exposing VSMCs or aortic rings (rat and mice) to DMEM containing 4.5 g/l glucose, supplemented with 15% FCS, 284 μmol/l ascorbic acid and 5 mmol/l inorganic phosphate, penicillin (100 U/ml) and streptomycin (0,1 mg/ml) [Calcification Medium (Calc M)]. As Control Medium (Ctrl M) served DMEM containing 4.5 g/l glucose, supplemented with antibiotics. Calcification was induced over 14 days of stimulation with Ctrl M, Calc M and in co-stimulation with DOX (10 or 100 nmol/l), Il-6 (100 ng/ml), Il-β (100 ng/ml) and MCC950 (50 μmol/l). Medium was replaced every two to three days.



Gene Expression

VSMCs were serum-starved for 24 h prior to stimulation for 48 h. Cells were washed after stimulation with phosphate buffered saline (PBS) on ice and lysed with RLT™ cell lysis buffer (Qiagen). RNA was isolated according to the RNeasy™ Mini kit protocol (Qiagen). The RNA was reverse transcribed using the High-Capacity cDNA Reverse Transcription Kit™ (Applied Biosystems) according to the manufacturer's instructions. For the quantitative determination of mRNA expression, the iQ™ SYBR Green SuperMix and the CFX384 real-time PCR detection system (Biorad, CFX software version 3.1) were used. The oligonucleotides (Supplementary Table 1) were synthesized by TibMolBiol. Each sample was performed as technical duplicate for real-time PCR. β-actin and Gapdh were used as housekeeper genes for normalization. Analysis was performed with the ΔΔCT-method.



Measurement of Alp Activity

After stimulation, VSMCs were lysed and scraped in 0.2% Triton X/PBS lysis buffer. Alp activity was assessed using a p-nitrophenyl phosphate-based Alp Assay Kit (Abcam) according to the manufacturer's recommendations. Protein content was determined with the bicinchoninic acid (BCA) protein assay kit (Pierce) and was used for normalization. Photometric measurements were conducted with a Multiskan Spectrum (Thermo Electron Corporation).



Quantification of Calcium Content

For quantification of calcification, VSMCs or aortic rings were decalcified in 0.6 mol/l HCl overnight or for 24 h, respectively. After decalcification, cells were washed with PBS and lysed in 0.1 mol/l NaOH/0.1% SDS buffer. The protein content was quantified using BCA protein assay kit (Pierce). Aortic rings were dried and weighed. Calcium content was quantified using the colorimetrical o-cresolphthalein method (Colorimetric Calcium Assay, ScienCell) according to the manufacturer's recommendation. Photometric measurements were conducted with a Multiskan Spektrum (Thermo Electron Corporation). Protein content (in vitro) or aortic dry weight (ex vivo) was used for normalization, respectively.



Histological Staining of Calcium Deposits

Upon stimulation of VSMCs for 14 days, the cells were fixed with 4% buffered formaldehyde, washed with PBS and distilled deionized water and treated with Alizarin Red solution (2%, pH 4.2) for 20 min, then washed again and imaged.

Upon stimulation of aortic rings for 14 days, the tissue was fixed overnight, transferred to 70% ethanol, and embedded in paraffin via automatic procedure. The aortas were serially cut into 4 μm sections, stained with Alizarin Red solution (0.5%, pH 4.2) and imaged. For all histological imaging, the Axiovert 200M microscope (Zeiss) with Zen2 software (Blue edition, Zeiss) was used.



ROS Staining

VSMCs were seeded in 8-well slides (LabTec, Thermo Fisher, μ-slide, Ibidi), serum-starved for 24 h, and stimulated for 30 min as indicated. Afterwards, cells were washed and treated with 30 μmol/l dihydroethidium (DHE) (Molecular Probes) for 30 min. Cells were fixed with cold formalin (4%) for 5 min and subsequently washed with PBS. LabTec were mounted with ProLong™ Gold antifade mount (Thermo Fisher) and stored in the dark until imaging. For μ-slides, wells were covered with PBS and immediately imaged. A more detailed description of the staining procedure and data analysis can be found in the Supplementary Material. For all imaging of fluorescence stainings, an Axiovert 200M microscope (Zeiss) with Zen2 software (Blue edition, Zeiss) was used.



Immunohistology and mRNA in situ Staining

VSMCs were stained for SA-β-Gal activity, histone γH2A.X, Bmp-2, Opn and p21 mRNA according to a previously published protocol (22) with some modifications. Briefly, cells were seeded in 8-well LabTec chamber slides (Thermo Fisher) or μ-slide (Ibidi), serum-starved for 24 h and stimulated for 48–72 h. Cells were stained for the desired target and imaged. A more detailed description of the staining procedure and data analysis can be found in the Supplementary Material. Quantification of fluorescence intensity was done with Zen2 (Blue edition, Zeiss) and Fiji/ImageJ.



Western Blot

VSMCs were stimulated with DOX (500 and 1,000 nmol/l) and Il-1β (100 ng/ml) in cell culture medium for 48 h. For protein extraction, cells were washed with ice-cold PBS and lysed in cold RIPA buffer (Thermo Fisher Scientific). Protein content was assessed with BCA protein assay kit (Pierce). 15–10 μg protein per lane (p21: 15 μg, all others 10 μg) was applied on the respective gel. Protein samples were mixed and dissolved in 4× Laemmli buffer (Biorad) and heated to 95°C for 15 min. The proteins were separated on 12% TGX Gels (Biorad) and transferred onto a polyvinylidene difluoride membrane. The membranes were immunoblotted overnight at 4°C with primary antibodies: rabbit anti-p21 (1:2,500, ab109199, Abcam), rabbit anti-Alp (1:500, 7H11L3, Invitrogen), rabbit anti-Cbfa1 (1:1,1000, sc-10758, Santa Cruz), and mouse anti-β-actin (1:5,000 8H10D10, Cell Signaling Technology). After washing five times for five min each with TBST, the membranes were incubated with conjugated fluorescent secondary antibodies [anti-rabbit-StarBright Blue700 (1:2,500, #12004162, Biorad) and anti-mouse-StarBright Blue520 (1:2,500, #12005867)]. The bands were visualized using a ChemiDoc MP Imaging System (Biorad).



Luminex™

VSMCs were serum-starved for 24 h prior to stimulation with Il-1β (100 ng/ml) and respective antagonists [VAS2870 (10 μM), MCC950 (50 μM), Tiron (10 mM), TAK242 (10 μM)] for 48 h. Rat aortic rings were stimulated with DOX (1000 nmol/l) and MCC950 (50 μM) for 24 h. After stimulation, supernatant was collected for cytokine quantification. Cytokine concentrations in the supernatant were determined using the Milliplex™ Cytokine Kit (Millipore) according to the manufacturer's instructions. Measurements were conducted using the Bio-Plex device and respective Bio-Plex software (version 6.1, Biorad). Cells were washed with cold PBS and lysed in NP40 buffer, followed by protein quantification using BCA protein assay kit (Pierce). Aortic rings were dried and weighed for normalization.



Statistical Analysis

Data are provided as mean ± SEM of at least 3 independent experiments. Statistical analysis was performed using GraphPad Prism software (version 6.0). The one-way Anova with multiple comparisons or Wilcoxon matched paired test were applied to evaluate differences between treatment groups. A p-value < 0.05 was considered as statistically significant.




RESULTS


Stressor-Induced Calcification With Osteogenic Transition

Stimulation with calcifying medium robustly induced calcification of VSMCs after 14 d (Figure 1A). Co-stimulation with DOX significantly and dose-dependently reinforced calcification of VSMCs in vitro: quantification (Figure 1A) shows a significant and dose-dependent induction of calcification under co-stimulation of calcification medium and DOX. This is also visualized by Alizarin Red staining (Figure 1B). To confirm these in vitro findings, an ex vivo setting using aortic rings was conducted. Calcium content of rat aortic rings was quantified upon 14 d of stimulation, and calcification was visualized via Alizarin Red staining (Figures 1C,D). DOX stimulation in calcifying medium dose-dependently increases calcium deposition ex vivo.


[image: Figure 1]
FIGURE 1. Induction of calcification with doxorubicin. VSMCs (A,B) or rat aortic rings (C,D) were stimulated with control medium or calcification medium supplemented with DOX as indicated for 14 d. Calcium content was quantified with o-cresolphthalein (A,C) and normalized to protein content (μg) (A) or aortic weight (mg) (C). Calcium deposits were stained with Alizarin Red (B,D). Data represent mean ± SEM, n ≥ 3, *p < 0.05 vs. indicated control, #p < 0.05 vs. calcification medium. Pictures show one representative experiment of n ≥ 3 (B,D), the scale bar indicates a 200 μm section (D).


Further evidence for the pro-calcifying potential of DOX derives from mRNA detection of osteogenic markers as Bmp-2, Cbfa1 and Opn, all of them significantly increased upon DOX stimulation. VSMC marker as Acta2, Cnn1, Myh11, and SM22α slightly, but not significantly, decreased under stimulation with DOX (Figure 2A). The osteogenic transition is further confirmed by detection of Alp activity increase upon DOX treatment (Figure 2B). The induction of calcification markers after stimulation with DOX was confirmed by in situ hybridization analysis for Bmp-2 and Opn. Both markers were visualized via fluorescence staining and quantified by counting signal dots per whole image (Figure 2C). Although DOX influences cell behavior and growth, the cytotoxicity of DOX in our cell model did not reach statistical significance in the used setting (Supplementary Figure 1).


[image: Figure 2]
FIGURE 2. Induction of osteoblastic trans-differentiation by doxorubicin. VSMCs were stimulated in quiescence medium (A,C) or calcification medium (B) with DOX as indicated or 1,000 nmol/l for 48 h (A,C) or 14 d (B). mRNA expression was measured with quantitative real-time PCR (A). Measured thresholds of the respective targets were normalized to the corresponding threshold of housekeeper gene actin before normalization to control (A). Alp activity was measured with a p-nitrophenyl phosphate-based Alp Assay and normalized to protein content (μg/μl) before normalization to control (B). mRNA expression of Bmp-2 and Opn were visualized with RNA in situ hybridization staining and were quantified by counting signal dots per whole image, normalized to the DAPI positive cell core area per image (μm2) (C). Data represent mean ± SEM, n ≥ 3, *p < 0.05 vs. control. Pictures show a section of a representative experiment of n ≥ 3, the scale bar indicates a 10 μm section (C). Full representative images are shown in Supplementary Table 3.




Stressor-Induced Induction of “Inflammaging”

Il-1β and Il-6 are known essential components of the SASP (23). Therefore, we investigated the effect of DOX on the expression of both cytokines. DOX induced Il-1β and Il-6 mRNA expression in VSMCs (Figure 3A). It is already known from the literature that the Nlrp3 inflammasome is involved in the phenotype switching of VSMCs and in Il-β production (15). Therefore, we measured the mRNA expression of Nlrp3, its cofactor Asc and the associated enzyme caspase-1 that cleaves the preform of Il-1β (pre-Il-1β) into active Il-1β. The mRNA expression of all three proteins was significantly increased upon DOX stimulation (Figure 3A). Also, the secretion of Il-1β was significantly upregulated after DOX stimulation, while no significant secretion of Il-6 was found upon DOX treatment. The DOX-induced Il-1β secretion was reduced by co-stimulation with Nlrp3 inhibitor MCC950 (Figure 3B). As Il-1β and Il-6 are both components of the SASP, we tested the pro-calcifying potential of both substances and found Il-1β to significantly induce calcification, whereas Il-6 did not exhibit calcifying potential in our model (Figure 3C). To validate the role of the Nlrp3 inflammasome for calcification, we used an ex vivo setting with aortic rings from Nlrp3−/− and respective control mice (Nlrp3+/+). While DOX significantly induced aortic calcification in Nlrp3+/+, the effect is lost in aortas from Nlrp3−/− mice (Figure 3D).


[image: Figure 3]
FIGURE 3. Involvement of Nlrp3 in doxorubicin induced calcification. VSMCs (A,C) were stimulated as indicated with 1,000 nmol/l DOX (A), 100 ng/ml Il-1β (C) and 100 ng/ml Il-6 (C) for 48 h (A) or 14 d (C) in quiescence medium (A), control medium (Ctrl. M) (C) or calcification medium (Calc M) (C). Aortic rings from rats were stimulated in quiescence medium with 1,000 nmol/l DOX and MCC950 (50 μM) as indicated for 24 h (B). Aortic rings from Nlrp3−/− mice and respective controls were stimulated for 14 d in calcification medium with DOX (100 nmol/l) as indicated (D). mRNA expression was measured with quantitative real time PCR (A). Measured thresholds of the respective targets were normalized to the corresponding threshold of housekeeper gene actin before normalization to control (A). Protein secretion was assessed with Luminex™ and normalized to aortic weight (mg) (B). Calcium content was quantified with o-cresolphthalein (C,D) and normalized to protein content (μg) (C) or aortic weight (D). Data represent mean ± SEM, n ≥ 3, *p < 0.05 vs. control, #p < 0.05 vs. Calc M.


To further verify the involvement of Il-1β as effector molecule of the Nlrp3 inflammasome and of Il-6, we investigated their effect on mRNA expression of inflammation, senescence and calcification markers using real-time PCR and in situ hybridization. Il-1β significantly induces the expression of Il-6 and, in the context of a very potent pro-inflammatory auto-loop, Il-1β itself. In addition, Il-1β induces the expression of Nlrp3 (Figure 4A). Upon Il-1β treatment, VSMCs release Il-6 (Figure 4B). While the Il-1β-induced expression of the osteogenic marker Bmp-2 increased, the VSMCs marker SM22α, Acta2, and Cnn1 decreased upon Il-1β (Figure 4C). The increased mRNA expression of Bmp-2 upon Il-1β stimulation was confirmed by in situ hybridization technique. While for Opn mRNA expression via real-time PCR no significant effect could be detected, the in situ hybridization found a slight induction (Figure 4D).


[image: Figure 4]
FIGURE 4. Il-1β induced changes in osteoblastic and pro-inflammatory gene expression and protein secretion. VSMCs were stimulated for 48 h with 100 ng/ml Il-1β. mRNA expression was measured with quantitative real-time PCR (A,C). Measured thresholds of the respective targets were normalized to the corresponding average threshold of housekeeper genes actin and Gapdh before normalization to control (A,C). Secretion of Il-6 was measured with Luminex™ and normalized to protein content (μg) (B). Expression of Bmp-2, Opn were visualized with RNA in situ hybridization staining and were quantified by counting signal dots per whole image, normalized to the DAPI positive cell core area per image (μm2) (D). Data represent mean ± SEM, n ≥ 3, *p < 0.05 vs. control, pictures show a section of a representative experiment of n ≥ 3, the scale bar indicates a 10 μm section (D). Full representative images are shown in Supplementary Table 4.


As already shown in Figures 1–4, both DOX and Il-1β induce several markers of calcification. In addition, the protein expression of Cbfa1 and Alp, detected via Western Blot, is increased upon DOX and Il-1β, respectively (Figures 5A,B). However, the effects of Il-1β and DOX on senescence markers differ in our experimental model. As shown in Figure 5C, ROS (superoxide production) is significantly increased by DOX and Il-1β. ROS are one inducer of DNA damage, which can result in double-strand DNA breaks. A marker of double-strand DNA breaks, the formation of γH2A.X, was significantly increased upon DOX treatment, while it is not affected by Il-1β stimulation (Figure 5C). In line, while DOX stimulation results in upregulated expression of the senescence markers p21 and SA-β-Gal, both were not induced by Il-1β (Figure 5C). This could be confirmed by p21 protein detection via Western Blot (Figure 5D). mRNA detection via real-time PCR confirmed the findings of increased p21 mRNA expression upon DOX (Figure 5E) and no effect on p21 expression upon Il-1β treatment (Figure 5F). Neither DOX nor Il-1β induced p16 mRNA expression in our cell model (Figures 5E,F).


[image: Figure 5]
FIGURE 5. Formation of calcification markers, reactive oxygen species and senescence upon DOX and Il-1β treatment. VSMCs were stimulated for 30 min (superoxide), 48 h [(A,B), γH2A.X, p21 in situ (D–F)], or 72 h (SA-β-Gal) with 100 ng/ml Il-1β or 1000 nmol/l DOX in quiescence medium (C,E,F) or culture medium (A,B,D). Formation of superoxide was assessed with DHE, expression of γH2A.X was analyzed immunohistochemically, mRNA expression of p21 was assessed with RNA in situ hybridization and formation of SA-β-Gal was assessed with Spider staining (C). For quantification of the expression of γH2A.X, mRNA expression of p21 and formation of SA-β-Gal, intensity of the respective fluorescence signal was measured after application of a threshold procedure as described in the supplement and the signal intensity then normalized to the DAPI positive cell core area per image (μm2). For quantification of DHE, regions of interest were detected with a threshold procedure as described in the supplement and measured intensity was normalized to the area of interest detected by the threshold procedure. Alp protein, Cbfa1 protein and p21 protein were assessed with Western Blot (A,B,D). mRNA expression was measured with quantitative real-time PCR (E,F). Measured thresholds of the respective targets were normalized to actin (E) or the corresponding average threshold of housekeeper genes actin and Gapdh (F) before normalization to control. Data represent mean ± SEM, n ≥ 3, *p < 0.05 vs. Control. The Western Blots show a representative experiment of n = 3. Full blots are shown in Supplementary Figures 3–5. Pictures show a section of a representative experiment of n ≥ 3, the scale bar indicates a 10 μm section (γH2A.X, p21, SA-β-Gal) or a 20 μm section (superoxide). Full representative images are shown in Supplementary Tables 3–5.




Involved Signaling Pathway

As Il-1β strongly stimulates its own expression, we tested possible mediators of the signaling pathway involved in Il-1β-induced SASP activation. A schema of the Nlrp3 inflammasome activation and the therefore used antagonists is provided in Figure 6A. MCC950 was used as Nlrp3 inhibitor. It is already known from the literature that Tlrs work as one initial stimulus for Nlrp3 assembly and that the activation of Tlr2 and Tlr4 are involved in Il-1β release (24, 25). A previous study by our own working group has shown that the Tlr4 is constitutively active in our VSMCs cell model, whereas the Tlr2 is subsequently activated (26). Therefore, we tested the Tlr4 inhibitor TAK242. As increased ROS production serves as second stimulus for Nlrp3 activation (25), we also tested tiron as ROS scavenger. In VSMCs, the NADPH oxidase is one of the leading ROS producers (27). Therefore, the Nox1 inhibitor VAS2870 was also used. Both, Tlr2 as well as Tlr4 expression (first stimulus) and Nox1 expression (second stimulus), were induced in VSMCs upon Il-1β stimulation (Figure 6B). Both signals for Nlrp3 assembly could be significantly diminished by co-treatment with VAS2870 and tiron (Figures 6C,D). Nlrp3 mRNA expression itself was also diminished by tiron and MCC950 co-treatment, while VAS2870 and TAK242 have no significant effect (Figure 6E). Downstream, the Il-1β expression is significantly blocked by VAS2870, tiron, TAK242, and MCC950 (Figure 6F). The secretion of Il-6 could be significantly reduced by inhibition of ROS via tiron and Nlpr3 inhibition via MCC950 (Figure 6G). To verify the role of the Nlrp3-dependent pathway, we also tested Nlrp3 inhibition with MCC950 for calcification as endpoint. As shown in Figure 6H, both the DOX-and Il-β-induced calcifications are significantly inhibited by MCC950 co-treatment.
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FIGURE 6. Possible signaling pathways in Nlrp3 dependent calcification. Scheme with inhibitors used (A). VSMC were stimulated for 48 h (B–G) or 14 d (H) with Il-1β (100 ng/ml), DOX (100 nmol/l), VAS2870 (10 μM), MCC950 (50 μM), TAK242 (10 μM) or Tiron (10 mM) as indicated. mRNA expression was measured with quantitative real-time PCR (B–F). Measured thresholds of the respective targets were normalized to the corresponding average threshold of housekeeper genes actin and Gapdh before normalization to control (B–F). Secretion of Il-6 was measured with Luminex™ and normalized to protein content (μg) (G). Calcium content was quantified with o-cresolphthalein and normalized to protein content (μg) (H). Data represent mean ± SEM, n ≥ 3, *p < 0.05 vs. Control, #p < 0.05 vs. Respective agonist (100 ng/ml Il-1β or 100 nmol/l DOX).





DISCUSSION

In the current study, we investigated the effect of ROS induction, DNA damage, and inflammation on the process of cellular senescence and calcification in in vitro and ex vivo models using rat VSMCs and thoracic aortas from rats and mice. After induction of ROS and DNA-damage by the primary stressor, the Nlrp3 inflammasome is activated with a subsequent auto-inflammatory loop driven by its effector molecule Il-1β.

As primary stressor molecule for VSMCs the anthracycline DOX was used. It has already been shown in literature that DOX causes DNA damage via induction of double strand breaks and ROS and promotes cellular senescence (20). Bielak-Zmijewska et al. investigated several markers of senescence in VSMCs upon DOX treatment (20). Although DOX might not reflect the whole spectrum of senescence induction in VSMCs, DNA damage is a known and well-documented inducer of cellular senescence (9, 11). As shown recently by Shanahan's group, the formation of nuclei positive for γH2A.X and ATM in VSMCs is induced by calcium phosphate and correlates with the induction seen by other DNA damagers as DOX and hydrogen peroxide treatments (9). γH2A.X is a marker of double-strand DNA breaks, which are specific domains of facultative heterochromatin that contribute to silencing of genes promoting proliferation in senescent cells and are one known marker of senescence-associated heterochromatin foci (SAHF) (28). The phosphorylation of γH2A.X by ATM is a key response mechanism to DNA damage, which can result in the activation of senescence pathways, including p21 (29). In line, in our experimental model treatment with DOX also induces DNA damage as γH2A.X and increases senescence markers p21 and SA-β-Gal. SA-β-Gal catalyzes the hydrolysis of β-galactosidase to monosaccharides in senescent cells. Cellular senescence is a dynamically regulated process, with activation of the p53/p21 and p16 pathways (30). In our experimental setting the p53/p21 pathway was upregulated by DOX, whereas p16 was not significantly affected (mRNA expression). While the senescence growth arrest via the p16 pathway seems not reversible, the p53-induced growth arrest is reversible upon p53 inactivation (31).

As in the previous study by Bielak-Zmijewska et al. only limited markers and only seven days of stimulation were investigated to study induction of calcification by DOX (20), we aimed to investigate DOX as primary stressor of DNA damage and senescence in order to analyze pro-inflammatory response and induction of calcification in VSMCs. In our experimental setting using primary VSMCs from rat thoracic aortas, DOX induces mineralization of VSMCs detected via calcium quantification and Alizarin Red staining after 14 days. The calcification induction was verified in an ex vivo setting using thoracic aortic rings. Analysis of the mRNA expression via real-time PCR and partly also in situ hybridization, enzyme activity and Western Blot confirmed the findings of osteogenic transformation of VSMCs; osteogenic markers as Cbfa1, Alp, Bmp-2, and Opn increase upon DOX treatment.

Senescent cells also have a metabolic active and pro-inflammatory phenotype termed as SASP. Cytokines of the Il-1 family and Il-6 are known to be part of this SASP (32). Furthermore, the induction of senescence by cytokines of the Il-1 family, e.g., Il-1β was investigated in cell culture and animal models (33). A microarray study has shown that senescent VSMCs reveal differential regulation of Matrix Gla Protein, Bmp-2, Osteoprotegerin, and Il-1β (34). In our own previous work, we demonstrated that plasma concentrations of Il-1β and Il-6 were significantly increased in rats treated with azathioprine, another known cellular stressor and ROS inducer, over a 24-weeks period of treatment (35). Increased expression of Il-1β and Il-6 was also detected in the aortas of treated rats, which were associated with increased expression of the osteogenic proteins Bmp-2, Alp and Cbfa1 (35). Therefore, we examined the effect of DOX on the expression of Il-1β and Il-6. The mRNA expression of Il-1β and Il-6 were significantly increased upon DOX stimulation, with higher induction for Il-1β. The Nlrp3 inflammasome, the most widely characterized inflammasome and known to be expressed in VSMCs (15), serves as most significant source of Il-1β production (16). Beside Nlr inflammasomes, transmembrane Tlrs are the main types of PRRs (14). The activation of PRRs mainly induces sterile inflammation associated with extensive transcriptional pro-inflammatory cellular reprogramming (36). This is temporarily useful in acute situations, while chronic activation is detrimental (37). Due to their potent pro-inflammatory potency, the Nlrp3 activation and assembly is a strictly controlled process with an initial stimulus e.g., activation of Tlr, and a second stimulus e.g., increased production of ROS (25). Subsequent activation of caspase-1 leads to cleavage and activation of pro-Il-1β into its active form Il-1β (25). PRRs are a link between the innate immune system, inflammation, and cellular senescence. VSMCs express small inflammasomes with low and slow onset, but long-lasting activity leading to a continuous release of Il-1 cytokines (15, 38). This mainly induces cellular hyperactivity and chronic sterile inflammation, which can maintain itself independently of the initial trigger (39). The cells retain their full viability and include Il-1 cytokines in the repertoire of their pro-inflammatory secretome (39). It was already shown that inflammasomes are involved in the calcification process and age-related diseases (40–42). In calcified VSMCs, Nlrp3, its cofactor Asc, and the cleavage enzyme caspase-1 are upregulated with subsequent Il-1β production, while Nlrp3 inhibition prevents in vitro calcification (38). In our experimental model, the expression of Nlrp3, Asc as well as caspase-1 is significantly upregulated upon DOX stimulation in VSMCs. Simultaneously, the expression of Tlr2 and Nox1 also increases. The NADPH oxidase, with Nox1 as one subunit, is one of the major sources for superoxide anion release in VSMCs (43). In VSMCs, the Tlr4 is constitutively active, while the Tlr2 is upregulated upon an inflammatory response (26).

As already known from a previous study by Wen et al., Il-1β can promote osteogenic differentiation and induction of calcification of VSMCs (38). In line, in our experimental setting, both Il-1β and DOX induce VSMC calcification. The DOX-induced mineralization could be significantly reduced by MCC950. This could be confirmed in the ex vivo setting with Nlrp3−/− mice, where the calcification induction by DOX is also inhibited compared to control mice. This finding is comparable to our previous results regarding the stressor azathioprine, whose calcifying effect could also no longer be seen in aortic rings from Nlrp3−/− mice (35). Therefore, Il-1β appears to be a very important effector cytokine, especially for the maintenance of a SASP after primary initiation of the SASP by the induction of “inflammaging” due to a cellular stressor. Thus, Il-1 cytokines might become an essential part of the respective pathogenesis by forming an auto-inflammatory loop, independent of the initial trigger.

Il-1β increases its own expression as well as the expression and secretion of Il-6. Moreover, Il-1β also enhances the expression of relevant components of the signaling pathway, particularly Tlr2, Nox1 and Nlrp3, also shown to be involved in DOX-mediated “inflammaging.” Yet, in contrast to the DOX-induced effects in VSMCs, Il-1β does not affect the expression of senescence markers, such as p21 or SA-β-Gal, nor induces DNA breaks detected via γH2A.X in our model using primary rat VSMCs. In contrast, a recent study found induction of senescence in a co-treatment of Il-1β and phosphate in human umbilical cord VSMCs (42). Different effects on calcification were also seen for Il-6 when the origin of VSMCs differs: while pro-calcifying effects of Il-6 were found in human umbilical artery VSMCs in non-osteogenic medium (44), others found these effects only in co-stimulation with the soluble Il-6 receptor in osteogenic medium in human VSMCs (45). At least one explanation might be the different origin of VSMCs that differ in protein expression, as demonstrated by proteomic analysis (46). Like Il-1β, processes of cellular senescence are not affected by Il-6 in our model (Supplementary Material), whereas an Il-6 production itself is a component of the SASP and therefore a sign of VSMCs senescence (32).

This study has some limitations that might hamper the direct translational aspects of the results: It was performed only in in vitro and ex vivo settings using cells and thoracic aortas from rats and mice. Further in vivo studies verifying the major role of Nlrp3 and Il-1β as a potential therapeutic target for the treatment of vessel “inflammaging” are necessary. In addition, the transferability in the current study is not shown for human aortic or other vessel beds.

In conclusion, the inhibition of PRRs could represent an essential approach for the therapy of systemic vascular diseases. The CANTOS study demonstrated for the first time in humans the importance of chronic vascular inflammation for CVD and the association of cardiovascular mortality with signs of systemic inflammation (47). The current study results provide further indications of a potential benefit of an interruption of the Nlrp3-associated auto-inflammatory loop.
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